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Foreword

Without considering Antarctica, Patagonia is the world’s only continental territory
south of ~38º S. The vast region, spanning over one million square kilometers shared
between Argentina and Chile, constitutes the whole southern tip of South America,
naturally split by its Andean backbone. Sparsely populated, about 90% of this remote
region is Argentinean. It comprises the southern section of the Andes, with lakes,
fjords, and glaciers in the west, and displays contrasting deserts, tablelands, and
steppes to the east. Patagonia is bounded by the Atlantic Ocean to the east and the
Pacific Ocean on the west, both connected by the Strait of Magellan, the Beagle
Channel, and the Drake Passage to the south.

This was the geographical setting that twenty-four years-old Charles Robert
Darwin found when he arrived in Patagonia, in 1833. Addressing Patagonia’s
nature unavoidably leads to his citing because he was the first full-fledged natu-
ralist who explored the region, recorded detailed biological and geological observa-
tions, collected specimens and samples, and described the striking scenario displayed
before his inquisitive eyes. Darwin had taken his degree in 1831 at Christ’s College,
Cambridge, and the same year embarked on a five-year voyage on the HMS Beagle,
as a companion to the captain, twenty-eight years-old Robert FitzRoy. The main aim
of the voyage was to chart the coast of Patagonia and Tierra del Fuego and to record
a series of chronometric readings around the world.

Darwin’s early comments conveyed the image that Patagonia’s barren landscape
produced on him: “Everywhere the landscape wears the same sterile aspect; a dry
gravelly soil supports tufts of brown withered grass, and low scattered bushes,
armed with thorns.”1 He was particularly disturbed by the almost incessant gales
and the rough seas. Notwithstanding, the excitement that the voyage of the HMS
Beagle unleashed in young Darwin is evident in the intense correspondence that
he exchanged with his sisters Caroline, Susan, and Catherine, with his university
professor, John Stevens Henslow, other members of the family, and friends. The
letters are full of scientific and personal comments, and descriptions; a real portrait

1 Darwin C (1989) Voyage of the Beagle. Penguin Books, London, 432 p.

v



vi Foreword

of Darwin’s probing into nature and evidence that the voyage of the HMS Beagle
was a turning point in his life, the commencement of a new, fruitful existence.2

Environmental Assessment of Patagonia’s Water Resources is a book which seeks
to contribute, not only to the early Darwinian legacy but also to the rich heritage
left by distinguished naturalists and travelers that also surveyed the region, like
Francisco Pascasio Moreno—a prolific scientist and explorer—among others. This
book, ably edited by Américo Iadran Torres and Verena Campodonico, focuses on
Argentine Patagonia’s freshwater resources,mainly fromhydrological, geochemical,
and biological perspectives.

The editors of this book have accomplished a significant undertaking, collating
fourteen chapters that tackle a wide spectrum of topics and case studies, addressing
varied subjects in the natural as well as in the human-impacted domains. Themes
such as the geothermal effect on freshwater bodies, and the geochemical characteris-
tics of weathering-limited denudation, are found hand-in-hand with riverine biogeo-
chemical assessments and nutrient dynamics. Clearly, attention has been distributed
among the control imposedby a changing climate on riverine hydrological features, as
well as in the environmental assessment of human-made disturbances in Patagonia’s
freshwaters.

As the title implies, the book will be highly appreciated, not only by all readers
interested in probing into the environmental characteristics of Patagonia’s freshwa-
ters, but also by those particularly concerned in researching the processes governing
the critical zone in a singular environment, such as Patagonia, the land that genuinely
amazed Charles Darwin for its aggressive beauty.

Córdoba, Argentina
June 2021

Pedro José Depetris

2 Burkhardt F (ed) The Beagle letters. Cambridge U Press, Cambridge, 470 p.



Introduction

Continental Patagonia (between 36° and 54° S) covers an area of about 700,000 km2

in southern South America. This austral region includes the Argentine provinces
of Neuquén, Río Negro, Chubut, Santa Cruz, and Tierra del Fuego’s Island. Its
northern boundary in Argentina is defined by the Colorado River, whose headwaters
are located at the Andes. Climate in the region is controlled by westerlies dynamics
that blow from the Pacific Ocean, discharging most of their moisture on the Andes
ranges and continuing as dry winds toward the East. Thus, climate is classified as
humid cold at the Andes and arid in the steppe. Rainfall is mainly concentrated
between the late austral winter and the early spring, and it ranges from 2700 mm
year-1 at the boundary between Argentina and Chile to 500 mm year-1 at the steppe.
Mean annual temperature ranges from 8 °C at high latitudes (above 2000 m a.s.l.) to
20 °C at the valleys, whereas it varies between 7.5 °C and 12.5 °C at the steppe.

The southernmost tip of South America (i.e., south of ca. 40° S) supplies impor-
tant amounts of aeolian and fluvial terrigenous material to the South Atlantic Ocean.
Besides, rivers transport nutritionalmaterial to themarine coastal zone, which benefit
biological communities, contributing to the preservation of marine ecosystems. In
this sense, the Patagonian coastline is well known for its biological diversity. Impor-
tant breeding sanctuaries for whales, and other large and small marine mammals,
seabirds, innumerable species of fish and crustaceans can be found here.

Eightmain river systems (fromnorth to south: Colorado,Negro, Chubut, Deseado,
Chico, Santa Cruz, Coyle, and Gallegos), with their headwaters mainly located in the
Andes, drain this region, and their combined drainage areas account for about 30%
of the total Patagonian territory. The remaining 70% corresponds to closed basins
and ephemeral smaller coastal drainage. Glacial dynamics are predominant in the
Patagonian Andes, and the abundant fjords and lakes that characterize this region are
geomorphologic relicts of Pleistocene glaciations. These lakes and drainage networks
were largely created by glacial erosion and glacial and postglacial sediment accu-
mulation such as moraines. Most modern Patagonian proglacial lakes drain through
rivers to the Atlantic Ocean, although there are some systems that drain to the Pacific,
like the Manso River. During the Late Pleistocene and Holocene, frequent volcanic
eruptions occurred in the Andean region. Particularly, a natural acidic geothermal
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viii Introduction

system was developed at the Caviahue-Copahue volcanic complex (38° S, 71° W).
It is characterized by an acidic hot lake located on the active crater of the Copahue
volcano, two acid hot springs that seep out from the eastern flank of the volcanic
edifice and merge downstream to form the Agrio River, and several hydrothermal
manifestations nearby the volcano. Another geothermal system developed in the
northwest of Neuquén Province is the Domuyo system (36°44′ S, 70°21′ W), where
high-temperaturewaters from ascending convective circulation of groundwater reach
the surface. Boiling water is conveyed to the main drainage system (Varvarco River)
through its tributaries.

Patagonia is knownworldwide for its pristine environments and wildlife biodiver-
sity. Unfortunately, in the last decades, anthropic activities have increased, affecting
the quantity and quality of Patagonian water resources. For instance, dams were
constructed in the Colorado, Negro, and Chubut rivers. Furthermore, the main pollu-
tion sources are domestic and industrial sewage effluents due to growing population,
agricultural runoff, oil extraction and transportation, and metal wastes located near
harbors. The Negro and, to a lesser extent, the Chubut and Colorado basins are
extensively farmed under irrigation (mainly with fruits and vegetables production
and vineyards), interspersed with livestock breeding. For instance, the use of pesti-
cides in agricultural areas is another serious problem of water pollution in rivers from
northern Patagonia. These land-use practices impact on the ecological integrity of
aquatic systems, leading to the deterioration of water quality, eutrophication, sedi-
mentation, and changes or loss of biodiversity, among other problems. Additionally,
non-native species such as the salmonids Oncorhynchus tshawytscha and Salmo
trutta (among others), the microalgae Didymosphenia geminata and the beaver
Castor Canadensis, which were introduced by humans, are nowadays producing
significant changes in the functioning of Patagonian aquatic ecosystems. Mining is
less important, and coal extraction in the headwaters of the Gallegos River (Río
Turbio) in Santa Cruz Province is the main activity.

This book compiles 14 novel studies developed in different aquatic environments
from Patagonia, which were selected by the editors for their scientific quality and
thematic importance for the region. These contributions were performed by a group
of Argentine scientists who specialize in different disciplines and have also been
working in Patagonian environments for many years. The manuscripts included in
this book detail the recent advances on the knowledge of different Patagonian fresh-
water environments, including the analysis of their hydrology, hydrogeology, and
hydrochemistry, the isotopic signature, their relationship with the geomorphology,
and the impact of the increasing anthropic activities on these water resources.

Chapter “Effects of Multiple Stressors Associated with Land-Use Practices
in the Percy-Corintos Basin (Northwest Chubut): An Ecological Assessment” is
devoted to the ecological assessment of the Percy-Corintos basin (north-western
Patagonia) which is subjected to multiple stressors associated with changes in land-
use practices such as urbanization, deforestation, extensive and intensive livestock
breeding, pasture conversion and horticulture. These activities are altering the water
quality and biodiversity of the main watercourses and associated wetlands, thus
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management and restoration actions are needed. Specific actions are presented and
discussed in order to conserve these ecosystem services.

The hydrological, hydrochemical, and nutrient dynamics in the Manso River
drainage system (north-western Patagonia) is addressed in Chapter “The Manso
River Drainage System in the Northern Patagonian Andes: Hydrological, Hydro-
chemical and Nutrient Dynamics,” The hydrochemical signature of the Manso River
is determined by the dominating geochemical processes along the basin. The upper
basin is highly influenced by the Manso Glacier dynamics, whereas in the middle
and lower basins silicate hydrolysis is the dominant process. Historical discharge
data of the Upper Manso River indicates a positive trend due to meltwater discharge,
favoring the growth of the proglacial lake. The Manso River appears to be highly
sensitive to climate change, which affects not only the hydrological characteristics
but also the geochemical signature.

Chapter “Geothermal Influence on the Hydrochemistry of Surface Streams
in Patagonia Neuquina” is dedicated to the analysis of the geothermal influence
on the hydrochemistry of streams in north-western Patagonia (36°44′ S; 70°21′ W)
in the Domuyo geothermal system. In this region, there are several streams that run
through an area of intense geothermal activity composed by aqueous solutions of
high temperature which determine their hydrochemistry. They constitute the main
sources of water supply for the local inhabitants, so the monitoring of changes in
water quality results relevant.

Chapter “Hydrogeochemistry of an Acid River and Lake Related to an Active
Volcano. The Case of Study: Agrio River—Copahue Volcano in Patagonia,
Argentina” is devoted to the analysis of the hydrogeochemistry of the acid river
and lake related to the active Copahue volcano, known as Agrio River-Caviahue
Lake system. A compilation of 275 published analyses of water geochemistry is
used to describe and revise the processes that control it. Besides, processes such
as the incorporation of As, Tl, and Pb into waters through magmatic gases, and
the absortion/adsortion of As, V, Cr and rare earth elements in hydroxysulfates
precipitates are described for the first time.

An exhaustive study of the Negro River is presented in Chapter “Negro River
Environmental Assessment.” This drainage system is subjected to an increasing envi-
ronmental pressure due to industrial activities, intensive agriculture production, and
urban settlements. Human activities have led to the introduction of several contam-
inants such as persistent organic pollutants, pesticides, and heavy metals. Further-
more, anthropic activities have induced changes in the aquatic macroinvertebrate
assemblages of the Negro River, where water quality and invasive species appear to
be main drivers of change.

The main hydrological and geochemical characteristics of the Chubut River are
addressed inChapter “Patagonia’s Chubut River: Overview of theMainHydrological
and Geochemical Features.” The statistical tests (i.e., seasonal Kendall trend test)
indicate that the discharge of the Chubut River during the low-water months has been
significantly decreasing during the last decades. Silicate hydrolysis and limestone
dissolution are the processes ruling chemical weathering. The Chubut’s drainage
basin is subjected to aweathering-limited denudation regime. Thus, erosion produces
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mineral debris scarcely weathered and the mass of dissolved phases exported to the
ocean is moderate.

The hydrochemical characteristics of the Negro, Colorado, and Chubut rivers are
presented in Chapter “Hydrochemical Characteristics of Mid-Low Sections of North
Patagonia Rivers, Argentina.” The hydrochemical characteristics of the northern
Patagonia rivers are a consequence of theweathering of silicate volcanic rocks located
at the headwaters in the Andes, but strongly modified and conditioned by processes
occurring during runoff in the extra-Andean zone. The determination of the main
ion sources and the controlling factors are relevant for the effective management of
water resources in arid and semiarid regions like Patagonia.

Chapter “Hydrochemistry of Patagonian Wet Meadows (Mallines) Under
Different Geological Frames” is devoted to the assessment of the hydrochemistry
of four areas with wet meadows in different geological frames located within Extra-
Andean Patagonia. The most part of the Extra-Andean Patagonia without permanent
watercourses has small springs that give rise towetlands knownasmallines,which are
of great environmental relevance due to the ecosystem services they provide. These
wetmeadows are sustained by groundwater; thus, their hydrochemical characteristics
vary as a result of groundwater interaction with rocks and sediments.

Chapter “The Main Hydrological Features of Patagonia’s Santa Cruz River:
An Updated Assessment” presents an updated assessment of the main hydrolog-
ical features of the Santa Cruz River. This river exhibits the second largest discharge
in the region and an important runoff. The analyses of discharge series show a posi-
tive trend, and the months with increased discharge suggest that the augmented
water volume is supplied by snow/ice melt determined by the current global climate
change. A remote connection with El Niño Southern Oscillation is suggested, which
possibly influences river discharge by promoting the ice-dam rupture mechanism
that periodically operates in the Perito Moreno glacier.

The relationship between sediments and phosphorous as a proxy in the evaluation
of water resources quality in eleven Patagonian lakes (between 33º and 48º S) with
different characteristics and degrees of anthropic impact is addressed in Chapter
“The Role of Sediments and Phosphorus in the Evaluation of Water Resources
Quality in Patagonia.” It is demonstrated that pH controls the phosphorous exchange
between sediment and thewater column in the analyzed lakes and that the use of sedi-
ment bioassays with native algae is a particularly useful tool for rapidly evaluating
the anthropic impact on water bodies. This study highlights that sediment analysis
should be included in monitoring programs as they allow obtaining information on,
for example, contaminated and uncontaminated areas and distribution patterns of
contaminants.

A detailed hydrological and biogeochemical assessment of the Gallegos River is
presented in Chapter “A Hydrological and Biogeochemical Appraisal of Patagonia’s
Río Gallegos.” The Gallegos River is the southernmost river of continental Patagonia
of Argentina. The Gallegos stands out among the remaining Patagonian rivers for its
connection with the Southern Annular Mode, and due to its biogeochemistry, which
appears to be affected by groundwater and debris, both associated with the Eocene
bituminous coal beds.
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The main hydrolithological features of the northern region of Tierra del
Fuego Province, determined by means of geoelectrical analyses is presented in
Chapter “Vertical Electrical Sounding Applied to Hydrolithological Interpretations
in the Fuegian Steppe, Argentina.” A conceptual model based on the correlation
between layers of a similar resistivity and geological formations that occur in the
area is elaborated, which is expected to contribute with the understanding of the
hydrogeological system. The lithological and climatic characteristics mainly condi-
tion the hydrolithological system, and thus, the exploitation of groundwater resources
must be properly planned in order to grant its sustainability.

Chapter “Water Quality Assessment in Urban Watersheds of Tierra del Fuego:
A Perspective from the Integrated Water Resources Management” is devoted to
the assessment of water quality of five relevant urban watersheds from Tierra del
Fuego Province, by means of the evaluation of physicochemical and microbiological
parameters. Several problems associated with the high anthropic pressure (i.e., land-
use change such as urbanization) that these natural resources are subjected to are
evident. The headwaters of the studied watersheds remain of good quality, whereas
downstream poor-regular water quality is registered. This highlights the need to
implement an integrated management plan of water resources with an ecosystem
approach in order to preserve the environmental and population health.

Finally, chapter “Disturbances in Freshwater Environments of Patagonia:
A Review” presents a detailed review on several disturbances affecting freshwater
environments of Patagonia (between 36º and 55º S). This Chapter includes the anal-
ysis of the effects related to volcanism, invasive species, climate change, and land-
use/land-cover changes, through a revision of the knowledge, and the discussion of
the suitability of ecosystems for their recovery. The aquatic environments reflect a
good recovery response to severe disturbances of natural origin, whereas irreversible
changes of human origin tend to increase on ecosystems that are still healthy.

We believe that there is still much to know about these aquatic environments of
Patagonia. Fortunately, more and more scientists of different disciplines are putting
their effort to advance in the knowledge and understanding of these environments
and to evaluate the effects of anthropic activities in order to propose mitigation and
remediation programs. This book shows the wide variety of aquatic environments
and stressors present in this region of South America and the art of our knowledge
about them.

The editors are deeply grateful to Dr. James W. LaMoreaux, who during the
V Argentinean Meeting of Surface Geochemistry (V RAGSU, its acronym in
Spanish) held in La Plata, Buenos Aires, in June 2019, provided us the opportu-
nity and facilities to produce this book. Also, the editors would like to express
their gratitude to Dr. Pedro José Depetris for his guiding and support during the
early stages of this process and for writing the preface of this book. Finally,
the editors are very grateful to the colleagues who reviewed the different chap-
ters. They were Dr. Silvana Halac (CICTERRA CONICET—National Univer-
sity of Córdoba, Argentina), Dr. Eduardo Kruse (National University of La Plata,
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CITNOBA, Argentina), Dr. Carolina Tanjal (CIG CONICET—National Univer-
sity of La Plata, Argentina), Dr. María Gabriela García (CICTERRA CONICET—
National University of Córdoba, Argentina), Dr. Luis Felipe Hax Niencheski
(Fundação Universidade do Rio Grande, Brazil), Dr. Alfonso Vázquez Botello
(National Autonomous University of Mexico), Dr. Javier Sánchez España (Geolog-
ical and Mining Institute of Spain), Dr. Agostina Chiodi (National Universidad of
Salta, CONICET, Argentina), Dr. Karla Pozo (MasarykUniversity, Czech Republic),
Dr. Didier Gastmans (Paulista State University, Brazil), Dr. Vinicius Tavares Kütter
(Federal University of Pará, Brazil), Dr. Carla Spetter (IADO CONICET, National
University of the South, Argentina), Dr. Jorge Martinez (CICTERRA CONICET—
National University of Córdoba, Argentina), Dr. Mónica Blarasin (National Univer-
sity of Río Cuarto, Argentina), and Dr. Lucas Ruiz (IANIGLA CONICETMendoza,
Argentina).

Patagonia, Argentina
June 2021

Américo Iadran Torres
Verena Agustina Campodonico
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Effects of Multiple Stressors Associated
with Land-Use Practices
in the Percy-Corintos Basin (Northwest
Chubut): An Ecological Assessment

María Laura Miserendino, Emilio Williams-Subiza, Luz M. Manzo,
Cristina N. Horak, Cecilia Brand, Yanina A. Assef, and Luis B. Epele

Abstract Freshwater ecosystems are highly interactivewith the processes that occur
in the surrounding basin. Any alteration of either aquatic or terrestrial ecosystems
can potentially impact the structure, composition and functioning of aquatic commu-
nities. The Percy-Corintos Basin (northwestern Chubut Province) is subjected to
multiple land-uses includingurbanization, deforestation, extensive and intensive live-
stock breeding, pasture conversion, and horticulture. These local processes have had
profound effects on a regional scale, altering the water quality and biodiversity of the
main watercourses and associated wetlands. Livestock breeding and wood collection
have resulted in an important loss of forest cover in the upper Percy basin, which
has in turn accelerated erosion processes, causing sedimentation at the lower section
of the basin. Urbanization has resulted in strong organic pollution, habitat impov-
erishment, and has decreased macroinvertebrate biodiversity in Esquel Stream. In
pre-urban areas, constructed wetlands for flood prevention, act as novel environ-
ments which increase spatial heterogeneity, and consequently enhance macrophyte
and aquatic invertebrate diversity. While urbanization in the lower Percy basin has a
moderate effect on the river, agricultural activities like confined livestock breeding
and horticulture are increasingly affecting the environmental and biological quality
of the Corintos River. Management and restoration actions are urgently needed in
order to restore the ecosystem functioning. The present study details and discusses
specific actions to conserve biodiversity and ecosystem services.

Keywords Organic pollution · Erosion ·Macroinvertebrates ·Macrophytes ·
Running waters ·Wetlands
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2 M. L. Miserendino et al.

1 Introduction

The disturbance of natural systems due to anthropogenic intervention has resulted in
important modifications of landscape-catchment characteristics in almost all regions
of the world (Allan 2004; Sabater et al. 2009). Specifically, changes in land use and
land cover are strong drivers of environmental change and affect the functioning
of aquatic ecosystems (Feld et al. 2016). In the river catchments of northwestern
Patagonia, deforestation, pasture conversion, livestock breeding, crop production,
and urbanization have been the dominant human activities that modified land cover
parameters (Bertiller and Bisigato 1998; Miserendino and Pizzolón 2004; Gaitán
et al. 2014; Peri et al. 2016).

Land uses that involve the widespread removal of vegetation alter flow charac-
teristics and change the amount of sediment introduced into aquatic systems, partic-
ularly during flood events (Buendía et al. 2014). Loss of the riparian forest cover
also decreases stream shading, causing fluctuations in water temperature regimes.
Other effects onwatercourses are directly linked to processes occurring at terrestrial–
aquatic interface, such as wood and debris supply. The latter play a role in structuring
instream habitat, and thus the loss of these materials can alter the physical habitat
characteristics, leading to profound effects on trophic webs (Richardson et al. 2012).

Streams draining areas subjected to extensive cattle breeding also show a signif-
icant alteration of water quality. Riparian areas are vulnerable to impacts from
livestock grazing, which include banks erosion, increased sedimentation, burial of
spawning gravels, loss of vegetation cover and increased water temperatures (Herbst
et al. 2012; O’Sullivan et al. 2019). In addition, nutrient enrichment (via urine
and manure depositions), decreases dissolved oxygen and increases algal growth
frequently resulting in eutrophication processes (Le Moal et al. 2019). All these
changes reduce the habitat of riparian plant species, cold-water fish, and wildlife,
thereby causingmanynative species to decline in number or go locally extinct (Smiley
et al. 2011; Hill et al. 2016). The presence of pathogens in water has also been asso-
ciated with farming activities (Poma et al. 2012), and high levels of faecal bacteria
have been recorded downstream animal production systems (McKergow et al. 2012;
Collins et al. 2013). In turn, increased faecal coliform counts and organic matter
habitually results in low dissolved oxygen (Rizzo et al. 2012).

One of the most extreme agents of landscape change is urbanization. According
to Paul and Meyer (2008), the increase in impervious surface cover within catch-
ments is the most consistent and pervasive effect resulting from urban settlement.
It has been demonstrated that imperviousness strongly alters the hydrology and
geomorphology of streams and rivers. The runoff from urbanized surfaces as well
as municipal and industrial discharges can result in increased loading of nutrients,
metals, pesticides, and other contaminants into streams. The latter includes emergent
contaminants, defined as either newer substances or known contaminants which are
not commonly monitored or regulated in the environment (e.g. active pharmaceu-
tical ingredients, personal-care-product additives, nanomaterials and microplastics).
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These have garnered attention because of their unexpected or unknown biological
activity and/or stability in aquatic environments (Reid et al. 2018).

From a historical perspective, the territorial organization and development of the
Patagonian region have at some point been unplanned, with overlapping land-use
practices and unsustainable forest management (Carabelli and Scoz 2008), in addi-
tion to accelerated urbanization (INDEC 2010). At the basin scale, several scien-
tific studies have assessed the impact of land-use practices on aquatic resources
(Miserendino and Pizzolón 2004; Serra et al. 2013; Mauad et al. 2015) whereas
other approaches included spatial regional analysis with multiple sites being visited
once (Miserendino 2001). Most research conducted on a temporal basis has been
limited to one-year analysis (Miserendino and Pizzolón 2003; Miserendino 2009;
Brand and Miserendino 2015), whereas long-term studies are infrequent. The avail-
ability of historical data is very significant to managers and key decision makers to
conduct programs of biomonitoring, since a long-term vision of catchment processes
and anthropogenic impacts would allow more accurate mitigation and rehabilitation
actions.

The two main urban settlements of western Chubut province are Esquel and Trev-
elin, both of which are located within the Percy-Corintos basin. Water resources are
exploited for drinking water supply, agricultural irrigation and livestock breeding,
extraction of gravel for construction, recreation (e.g. swimming, fishing), and
they also provide non-material benefits such as cultural values and educational
opportunities.

The present study discusses the environmental and ecological consequences of
different land-use practices in the Percy-Corintos basin, which have been a topic
of research during the last three decades. These anthropogenic actions impact the
ecological integrity of aquatic resources that provide numerous ecosystems services
(Miserendino et al. 2010). As mentioned, long-term data are crucial to provide a
solid background of knowledge to help authorities and managers in the protection of
aquatic environments. In view of the documented results, mitigation and rehabilita-
tion measures are proposed in order to help to increase water quality and decrease
the loss of biodiversity in these important aquatic ecosystems.

2 Study Area Description

The present study focuses on three river systems: the Esquel Stream, the Percy
River, and a series of small tributaries of the Corintos River, all of which are
part of the Futaleufú-Yelcho binational hydric system (north-western Patagonia).
The Futaleufú-Yelcho system flows from western Argentina into the Pacific Ocean
through Chile and has an area of 7345 km2. The study area encompasses part of
the meridional precipitation gradient observed along the Andes region, with precip-
itation values ranging from 2600 mm year−1 on the border between Argentina and
Chile to 530 mm year−1 85 km eastward (Fig. 1). The reason for the precipitation
gradient east of the Andes is the mountain range itself, which affects regional-scale
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Fig. 1 Mean annual patterns of a Air temperature and b Rainfall and c Vegetation cover and land
uses in the basin. Chubut Province, Argentina

climate by blocking the prevailing westerly winds. The orographic effect leads to
precipitation occurring mostly along the western flanks of the Andes and decreasing
eastwards (Insel et al. 2010).

Climatically, the region has been classified as temperate-cool; the mean annual
temperature is 7 °C and precipitation occursmainly fromApril to October, with snow
falling in winter (June to September). Summers are dry and warm. Streams typically
present two annual peak flows: one in autumn due to precipitation and another in
spring due to snowmelt (Coronato and Del Valle 1988). Vegetation patterns vary
mainly with precipitation. The study area is located in a transitional ecotone between
the subantarctic forest and thePatagonian steppe. The subantarctic forest to thewest is
composed of, Nothofagus dombeyi, N. antarctica, N. pumilio, Fitzroya cupressoides
Drimys winteri, Ovidia andina, and Chusquea culeou, among other species. To the
east, the Patagonian steppe is characterized by xerophytic shrub-like species such
as Azorella prolifera and Colletia spinosissima (Morello et al. 2012). Like most
of the Patagonia region, the study area is sparsely populated. It encompasses only
three settlements, of which the city of Esquel is the largest (population = 32,343
inhabitants).

2.1 Esquel Stream

The Esquel Stream is a third-order stream (discharge = 1.22 m3 s−1) that has its
origin approximately 1500 m a.s.l., on the south-eastern flank of the Esquel moun-
tain range (Fig. 2). It flows down the side of the mountain, enters the city of Esquel,
and flows through the 16 de Octubre Valley, finally joining the Percy River near the
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Fig. 2 Location of study sites in the Percy-Corintos system (Chubut Province, Patagonia,
Argentina). P: Percy river, ES: Esquel stream, VC: Valle chico stream, E: Enna stream, R: Ruca
stream, I: Ingram stream. M, FP and WT: wetlands. Grey areas: urbanizations. Red dot: Esquel
waste water treatment plant. Codes and description of sites in Table 1

town of Trevelin (430 m a.s.l.). Volcanic igneous rocks compose the parental mate-
rial and determine the chemical properties of running waters: circum-neutral pH,
low conductivity, and low nutrient concentrations (Andrada de Palomera 2002). The
Esquel Stream is fed by numerous small tributaries, among which the Valle Chico
Stream is the most important in terms of discharge. It is also one of the most anthrop-
ically impacted, as it runs through rural and suburban areas. The Esquel Stream itself
has also been subjected to several human disturbances and modifications. In 2008,
a series of stabilization ponds were built upstream to the city with the goal of
preventing the floods that affected some areas of Esquel. Around the same time, the
middle portion of the Esquel Stream was channelized and straightened with concrete
banks and beds. This channelization was extended during 2016 covering a total of
4000 m. These projects were successful in controlling floods, but have several nega-
tive effects that further aggravate other problems. For instance, the altered flow and
sediment regime deposit thick layers of sediment in the channel bottom which need
to be routinely removed with a hydraulic excavator.
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2.2 Percy River

The Percy River is a fifth-order river (discharge = 11.99 m3 s−1) with a drainage
basin of 1093 km2. It originates on the western slopes of the Esquel mountain range
(1100 m a.s.l.) and runs through the 16 de Octubre Valley as well as through the town
of Trevelin, before joining the Corintos River at approximately 350 m a.s.l. Regional
tectonic structures are characterizedbygrabens andhorsts, originatedbygravitational
faults. They have a N-S direction and were reactivated by the Andean Orogeny. The
Percy River flows partially along the bottom of a long tectonic graben. The oldest
lithologies are marine and continental sedimentary rocks from the Carboniferous—
Permian period (Cucchi 1980). In the upper catchment, the tributaries are comprised
of small and medium-sized narrow courses, which are usually heavily shaded by
Nothofagus dombeyi and N. pumilio trees. In contrast, the main channel which forms
the middle and lower sections of the system has a width of 50 m and the riparian
vegetation does not provide important shading. Below700ma.s.l., the river is flanked
mostly by mixed and sparse riparian vegetation community, in which the exotic
Salix fragilis is often present. Historically, the upper and middle sections of the
basin have been used for extensive livestock production and wood fuel collection
(Fig. 1). The occurrence of wildfires and pasture conversion has resulted in the loss
of native vegetation cover and has hampered forest regeneration due to browsing
and trampling. Other impacts include sedimentation, floodplain modification, and
riparian clearing. In the lower basin, water is extracted from the river for irrigation
through a network of small artificial channels. Dredging activities have resulted in
bar and bank movements and riparian modification.

2.3 Corintos Lower Basin

The Corintos River has its headwaters southeast of the 16 de Octubre Valley and it is
one of themain tributaries of theRioGrande, the largestwatercourse of the Futaleufú-
Yelcho River basin. We will here discuss the three small tributaries of the Corintos
River: the Enna, Ruca, and Ingram streams (0.8 to 0.73m3 s−1). All three streams run
through areas dedicated to livestock production, and present a degradation gradient
which increases from the upper to the lower sections. The upper and middle reaches
are generally affected by extensive livestock farms, some of which have mitigation
measures (e.g. fenced enclosures). The lower reaches of the Ruca and Ingram streams
are more heavily impacted, as they are located within confined animal production
facilities where animals have free access to the stream all-year-round. In contrast, the
lower Enna stream runs through a wetland area which supports livestock in a semi-
intensive facility. The Ingram stream receives water from the Percy River through
a man-made channel. This channel was constructed for irrigation purposes and is
active mostly during the dry summer months.
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3 Land Use Practices in the Catchment

3.1 Esquel Stream-Percy River System: Urbanization Effects

Understanding the impact of anthropogenic activities resulting from the urbanization
of river catchments is an important challenge faced by resourcemanagers.Authorities
frequently demand scientific information in order to design remedial actions for
aquatic resources. With this in mind, several studies have been conducted in the
Esquel-Percy system, which have included extensive environmental and biological
characterizations. Moreover, a considerable effort has been focused on obtaining
tools for a rapid assessment, such as the macroinvertebrate-based biotic indexes that
had been widely used in biological surveillance elsewhere (Rosenberg and Resh
1993; Barbour et al. 1999).

The physicochemical characteristic and the responses of macrobenthic commu-
nities to anthropogenic disturbances in the Esquel-Percy system have been previ-
ously assessed by Miserendino (1995) and Miserendino and Pizzolón (2000). The
database included information on 14 sampling sites -along 51 km of the system–
obtained from visits carried out on a monthly basis (November 1990 to October
1991) (Table 1, Fig. 2). These studies were conducted before the construction of
the wastewater treatment plant (EWTP) in Esquel, whose population at that time
was 23,000 inhabitants. Water quality variables were recorded along the system, and
stream sections displayed strong pollution due to organic enrichment. Pizzolón and
Miserendino (2001) identified a striking physicochemical gradient along the Esquel
Stream and the Percy River that was likely explained by geomorphic, geochemical
and anthropic factors. Headwater sites showed significantly lowerwater temperatures
than the rest, which was associated with the marked altitudinal gradient occurring in
the system (1000 m). A remarkable increase in conductivity (600%) was attributed
to the particular ionic spectrum of the Willimanco Lake, whose composition is of
the calcium-sulfate type instead of the more common calcium-bicarbonate type.
Urbanization has a significant effect on the levels of several chemical compounds
in the adjacencies of Esquel, with the maximum values recorded at site ES9, where
untreated domestic sewage was discharged. Compared to pre-urban sites, the mean
annualBOD5 at ES9, increased one order of magnitude, and themean annual oxygen
saturation decreased from 136 to 78% (Miserendino and Pizzolón 2000; Pizzolón
and Miserendino 2001).

High levels of organic pollution explained most of the changes seen in the
macroinvertebrate community in the middle reach of Esquel Stream. At sites
receiving sewage discharges, the community was dominated by Tubifex tubifex and
Limnodrilus hoffmeisteri, both of which are indicators of strong organic enrich-
ment (Miserendino 1995). Nevertheless, stream self-depuration processes took place
downstream of the sewage discharges and organic matter and oxygen values resem-
bled those measured at pre-sewage discharges sites (e.g. ES12) (Pizzolón and
Miserendino 2001). The macroinvertebrate community also displayed a recovery
pattern, with species richness, diversity, and values of the biotic index (BMPS;
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a measure of macroinvertebrate community that reflect water quality conditions),
increasing from site ES9 toES12 (Miserendino andPizzolón 1999) (Table 2). Reports
on bacterial counts indicated strong organic pollution at the urban and suburban
sections of Esquel Stream and, to a lesser extent, at Trevelin (5000 inhabitants at the
time of study).

According to Miserendino and Pizzolón (2000), the species composition, diver-
sity, and density of macroinvertebrates in the Esquel-Percy system were mostly

Table 2 Average values (±SD) of taxa richness, diversity, and BMPS index, based on macroinver-
tebrate communities at 12 sites visited in a monthly basis (1991–1992) on the Esquel Stream and
Percy River (Chubut Province, Patagonia)

Sampling sites TAXA RICHNESS DIVERSITY
(Shannon Weaver H)

BMPS Quality judgement

ES1 16.9 (2.2) 2.9 (0.5) 99.5 (14.6) Non polluted waters

ES2 13.1 (2.3) 2.1 (0.5) 81.4 (20.4) Probably incipient
pollution or other
kinds of perturbation

ES3 21.8 (3.2) 2.7 (0.3) 109.4 (24.8) Non polluted waters

ES4 13.4 (3.1) 2.3 (0.6) 72.3 (16.6) Probably incipient
pollution or other
kinds of perturbation

ES5 17.3 (3.3) 2.0 (0.6) 85.8 (16.4) Probably incipient
pollution or other
kinds of perturbation

ES6 19.4 (4.1) 2.3 (0.5) 92.7 (29.8) Probably incipient
pollution or other
kinds of perturbation

ES7 9.5 (2.2) 1.4 (0.3) 43.6 (18.7) Probably pollution

ES8 13.0 (5.6) 1.6 (0.8) 53.1 (28.4) Probably pollution

ES9 4.3 (1.5) 0.3 (0.3) 7.3 (12.2) Strongly polluted

ES11 7.1 (3.3) 0.7 (0.6) 23.8 (25.1) Polluted

ES12 13.5 (3.3) 2.3 (0.6) 64.4 (22.1) Probably incipient
pollution or other
kinds of perturbation

P13 14.1 (4.0) 2.2 (0.5) 79.4 (19.9) Probably incipient
pollution or other
kinds of perturbation

P14 17.0 (3.4) 1.9 (0.8) 80.9 (14.4) Probably incipient
pollution or other
kinds of perturbation

P15 14.5 (3.5) 1.8 (0.8) 72.4 (12.3) Probably incipient
pollution or other
kinds of perturbation

Adapted from Miserendino and Pizzolón (1999). Water quality judgement indicated on BMPS
index. Code of sites in Table 1
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explained by the topographic gradient, geochemical features (conductivity and total
alkalinity) and anthropogenic factors (BOD5 and oxygen saturation). Moreover,
invertebrate communities also displayed differences which could be explained by
a seasonal trend in climatic features.

After the construction of EWTP (Fig. 2),Miserendino et al. (2008) evaluated envi-
ronmental variables, aquatic macroinvertebrate communities, as well as fish density
and biomass at the pre-urban and post-urban reaches of the Esquel Stream. The study
was conducted on a seasonal basis during 2005–2006 and water quality parameters
were assessed including conductivity, major nutrients, total suspended solids (TSS)
and dissolved oxygen. Among the main results, the authors found that nitrate and
ammonium had significantly higher values at post-urban sites compared to refer-
ence sites. The maximum values of ammonium (271 µg l−1) were coincident with
summer, during the lowwater period.Soluble reactive phosphorous (SRP)was also
significantly higher at ES11 thanES3.While fish density and biomass varied in a non-
systematic manner, macroinvertebrate community displayed consistent responses to
disturbance. At ES11, the pollution-intolerant taxa Plecoptera, Ephemeroptera, and
Trichoptera were almost completely absent, total species richness was very low
and the community was dominated by taxa tolerant to moderate organic pollu-
tion (Hyalella spp., Helobdella spp. and some Orthocladiinae), or to sedimenta-
tion (Limnodrilus spp.). Overall, assemblages were similar to those found before
the construction of the EWTP (Miserendino 1995), when nutrients and a BOD5 of
5.6mg l−1 indicatedmoderate pollution. None of the physicochemical and biological
parameters assessed in the study suggested significant streamwater recovery. Among
the main factors explaining the poor ability of the EWTP to cope with the volume of
waste produced were: the strong growth in population density (1992: 17,000 to 2006:
31,000 inhabitants) and a delay in the construction of the plant itself, resulting in an
undersized facility. In addition, important increases in the impervious surfaces of the
city most certainly contributed to runoff increased. Furthermore, it was also detected
that the domestic sewage system was frequently flooded by stormwater, thus sewage
and pluvial drainage systems were not always working as separate units.

In a later study, Assef et al. (2014) documented the deterioration in water quality
downstream to the EWTP facilities (ES11). They found extreme values of total
nitrogen (11,018.2µg l−1), ammonium (10,628.9µg l−1), and soluble reactive phos-
phorus (1,413.1 µg l−1). In fact, the ammonium values found during the study in
ES11 were 60 to 100 times higher than those previously reported by Miserendino
et al. (2008) for the same season (Fig. 3). The impact of chlorination of domestic
sewage (as part of the treatment process at the EWTP) on receiving surface waters
(Esquel Stream) was investigated by García Sotillo (2011), who found that there was
no evidence of significant trihalomethanes (THMs) formation. The obtained THMs
values obtained were lower than permissible by national regulation for surfaces
waters.

TheValleChicoStream is one of themain tributaries of theEsquel Streamand runs
through an area impacted by rural and urban land uses (Figs. 1c and 2). In addition,
during several years the urban solids waste disposal plant of Esquel was settled in
the middle area of the sub-catchment. The waste dump was shut down in 2009. In
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Fig. 3 Spatial and temporal patterns of environmental features at study sites in streams and
rivers from the Percy-Corintos system (Chubut Province, Patagonia). Data from different studies
conducted between 1991 and 2018 (see text). Code of sites in Table 1. Variables: a Oxygen satura-
tion, b Biological oxygen demand, c Bacteria: Escherichia coli, d Soluble reactive phosphorous, e
Ammonium and f Conductivity

a study conducted at five sites during high and low water periods, Manzo (2015)
assessed the environmental changes and ecological responses of macroinvertebrates
in the Valle Chico Stream (Table 1). The study reported changes in conductivity,
alkalinity and turbidity at rural and urban sites, but trace metal levels were below the
permissible values according to the recent normative (N° 25,051). Instead, levels of
bacteria coliforms and BOD5 exceeded critical values (EPA 2012 and DPN 2016).
Several macroinvertebrate-basedmetrics indicated strong changes of water quality at
urban sites. Bacteriological measures (E. coli and total coliforms) exceeded critical
values during the low water period at sites affected by rural land-uses (DPN 2016).
Other detected changes were due to channelization actions and dredging at pre-urban
sites, resulting in increased water velocity and reduced habitat availability.

Nutrient and conductivity patterns through time can be seen in Fig. 3. More
recent works (Williams-Subiza 2021) would indicate a general deterioration in water
quality conditions at the urban (ES6, ES7 and ES8) and post-urban reaches (ES11
and ES12). In addition, the self-depuration processes downstream to the EWTP that
were highlighted in earlier works by Pizzolón and Miserendino (2001) (see ES11-
ES12 temporal sequence, Fig. 3) have been eroded, as accounted for in recent studies.
Thus, in recent years, the high organic matter and nutrient loads released from treated
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effluents into the Esquel Stream have negatively affected the natural purification of
organic matter and nutrients.

Another important consequence of urbanization is the impact on the integrity
of riparian stream corridors. Riparian ecosystems are crucial buffers of nutrients,
sediments (erosion control), and materials that are transported into streams through
runoff. Corridors are also an important factor in flood prevention, seed recruitment
and provision of shelter;moreover, they play a role in increasing habitat heterogeneity
and allochthonous input. Riparian areas are also key in maintaining and protecting
aquatic biodiversity (Richardson et al. 2012). The extirpation of the riparian forest in
the urbanized section of Esquel Stream occurred after channelization works, where
different strata of vegetation (trees and shrubs) were replaced by concrete walls
and riprapping structures. The replacement of the native Nothofagus species by the
invasive Salix species (exotic) in the riparian forest at pre- and post-urban reaches
has previously been documented by Miserendino (1995). Other works, through the
use of the QBRp (Index of Quality of Riparian Ecosystem for Patagonia), also
found a diminution in the quality of the riparian ecosystem (Miserendino et al. 2008;
Kutschker et al. 2009). Furthermore, these studies detailed that the post-urban section
in the Esquel Stream displayed poorly structured vegetation, with stream reaches
being practically monopolized by the non-native Salix fragilis.

3.2 Lower Percy River: Sedimentation and Eutrophication
Symptoms

The Percy River displays an ecological complexity that reflects the natural environ-
mental gradient of elevation, temperature and precipitation; however, it is a water-
course affected by multiple anthropogenic impacts. In a study conducted in different
sections of the Percy River, Miserendino et al. (2016) assessed the consequences
of human pressures by using a set of environmental and biological measures. The
study investigated physicochemical parameters, riparian ecosystem quality, habitat
condition, riparian plants and macroinvertebrates at twelve sites along the Percy
River’s main channel (Fig. 1, Table 1). The main findings were that livestock and
wood collection—the dominant activities in the upper and middle sections—have
resulted in an important loss of forest cover. The authors also warned that if forest
conversion continues to increase at current rates, the risk of soil erosion will increase
to cover up to 28% of the total river basin. These results highlighted the vulnerability
of the Percy watershed, and the potential ecological and economic implications of
unsustainable land use. In the aforementioned scenario, the increase in the severity of
fine sediment pulses could drastically impact macroinvertebrate survival. Compared
to upper sites, nutrient levels in the lower Percy basin (P14, P14b, and P15) were
several times higher; however, the impact on the macrobenthic community was not
profound.Assemblages of sensitive Plecoptera (Notoperlopsis femina,Antarctoperla
michaelseni, and Potamoperla myrmidon), Ephemeroptera (Meridialaris laminata,
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Andesiops peruvianus and A. torrens) and Trichoptera (Mastigoptila longicornuta,
Cailloma pumida, Smicridea annulicornis and S. frequens) species were still found at
those urbanized sites. The most frequent changes in macroinvertebrate communities
were the density increase of Limnodrilus sp. and Glossiphoniidae spp., which are
taxa frequently associated with disturbed or polluted environments.

The main conclusion of Miserendino et al. (2016) was that the river had an
adequate water flow, good levels of oxygen saturation, and available heterogeneous
habitats given the present aquatic plants and algae. In addition, the impacts caused
by the town of Trevelin were mostly local, and relatively small in comparison to the
overall status of the watershed. Nevertheless, the authors recognized that the study
was mostly focused on the spatial, rather than the temporal dimension, making these
results of limited value. A study employing a temporal approach was carried out
by Bauer (2010), who visited six sites on the lower Percy basin on a monthly basis
(June 2009 to February 2010). The study examined 22 physicochemical and biolog-
ical variables related to water quality. The author reported significant differences in
terms of conductivity, nutrients, hardness, and alkalinity, with values being consis-
tently higher at the outlet of Esquel Stream (P14, P15) into the Percy River (Figs. 2
and 3). Chlorophyll a and bacterial counts also increased at the same sites. In addi-
tion, treated effluents from Trevelin’s wastewater treatment plant (TWTP), resulted
in increased nutrient values. This study also indicated that the observed values of
bacterial counts were higher than permissible for recreational use at the Percy River
(P14b and P15). Values were particularly high during austral summer, coinciding
with the low water period. Bauer (2010) also anticipated that some high nutrient
values in rural areas were a consequence of livestock land use, with some forms
of nitrogen and phosphorus probably having increased as a consequence of runoff
during the wet period. Most nutrients increases resulted in high levels of periphyton
at both rural and urban areas. This incipient eutrophication trend was also observed
by Miserendino et al. (2016).

In a recent study (William-Subiza 2021), 13 sampling sites on the Esquel-Percy
system previously studied by Miserendino (1995) were revisited. The survey was
conducted on a seasonal basis during 2018 and revealed major deterioration in water
quality at several sites, including those locatedon the lowerPercybasin.Conductivity,
BOD5, PO4

−3, NH4
+ and bacterial counts (total coliforms) increasedmarkedly at P14

and P15 compared to upper Percy basin sites. Mean values for these environmental
variables were even higher than those reported by Bauer (2010) (Fig. 3). At P15,
a site located downstream to the TWTP, the values of BOD5 and bacteria reached
100 mg/l and 30,000 (CFU), respectively, indicating a malfunction in the treatment
process of domestic effluent.

An evaluation of the status of the riparian corridor along 18 sampling sites at the
main channel of the Percy River was conducted by Papazian (2009). According to
QBRp scores, sites located at the lower Percy basin were the most affected. Scores
ranged from 34.5 to 55 points and the judgment classes indicated poor quality in the
riparian ecosystem. The quality reduction was attributed to the low complexity and
loss of naturalness of the vegetation, poor structure and reduction in vegetation cover
in the buffer zone. Other detected disturbances included anthropogenic intervention
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on the channel and banks (dredging actions) at urbanized sites. As expected, the
higher scoreswere documented in upper Percybasin sites (>82points),where riparian
ecosystems were well conserved or little disturbed.

3.3 Effects of Agricultural Practices on the Corintos Lower
Basin

Following the trend in the intensification process of agricultural practices at the
national level (Oesterheld 2008; Rizzo et al. 2012), semi-intensive or confined
animal production systems are gaining a foothold in Patagonia. Due to demand and
profitability increase, landowners have invested in infrastructure for food stocking
(small grain silos, soft-silos, hay bales, etc.), and confined beef production systems
are undoubtedly expanding (Iglesias et al. 2015). Different modalities of livestock
feeding are been currently implemented in the lower Corintos basin (extensive cow-
calf operations/finishing production systems). Meanwhile, governmental policies
regarding protective measures for streams have been introduced in many regions,
though the implementation of those regulations has been difficult (García et al.
2015). In Chubut Province, legislation regarding the waste management of agricul-
tural production systems has recently been approved (DPNro/1540 Pcia. de Chubut
2016). This legislation defines and sets rules on the disposal of waste and manure,
effluent treatment and the reuse of wastewater. However, it does not consider the
implementation of off-streamwatering systems and the restriction of livestock access
to the watercourses (e.g. with electric fences) (Becerra and Antayhua 2017).

Horak et al. (2019) examined changes in water quality, riparian integrity, habitat
conditions, and the macroinvertebrate community at three low order streams (Ruca,
Enna and Ingram) that are tributaries of the Corintos River. The three streams
had different modalities of animal production management. The sampling design
included visits to 11 sites (including reference sites) on a bimonthly basis from July
2015 to April 2016 (Fig. 2, Table 1). They evaluated hydrological and physicochem-
ical features, including oxygen, conductivity, nutrients (ammonium, nitrites plus
nitrates and soluble reactive phosphorus), and TSS. In addition, epilithic chlorophyll
a and bacteria (total coliforms and E. coli) were also measured.

According to the study, themost affected reaches were I4 and E4, which displayed
increases in conductivity (twofold increase), and in soluble reactive phosphorus at E4
(twofold increase) (Fig. 4). At Ruca stream (R3), the animal operation did not result
in substantial changes in most variables, although a marked increase in TSS (six-fold
increase) was observed during austral summer (Fig. 4). Compared to other land uses,
both intensive and semi-intensive confined animal production modalities had a low
to moderate impact on oxygen, conductivity and nutrients. However, the recorded
nutrient levels were markedly high compared with those reported for extensive live-
stock management at piedmont streams in the region (Miserendino et al. 2011), but
similar to those documented at intensively grazed flooded wetland areas (Kutschker
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Fig. 4 Seasonal trend of environmental features at three tributaries of the low Corintos River
(Chubut Province, Patagonia) during 2015–2016. Reference and disturbed sites at Ruca, Enna and
Ingram streams. Code of sites, land use type in Table 1
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et al. 2014; Epele and Miserendino 2015). Increases in organic matter and bacteria
were also likely a result of livestock activity at Ingram and Enna impacted sites.
The confined operation sites exceeded the recommended critical value for E. coli
(320 CFU) according to the current normative for Chubut province (DPN°/1540
Pcia. de Chubut 2016; EPA 2012).

Regarding ammonium levels, extremevalues occurred concurrentlywith livestock
presence on the riverbanks, or during months in which stocking rates were at their
highest (see E4, I4, Fig. 4). Livestock can significantly affect nutrient distribution,
as animals tend to deposit more excreta in lounging areas near shade and water
(Miller et al. 2010) and as observed in the study, when cattle access to the streams is
unrestricted.

Using the same data, Horak et al. (2020), compared the composition of macroin-
vertebrate communities among sites (during high and low water periods) and estab-
lished species-environmental relationships. They identified a gradient of disturbance
defined by the variables: conductivity, oxygen, ammonium, soluble reactive phos-
phorus and bacteria, and species of macroinvertebrates were grouped accordingly.
The paper also analyzed twelve metrics based on macroinvertebrate attributes and
compared responses to environmental features. EPT richness (Ephemeroptera +
Plecoptera + Trichoptera richness), number of insect families, density of tolerant
taxa, abundance of collector-gatherers, and total invertebrate density all displayed
significant responses to water quality changes. The overriding stressor explaining
decreases of intolerant taxa (EPT) was ammonium.

The integrity of the studied reaches at Ruca, Enna and Ingram streams was also
assessed using the QBRp and the HA (habitat condition index) (Horak et al.
2019). Confined animal operation modalities produced a significant impact on the
riparian corridors, with most judgment classes from the QBRp index displaying
strong riparian ecosystem alteration. Sites with extensive livestock breeding also
showed lower QBRp scores, due to livestock foraging on grasses and herbaceous
strata in the riparian corridor. Furthermore, the HA scores showed lower values at
those stream reaches associated with confined animal operations. The most common
habitat disturbances were those related to erosion processes and livestock trampling
that in turn resulted in higher embeddedness, fine sediment deposition, and loss
of channel sinuosity. At most impacted sites, the availability of epifaunal substrate
was strongly reduced by the homogenization of the channel, the alteration in the
riffle/pond sequence, and the monopolization of the substrate by one macrophyte
species, among others.

3.4 Environmental and Ecological Functions of Wetlands
in the Basin

Patagonian wetlands, colloquially known as “mallines”, develop in association with
particular conditions of the landscape where an unusual amount of water is available,
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and are characterized by isolated small patches of hydrophytes included in a terrestrial
matrix (Kandus et al. 2008). These azonal freshwater ecosystems provide the most
productive soils for livestock breeding, a common land use at several mallines in the
Percy-Corintos basin (Epele and Miserendino 2015).

The assessment of the basin’s natural wetlands was incorporated as part of a
different group of large-scale studies (Epele and Miserendino 2015; Epele et al.
2018, 2021), which included eight livestock-impacted ponds and shallow lakes
(Table 1) that displayed particular characteristics regarding hydrological conditions
and nutrient levels. Overall, those ponds exhibited medium nutrient values, limited
by nitrogen, and a high (M5 and M6) or medium (M1-M4) regional priority for
conservation (at a Patagonian scale).

Artificial or constructed wetlands (engineered ponds) are another component of
the basin’s aquatic environments. These were constructed for wastewater treatment
(WT) andflood control (FP) in theEsquel urban area.A systemof integratedwetlands
(modules and ponds) was built in 1994 at the EWTP, in which domestic effluents
and storm waters are processed before being discharged into Esquel Stream. Treated
effluents are led towards two constructed ponds (sites WT1 and WT2; Fig. 2) for
hydraulic retention. Flood prevention ponds were built in 2008, mainly to prevent
the flooding that affected the lowland areas of Esquel (west part). Recently, Manzo
et al. (2020) examined their water management function in the urban water cycle,
analysed their role in enhancing local and regional biodiversity, and also assessed
the functioning of the wastewater treatment plant. The authors found that the EWTP
showed little success with regards to the processing of domestic effluent, with the
nutrient values of treated effluents exceeding permissible standards for receiving
surface waters in the region.

A comparison of the main environmental features of three types of ponds found
in the basin (livestock, flood attenuation and wastewater treatments) is presented in
Fig. 5. Wastewater treatment ponds displayed high values of soluble reactive phos-
phorus, nitrates plus nitrite and ammonium. An increasing conductivity gradient can
be observed fromflood attenuation ponds, to livestock ponds to wastewater treatment
ponds. Oxygen levels were high at the flood attenuation ponds (both of which are
connected to Esquel stream), and, as expected, values were lower at the wastewater
treatment ponds. Invertebrate taxonomic richness per site exhibited a similar pattern,
with the highest values recorded in FP ponds (mean of 29 taxa), followed by livestock
wetlands (17 taxa), and WT (8 taxa). Livestock wetlands with 61 taxa, exhibited the
highest taxonomic richness (Fig. 6), but included more sites than the FP (38 taxa)
and WT sites (10 taxa). The EOT (Ephemeroptera, Odonata and Trichoptera) group
dominatedFPwetlands,whilstChironomidae dominated livestockponds. In contrast,
WT ponds are dominated by Psychoda sp. and Chironomus sp., which are indicative
of poor ecological conditions.
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Fig. 5 Comparison of physicochemical features among three types of wetlands at Percy-Corintos
system (Chubut Province, Patagonia) with different land uses: flood attenuation, livestock,
and wastewater treatment ponds. a Soluble reactive phosphorus, b Nitrate, c Ammonium, d
Conductivity, and e Dissolved oxygen (integrated data: 2016 and 2020)

Fig. 6 Relative composition (Richness) of macroinvertebrates at three types of wetlands at the
Percy-Corintos system (Chubut Province, Patagonia) with different land uses: a Flood attenuation,
b Livestock, and c Wastewater treatment ponds (integrated data: 2016 and 2020)
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3.5 Water Quality and the Ecological Status of the Aquatic
Systems in the Basin

Worldwide experience has demonstrated that the most useful biological assess-
ment methods for freshwater monitoring are based on benthic macroinvertebrates
(Rosenberg and Resh 1993; Domínguez et al. 2020). Fortunately, these tools have
previously been designed and adapted for Patagonian lotic environments. The BMPS
(Biotic Monitoring Patagonian Streams) (Miserendino and Pizzolón 1999) is
obtained from a table of 95 families of macroinvertebrates present in Patagonia
which have different degrees of pollution sensitivity (scores 1–10). The total BMPS
score ranges from 0 to > 150, with higher values corresponding to better water quality
classes (see glossary). Another measure widely utilized in the area is the EPTr index.

In this biological assessment we compiled information from 36 sites in the Percy-
Corintos system, using different studies conducted by Manzo (2015), Miserendino
et al. (2016),Horak et al. (2019) andWilliam-Subiza (2021) (Fig. 7). According to the
BMPS biotic index and EPT richness scores, water quality conditions in the system
varied from non-polluted to strongly polluted. As expected, analysis of the BMPS
showed that only urban sites fall into the lower categories of water quality. This
was the case at Esquel Stream’s urban and post-urban reaches, Valle Chico Stream’s
urban sites, and in the reaches of the Percy River, nearby the town of Trevelin. The
most affected reaches were ES11 to ES12 and VC3. This was coincident with higher
values of nutrients, BOD5 and bacteria counts.

Fig. 7 Synthesis of water quality based on the BMPS scores. Pictures of the aquatic environments
in the Percy-Corintos river system (integrated data: 2016 to 2020)
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Several stream reaches were shown to be moderately impacted: at Esquel Stream
(ES3, ES7, and ES8), Valle Chico Stream (VC, VC1, VC2 and VC4) and the Percy
River (P13 and P15). Again, this corresponded to stretches associated mostly with
urban sites.

A high number of sites in the Percy’s upper basin, tributaries of the Corintos River,
and some sections of Esquel stream (e.g. ES6) showed probable incipient pollution. It
is possible that these results reflect some of the consequences of erosion, with evident
symptoms of sedimentation in different stream segments. Nevertheless, in comparing
these scores with those obtained by Miserendino and Pizzolón (1999), sites ES1 and
ES3 showed lower judgment classes, indicating loss of macroinvertebrates sensitive
species.

4 Mitigation Actions and Perspectives

Analyses in the present study have demonstrated an increased deterioration in water
quality, eutrophication problems, sedimentation symptoms and the suppression of
sensitive species or structural changes in biological communities,which have resulted
in a progressive impact on the ecological integrity of the aquatic systems of the
Percy-Corintos basin. Several stream and river segments appeared to be in worse
environmental condition than those documented in earlier works. The riparian forest
also changed in the middle and lower parts of the basin, where the replacement of the
native Nothofagus with the exotic Salix species is rather striking. At present, several
kilometers of the Esquel Stream are affected by channelization and realignment,
and thus it lacks the natural sinuosity that mountain streams usually display. As a
consequence of multiple land-use practices, the forest cover has been reduced. Other
land-use practices, such as intensive livestock breeding, are taking place in the lower
Corintos tributaries.

Given the current scenario, it is crucial that researchers help in the design of miti-
gation measures and recommendations to protect water resources and the numerous
ecosystem services that they sustain. Government authorities, managers, and key
decision-makers should have access to reliable information, in order to promote
adequate measures for ecosystem rehabilitation (Domínguez et al. 2020).

Efforts for the restoration or mitigation of the ecological integrity of aquatic
environments should be directed towards addressing the following issues:

(1) Erosion prevention: the protection of headwater forests and the restoration
of altered riparian ecosystems. Territorial planning should be promoted and
directed towards the conservation of certain areas, not only to protect the head-
water forest, but also to regulate and supervise the practices allowed in the basin
area. Resulting inmoderate conservation of the forest which is currentlymostly
occupied by N. antarctica. It would be desirable to reestablish those native
species which are missing from the riparian forest and bank vegetation, and to
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maintain the connectivity of the corridors affected by fragmentation. Dredging
should be avoided in river channels that results in excessive sedimentation.

(2) Control of water pollution and eutrophication: to adjust the functioning of
wastewater treatment plants in order to reduce organic pollution and eutroph-
ication processes. According to the current legislation, the EWTP is failing
in nutrient load dissipation. It is crucial to find solutions for a better func-
tioning of the wastewater treatment plant. Some feasible measures include:
construction of new modules, enlargement of the primary treatment system,
the completion of a water-storm network, and the reuse of treated effluents.
Control of the eutrophication process in the lower part of the basin: these actions
should involve thewater authority commission from the adjacent urban centers,
Esquel, (whose treated effluent flows into the Esquel Stream) and Trevelin.
Both towns are experiencing an accelerated process of urban expansion.

(3) Reduction of the impact of agricultural practices: mitigation measures should
be directed towards reducing livestock intrusion on streams, riparian areas, and
wetlands. Riparian fencing and off-stream watering devices can be useful in
mitigating these undesirable livestock impacts. The maintenance and restora-
tion of buffer zones should be undertaken, and the application of fertilizers
should be regulated. The creation of artificial wetlands can help to dissipate
nutrients (urine and manure) from confined livestock developments. Riprap on
water body shorelines and streams can safeguard against the impact of livestock
trampling. Much of these tasks could be promoted through fiscal incentives to
landowners that protect watercourses.
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The Manso River Drainage System
in the Northern Patagonian Andes:
Hydrological, Hydrochemical
and Nutrient Dynamics
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Abstract The Manso River system is a mountainous basin fed by rain, snow and
glacier meltwater from the Patagonian Andes. Glaciers located in the uppermost
basin have shown a significant retreat though the last decades. Most of the annual
precipitation occurs during austral winter and, together with meltwater, generates
a bimodal annual hydrograph. Mean annual discharge increases from 12.5 m3 s−1

in the upper basin, to ~80 m3 s−1 in the lower basin. The historical discharge of
the Manso Superior (i.e. Upper) River shows a significant positive trend due to
meltwater discharge increase, generating the growth of the Proglacial lake. Lake
Mascardi and the Manso Inferior (i.e. Lower) River show a negative statistical trend
in their respective mean discharges. The hydrochemical signal of the Manso River is
determined by dominating geochemical processes along the basin: the upper basin is
highly influenced by the Manso Glacier dynamics, where pyrite oxidation generates
sulfate-calcic waters, and it is responsible for the scavenging of phosphorous from
the solution, causing a low soluble reactive phosphorous/total phosphorous ratio. The
low N:P ratio indicates that nitrogen limits algal growth. In the middle and lower
basin, the silicate hydrolysis is the dominant process, generating bicarbonate waters.
The Manso River system appears to be highly sensitive to climate change, which is
an attribute influencing both, the hydrological and geochemical signals.
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1 Introduction

Due to progressive melting and calving, glacial retreat is a process that is being docu-
mented worldwide (e.g. Hugonnet et al. 2021). Recent global calculations suggest
that Andean glaciers are probably one of the highest contributors per unit area to
sea level rise (e.g. Masiokas et al. 2020), and many scientific assessments have used
the Andean ice mass loss as a clear indicator of climate change. Glacier retreat
is currently mainly associated with global warming because there is an increasing
glacial melting rate (since the second half of the twentieth century). Glaciers located
in Argentina’s Patagonian Andes, usually feed streams, rivers, groundwater and/or
glacial/proglacial lakes. Increasingor decreasingmeltwater discharge triggersmodi-
fications, which may be of varied nature (e.g. geochemical, Tranter 2003), in the
riverine-proglacial lake system that is associated with receding glaciers.

The Manso River system is one of the mountainous river basins which has its
headwaters in the eastern slope of the Patagonian Andes and is fed by snowmelt and
glacier meltwater. Its singularity is that it flows to the Pacific Ocean on the western
slopes of the Andes. This system is part of the southern Andes, particularly the
Northern Patagonian Andes according to the glacio-climatological regions defined
byZalazar et al. (2020). In these latitudes, theAndes contain awide variety of glaciers
including permanent snowfields or glacierets, mountain glaciers, valley glaciers, and
icecaps.

Focusing on different aspects, many contributions have looked into the Manso
Glacier, Lake Mascardi, and Manso River area (e.g. Chillrud et al. 1994; Markert
et al. 1997;Masiokas et al. 2008, 2010; Pasquini et al. 2008, 2013; Pedrozo et al. 1993;
Pedrozo and Chillrud 1998; Rabassa et al. 1978, 1984; Rogora et al. 2008; Román-
Ross et al. 2002; Ruiz et al. 2017; Worni et al. 2012). In this chapter, such glacial-
proglacial area in Argentina’s Northern Patagonian Andes is considered (Fig. 1),
bringing forward aspects -mainly hydrological, hydrochemical and biogeochemical
in nature-whichmay be related, directly or indirectly, to changes allocated to regional
climate change. Particularly, Manso Glacier lost a volume of 0.085 ± 0.01 km3

between the years 2000 and 2012 (Ruiz et al. 2017). In the present chapter, expanded
information is used to analyze the hydrological response of a dying glacier, and an
assessment on the hydrochemistry and nutrient dynamics is presented to complete
the natural scenario.
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Fig. 1 Geographical location of the Manso River basin showing its main hydrographical features.
Hydro-meteorological stations are also shown. Box A shows a detail of Mount Tronador glaciers
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2 Geographical Framework

TheManso glacial and proglacial area, and the enclosing drainage basin (~2817 km2)
considered here are located in Argentina’s Río Negro province, in Northern Patago-
nian Andes (Fig. 1). The area is an integral part of the Nahuel Huapi National Park,
the oldest natural park and reserve inArgentina, established in 1934. Likemany other
similar Patagonian hydrological basins in the Andean region, the area was heavily
glaciated during the Pleistocene; lakes and drainage basins were largely brought
about by glacial erosion, moraines and other forms of glacial and post-glacial sedi-
ment accumulation. The region’s highest peak is Mount Tronador (i.e. in the border
betweenArgentina and Chile, withmaximum elevation of 3554m a.s.l.), which hosts
four glaciers, which feed the Manso Superior River. The mountain’s name (Tron-
ador, Spanish for “thunderer”) conveys the loud noise of ice and rock avalanches,
and falling seracs that feed the glacier’s lower level (Pasquini et al. 2013). Abundant
rock debris in the Manso (Spanish for “tame”) glacier’s lower level conveys a dark
aspect to the ice, giving birth to the name Ventisquero Negro (Spanish for “black
snowdrift”), which is a debris covered glacier (Figs. 1 and 2a).

Masiokas et al. (2010) determined that the position of the glacial margin has
varied relatively little between 1937 and 1991. However, during the next years a fast

Fig. 2 Photographs showing: a Panoramic view including Manso Glacier, Vestiquero Negro and
theManso proglacial Lake bView of theManso Superior River near Pampa Linda; c LakeMascardi
d Manso Inferior Rriver downstream Lake Steffen



The Manso River Drainage System in the Northern Patagonian … 31

thinning and retreat of the glacial tongue was observed, resulting in the generation
of a proglacial lake between the main moraine and the glacier margins. Glacier and
snow meltwater (i.e. in spring and summer) and abundant wintertime precipitation
give rise to the Castaño Overa and Alerce streams, which confluence with the Manso
Superior River (Fig. 2b), and then flows into Lake Mascardi. Lower-order tributaries
drain from both sides of the main valley with variable relief. A well-developed
floodplain spreads downstream, reaching its mouth at Lake Mascardi.

Lake Mascardi (Fig. 2c) is a deep oligotrophic andmonomictic lake with an area
of ~39 km2 and a mean depth of 218 m. In addition to the Manso Superior River it
also receives Huamanco, Piedra del Pinto and Los Césares streams (from the S) and
Fresco stream (from the N). Lake Guillelmo (850 m a.s.l. and 5.8 km2) also drains
to Lake Mascardi from the SE.

The river originating at the lake’s outfall is named as Manso Inferior (i.e. Lower)
River (Figs. 1 and 2d). It flows to the west crossing lakes Los Moscos and Hess
(~1.5 km2) and then its course swerves towards the SE and receives some tributaries
before reaching Lake Steffen (~5.2 km2, Fig. 1). The Manso Inferior River mean
discharge increases significantly after leaving Lake Steffen and then its course turns
westward. Before crossing the Andes, it is joined by the Villegas and Foyel rivers
and towards the Puelo River, delivering its total discharge to the Pacific Ocean, at
Chile’s Reloncaví Bay.

In this chapter, the Manso’s upper basin corresponds to Manso Superior River
and its tributaries until Lake Mascardi. Downstream Lake Mascardi the river takes
the nameManso Inferior River; this stretch is considered the middle basin until Lake
Steffen. Finally, the lower basin is downstream Lake Steffen.

The geology of the region (e.g. Dalla Salda et al. 1991; Giacosa et al. 2001;
González Bonorino 1979) involves three types of country rocks. (1) The meta-
luminous granitoids of the Late Paleozoic-Tertiary forms the Cordilleran Patago-
nian Batholith. It is constituted by hornblendic and biotitic tonalites and granodior-
ites, amphibolitic granitic porphyries, andesitic dikes and tonalitic porphyries. (2)
Breccias, andesitic lavas, hornfels, sandstones and conglomerates with limestones
from the Cordilleran Volcanic Sedimentary Complex. (3) Thick Lower Tertiary
volcanic sequence (Eocene–Oligocene), which constitutes the Tronador Formation.
It is composed by olivine basalts, andesites, conglomerates and sandstones. Varves,
tephras, and glacial-glaciofluvial deposits are widely disseminated throughout the
region. Mount Tronador is a Miocene stratovolcano consisting of basaltic and
basaltic andesite lavas and pyroclastic rocks.

Nahuel Huapi National Park’s western half is covered profusely with temperate
rain forests, whereas xerophytic Patagonian flora is dominant on the eastern half of
the park. The dominant tree species in the park are Nothofagus dombeyi (cohiue),
Nothofagus pumilio (lenga), andNothofagus antartica (ñire). Also present isFitzroya
cupressoides or Patagonian larch, a slow-growing conifer. Other floras include Luma
apiculata (arrayán) and Austrocedrus chilensis or Patagonian cedar (Brion et al.
1998).
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3 Hydroclimatic Overview

The hydroclimatic characteristics, as well as the historical hydrological behavior
of the Manso River system have been previously analyzed by Pasquini et al. (2008,
2013).A revisited analysis is presented here using updated information obtained from
different hydro-meteorological stations located throughout the drainage basin.1

Themountainous climate in the region is cold and humid (Gallopin 1978; Villalba
et al. 1990); the mean annual temperature near LakeMascardi is 7.3 °C decreasing to
thewest along the valley,whereas themean annual temperature for the entire drainage
basin reaches about 12 °C. Mean annual temperatures of 17.4 °C and 3.8 °C have
been recorded for January and July, respectively.

The hydrological behavior of the Manso River drainage system, as it happens
in others glaciated Patagonian basins, is mainly governed by rainfall and snowfall
regimes. The prevailing westerly winds supply all the moisture. Most of the annual
precipitation in the region (i.e. rain and snow), occurs during the austral winter
months and it is subjected to a marked west to east decreasing gradient. At Mount
Tronador, the mean annual precipitation is 2700 mm, whereas at Lake Mascardi it
reaches 1400mm, decreasing progressively to the east up to 500mmat the Patagonian
steppe.

The updated data series (1991–2020 record period) recorded at Central Frey
station (at Lake Mascardi, 41° 21′ 28.6′′ S, 71° 33′ 46′′ W), clearly shows a steep
precipitation increase during the austral fall and winter (maximum mean precipita-
tion in June), gradually decreasing until reaching minimum values during the austral
summer (Fig. 3).

The mean annual hydrograph of the Manso Superior River (Fig. 4a) was arranged
using an updated data series reconstructed correlating discharges at Mascardi station
(41°15′ 03′′S, 71°39′ 58′′W, 1970–1991 record period) with gauge heights at Pampa
Linda station (41° 15′ 18.60′′S, 71° 39′ 07.10′′W). The obtained data series (1970–
2019) will be referred to as Mascardi station from now on. Manso Superior River
shows a clear bimodal distribution in its monthly mean discharge (Fig. 4a) as a
consequence of both, precipitation in winter and snowmelt during spring. Maximum
mean discharge is registered in June, in coincidence with maximum precipitation,
whereas the snowmelt signal is clearly discernible in November and December. The
Manso River mean annual discharge at Mascardi station is 12.5 m3 s−1, while the
annual specific water yield is of 50.6 L s−1 km−2. Mean annual discharge shows an
increase compared with the 11 m3 s−1 reported by Pasquini et al. (2013), when the
last two decades of record are considered. The Manso River delivers at Mascardi
station an annual water volume of 394 hm3, with an annual mean runoff of 15 mm.

Downstream Lake Mascardi, the Manso Inferior River also receives water that
flows from a number of lakes and streams located in the middle basin, which increase

1 Dirección Nacional de Política Hídrica y Coordinación Federal, Sistema Nacional de Informa-
ción Hídrica, Argentina, https://www.argentina.gob.ar/obras-publicas/hidricas/base-de-datos-hid
rologica-integrada.

https://www.argentina.gob.ar/obras-publicas/hidricas/base-de-datos-hidrologica-integrada
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Fig. 3 Mean annual pluviograph at Lake Mascardi (Central Frey station) for the record period
1991–2020

its discharge considerably.At LosAlerces station (41°22′ 29′′ S, 71° 44′ 53′′ W,1951–
2020 record period), located downstreamLakeHess (Fig. 1), theManso InferiorRiver
discharges a mean annual flow of 43.6 m3 s−1, with an annual specific water yield
of 58.1 L s−1 km−2. At this place the annual water volume supplied by the river is
1374 hm3,whereas the annualmean runoff is 1832mm.The annualmean hydrograph
at Los Alerces (Fig. 4b) exhibits a bimodal pattern similar to the one recorded at
Mascardi (i.e. in the upper basin), with maximum mean discharge occurring in July
and November and minimum in March and April.

The Confluencia station (41°35′ 12.60′′S–71°41′ 01.20′′W, 1965–2020 record
period) is located at the Manso River lower basin (i.e. downstream Lake Steffen).
Here, the river also exhibits a considerable increase in its mean discharge resulting
from the contribution of several lakes and streams that, in addition to the Manso
River, also drain into Lake Steffen (e.g. Lake Martín and tributaries). The mean
annual discharge at Confluencia is 79.3 m3 s−1, whereas the specific water yield is
43.7 L s−1 km−2. The annual water volume exported at Confluencia is 2500 hm3, with
an annual mean runoff of 1374 mm. Figure 4c shows the annual mean hydrograph at
Confluencia, which also reflects a bimodal distribution in the annual flow variability,
as it was observed upstream, although with a smoother pattern.

An analysis of the historical hydroclimatic variability in the Manso River system,
using the updated time series, was performed by means of statistical trends analyses.
The longest instrumental recordof precipitation in theMansoRiver basin corresponds
to the Los Alerces station (record period 1955–2019). Figure 5a shows the result of
the Mann–Kendall trend test (Mann 1945; Kendall 1975) at Los Alerces, where a
highly significant Sen’s negative slope (p < 0.001) indicates an historical decrease in
precipitation, which has also been pointed out earlier by other authors (e.g. Masiokas
et al. 2008; Pasquini et al. 2008; and references therein). The linear trend in Fig. 5a
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Fig. 4 a Mean annual
hydrograph of the Manso
Superior River at Mascardi
station (1970–2020 record
period, see text for
explanation). b Idem for the
Manso Inferior River at Los
Alerces station (1951–2020
record period) in the middle
basin. c Idem for the Manso
Inferior River in the lower
basin, at Confluencia station
(1965–2020 record period)
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Fig. 5 a Mann–Kendall trend test for the annual precipitation time series at Los Alerces station
(1955–2019 record period). b Idem a for the mean annual temperature time series at Los Alerces
station (1955–2020 record period). c Mann–Kendall trend results for the mean annual discharge
reconstructed time series of Manso Superior River at Mascardi station (1970–2020 record period)
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indicates a decrease in the mean annual precipitation of ~9 mm y−1. Along with the
historical decreasing trend in precipitation, an increase in historical temperatures is
also identified. Figure 5b shows the Mann Kendall test applied to the temperature
time series at Los Alerces station (1955–2020 record period), where a significant (p <
0.05) positive trend indicates a regional warming. The Sen’s slope shows an increase
in temperature of > 1 °C in the last 6 decades. Such warming was also observed in
previous works (e.g. Masiokas et al. 2008). Moreover, Pabón-Caicedo et al. (2020)
pointed out that over the extratropical Andes, temperature reconstructions indicate
that the twentieth century has been the warmest period during the last millennium in
northern Patagonian, east of the Andes.

Historical trends in the mean annual discharge of the Manso River were analyzed
in the upper and lower basin using the Mascardi (1970–2019) and Confluencia
time series, respectively. Figure 5c shows a statistically significant positive trend
of Manso Superior River discharge at Mascardi (i.e. in the upper basin). The Sen’s
slope (Fig. 5c) indicates that the mean annual discharge has increased about 2.8
m3 s−1 in the last 40 years (i.e. ~70 L per year).

To better explore this substantial discharge increase in the Manso Superior River
(upper basin), monthly trends were also performed by the seasonal Kendall test
(Kendall 1975; Hirsch et al. 1982). The results (Table 1) show, for the same record
period at Mascardi station, that the significant positive trend in river discharge occurs
particularly in March, April, July, September, October and November. These results
differ from those previously reported by Pasquini et al. (2013), who did not identify, a
decade ago, positive trends in theManso Superior River discharge. Taking in consid-
eration that precipitation does not show a similar trend, it is possible to conclude that
the increasing discharge of the Manso Superior River is a result of the increasing in

Table 1 Seasonal Kendall
test of Manso Superior River
monthly mean discharge

N Kendall t pa

January 50 0.971 0.16588

February 50 0.920 0.17869

March 50 3.573 0.00018

April 50 3.029 0.00123

May 50 1.079 0.14025

June 50 1.548 0.06085

July 50 2.125 0.01680

August 50 1.472 0.07046

September 50 3.037 0.00120

October 50 2.937 0.00166

November 50 1.757 0.03945

December 50 1.255 0.10470

Total 600 3.173 0.00076

a Statistically significant parameters in bold (p < 0.05)
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the snow/ice melting during the last 15 years; moreover, considering that most of
the statistically significant positive discharge trends are registered at the end of the
austral winter and during the austral spring. This is coherent with the increase in size
of the Manso proglacial Lake as a result of a shrinkage of the tongue, as reported by
Paul and Mölg (2014) and Ruiz et al. (2017).

Lake Mascardi water level variability has been earlier analyzed by Pasquini et al.
(2008) alongwith the variability of several Patagonian lakes, and it was later revisited
by Pasquini et al. (2013) with a more extended record period. In such studies, the
authors reported a significant decreasing trend in the water level in most months of
the year. The new updated series of Mascardi Lake water level at Central Frey station
(1970–2020 record period) shows a similar result since the historical monthly mean
water level (Fig. 6a) clearly exhibits a negative trend. Moreover, the Sen’s slope

Fig. 6 a Monthly mean water level time series of Mascardi Lake at Central Frey station (1970–
2020 record period). bMann–Kendall trend test for the annual water level at the same place that in
a)
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Fig. 7 Annual Mann–Kendall test applied to the Manso Inferior River discharge in the lower basin
(i.e. downstream Lake Steffen), at Confluencia station (1965–2020 record period)

of the annual Mann Kendall trend test (Fig. 6b) evidences a statistically significant
decreasing trend (p < 0.001) in Lake Mascardi water level, considering the last
50 years.

In the lower basin, Manso Inferior River discharge also shows a historical
decreasing trend. TheMann–Kendall test applied on annual mean discharge series at
Confluencia station (1965–2020 record period) shows a significant negative trend (p
< 0.05) in the last 6 decades (Fig. 7). In this case, the Sen’s slope denotes a decrease
in mean annual river flow of 0.3 m3 s−1 per year. This results also differs from those
reported by Pasquini et al. (2013) who did not determine a significant trend in the
Manso Inferior River discharge downstream Lake Steffen and, on the contrary, they
found several months with a positive discharge trend in a gauging station close to
the Argentina–Chile border.

In earlier studies Pasquini et al. (2008, 2013) also analyzed periodical signals in the
Manso River basin. Bymeans of harmonic analyses these authors found a clear inter-
annual and near-decadal signature in Patagonia’s proglacial lakes (including Lake
Mascardi) which was associated with theEl Niño-SouthernOscillation phenomena
(ENSO). Moreover, these findings are supported by spectral coherence analysis,
which shows a ~13-month time lag between ENSO occurrences and lake water level
variability (Pasquini et al. 2008).

A more exhaustive analysis, which is beyond the scope of this chapter, would
be necessary to better establish the subtle fluctuations in the hydrological behavior
of the Manso River drainage system during the last decades. In the earlier study
of Pasquini et al. (2008) a negative historical trend in the Manso Superior River
basin (i.e. river discharge and lake water level) was interpreted as a consequence
of decreasing melt water because the ice volume of the Manso Glacier was also
markedly diminishing. Clearly, a different scenario is currently being observed, as
the discharge of the Manso Superior River shows an increasing trend when the last
15 years of record are considered. Nevertheless, it is clear that the hydrological
variability of the Manso River and associated lakes are highly sensitive to climatic
changes occurring in the region since the last decades of the twentieth century, either
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due to changes in atmospheric circulation, in the teleconnection with the ENSO
events or even due to the influence of other modes of climatic variability such as the
Antarctic Oscillation.

4 Hydrochemistry and Weathering Signature

Glaciers and icefields constitute the largest freshwater reservoirs on the planet,
containing 28 × 106 km3 of water (Tranter 2005). It is a widespread fact in the
literature that a significant volume of sediment is transported by glacial systems
to the oceans (e.g. Milliman and Farnsworth 2011), although the magnitude of the
dissolved load transported by the ice meltwater is less known. Similarly, chemical
weathering processes in these systems have been poorly documented (Sharp et al.
1995; Anderson et al. 2000), probably as a consequence of their apparent lower
significance in relation to the products of physical erosion. However, Brown (2002)
pointed out the significance of chemical weathering in these environments as an
effective mechanism of CO2 sequestration and its impact on climate change at an
interglacial scale.On the other hand, the hydrologyof glacial systems is closely linked
to the dissolved geochemical signal produced, as it reflects the type and kinetics of
the geochemical reactions that take place within the glacier, which are linked to
the drainage system characteristics (Bennett and Glasser 2009). Thus, geochem-
ical studies can provide information on the configuration and dynamics of glacial
drainage systems (e.g. Brown 2002).

In glacial areas, streams and rivers flow with a mixed dissolved signal attributed
to the snow and glacier meltwater, atmospheric precipitation and to the weathering
of exposed rocks and sediments, which are continually changing the hydrochem-
istry. Weathering processes start when minerals, which were crystallized during high
temperatures and pressures, reach surface conditions and become thermodynami-
cally unstable. These new conditions plus physical and chemical weathering agents,
as water, temperatures, wind, and biological impact, produces alteration in rocks and
sediments (e.g. Depetris et al. 2014). In this way, initial solid phases are transformed
to solutes, soils, and other sediments, controlling the global hydrogeochemical cycle
of elements (White and Brantley 2003).

The Manso River system is controlled by the so-called weathering-limited
regime (e.g. Stallard and Edmond 1983) due to its cold mountainous weather and
the Andean active tectonics. Román-Ross et al. (2002) revealed that mineral hydrol-
ysis in the region supplies a relatively reduced amount of dissolved material. Lake
Mascardi’s bottom sediments exhibit a low chemical index of alteration (CIA,
Nesbitt andYoung 1982) of ~55 (i.e. close to unaltered upper continental crust, UCC)
and the modeling of the europium fractionation indicates little reworking of sedi-
ments, with a total loss of < 30% as soluble or weathered particulate material. In this
kind of environment, the uppermost catchments usually preserve the atmospheric
signal, with slightly acid pH and low total dissolved solids (TDS). Chillrud et al.
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(1994) reported low concentrations of Cl− (5.8 µM), and Na+ (2.8 µM) in precipita-
tion due to the orographic effect of the Andes Mountains, which generates that most
of the cyclic marine salts discharge on the Chilean sector of the Andes Mountains.
Downstream, the interaction between solid and dissolved phases, increases TDS
values. Tranter et al. (2005) established that the dominant solutes in river waters that
drain glacial areas are Ca2+ (regardless of the dominant lithology), HCO−

3 and SO2−
4

as a result of carbonate dissolution and sulfide oxidation as the main processes. On
the other hand, some studies have shown that the rate of chemical weathering in the
proglacial regions increases by a factor of 3 or 4 (e.g. Anderson et al. 2000; Wadham
et al. 2001). Moreover, Anderson et al. (2000, 2003), Berry Lyons et al. (2003) and
Hindshaw et al. (2011) highlight that solute fluxes and weathering rates in glacial
regions are comparable to those in temperate zones.

The general aquatic geochemistry of springs and streams from the Manso River
systemhas been previously defined (Chillrud et al. 1994; Pedrozo et al. 1993; Pedrozo
and Chillrud 1998), but there was neither a discussion on trace element geochemistry
in such aquatic system nor on the factors that control their dynamics. Other rivers
of the Argentinian Patagonian Andes have been also described (Pedrozo et al. 1993;
Diaz et al. 2007). In general, they present very dilute solutions, dominated by Ca2+,
HCO−

3 and dissolved Si.
In the present chapter, the Manso River hydrochemical analysis was made with

data from samples collected during different field campaigns between 2000 and
2017, at different sampling sites along the entire hydrological basin. Moreover, data
reported by Pedrozo et al. (1993) were also included. A total of 60 water samples
were considered.

The physicochemical characteristics and dissolved major compounds are
computed in Table 2. Data is divided into the Manso’s upper stretch (i.e. Manso
Superior River and tributaries) and the middle and lower ones (i.e. Manso Infe-
rior River). Lakes’ hydrochemistry is also represented (i.e. lakes Mascardi, Hess
and Steffen) by means of mean values ± standard deviation (SD), minimum and
maximum. In the entire hydrological basin, Manso River pH fluctuates from slightly
acid to alkaline, varying between 5.7 and 8.3 with TDS between < 5 and ~75 mg
L−1. Clearly, the low intensity of weathering reactions results in the system’s diluted
waters. The relative abundance of anions is HCO−

3 > SO2−
4 ≥ Cl−, whereas the

sequence for the main cations is Ca2+ > Mg2+ > Na+ > K+. Electrical conductivity
varies between 9.6 and 115.6 µS cm−1, with the highest values during the ice/snow
melt season.

The hydrochemistry of lakes is quite constant. Similar to the Manso River, the
TDS in lake waters are also low. The anions and major cations follow the same order
of relative abundance as in the river; pH (~7.7) is also similar to those measured in
the river. Redox potential reflects oxidant environments in both reservoirs (i.e. rivers
and lakes).

The dissolved chemical signal can be defined by some diagrams. For instance,
Piper diagram shows water classification with the major cation and anion composi-
tions. In Fig. 8 the classification of the Manso River dissolved system is represented,
divided into upper, middle and lower basin, and lakes. Manso proglacial Lake water
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Table 2 Physicochemical characteristics and dissolved major composition of rivers and lakes from
Manso system
Basin

region
T Eh pH EC TDS Ca2+ Na+ K+ Mg2+ Cl- SO42- HCO3-

°C mV μS cm-1 mg L-1

Upper

(n=29)

mean ± 

SD

7.89 ± 

4.24

352.56 ± 

35.13

6.92 ± 

0.51

51.90 ± 

27.09

28.81 ± 

14.97

5.73 ±

4.40

1.67 ± 

0.67

0.54 ± 

0.25

1.26 ± 

0.62

0.49 ± 

0.21

6.71 ± 

8.69

15.88 ± 

7.50

Min 1.50 307.00 5.70 9.60 4.10 0.63 0.34 0.14 0.18 0.28 0.45 1.20

Max 17.50 410.00 7.72 115.60 74.95 16.30 3.08 1.28 2.52 1.07 26.65 29.89

Middle

(n=8)

mean ± 

SD

15.30 ± 

0.33

308.20 ± 

10.26

7.36 ± 

0.60

57.24 ± 

5.11

28.70 ± 

2.50

5.56 ± 

1.31

1.44 ± 

0.17

0.40 ± 

0.10

0.92 ± 

0.25

0.74 ± 

0.23

3.55 ± 

0.91

19.74 ± 

1.26

Min 14.80 295.00 6.23 52.30 26.20 3.32 1.12 0.25 0.45 0.51 2.02 18.65

Max 15.60 322.00 8.30 65.20 32.50 6.70 1.66 0.51 1.10 1.13 4.23 21.82

Lower

(n=11)

mean ± 

SD

13.66 ± 

1.54

406.73 ± 

27.64

7.57 ± 

0.24

59.35 ± 

8.14

30.76 ± 

4.22

7.71 ± 

1.17

1.88 ± 

0.29

0.44 ± 

0.07

1.22 ± 

0.21

0.63 ± 

0.15

2.80 ± 

0.83

26.33 ± 

4.51

Min 10.80 353.00 7.10 51.50 26.20 6.50 1.63 0.37 1.01 0.36 1.04 20.42

Max 15.50 444.00 7.85 80.50 41.20 10.30 2.68 0.62 1.74 0.85 3.49 36.84

Lakes

(n=12)

mean ± 

SD

12.48 ± 

3.00

411.17 ± 

37.98

7.67 ± 

0.11

51.45 ± 

0.85

26.53 ± 

0.67

6.53 ± 

0.88

1.62 ±

0.22

0.48 ± 

0.12

1.12 ± 

0.17

0.54 ± 

0.12

2.90 ± 

1.04

22.07 ± 

3.86

Min 7.70 306.00 7.54 49.85 25.20 5.40 1.42 0.39 0.85 0.35 1.29 19.40

Max 15.90 441.00 7.89 52.45 27.40 9.10 2.14 0.80 1.53 0.70 4.36 33.74

Data is represented by the mean ± standard deviation, and minimum and maximum values of each upper, middle and lower basin,
and the lakes. EC: electrical conductivity, TDS: total dissolved solids

is highlighted due to its influence in the upper basin hydrochemistry, presenting a
clear sulfate–calcium type.

Along the Manso system, the classification shows a gradient from
sodium/potassium type to calcium type, with respect to cations, and from sulfate
to bicarbonate type with respect to anions. The uppermost catchments of the Manso
Superior River, exhibit the Manso proglacial Lake influence (Fig. 8), as they present
sulfate-type waters. Downstream, waters evolve towards a Ca2+ and HCO−

3 domi-
nance due to the effect of silicate hydrolysis, as was proposed by Chillrud et al.
(1994) and Pedrozo et al. (1993). The hydrochemical signal of the Manso Inferior
River is less variable than in the upper basin, with a clear bicarbonate-calcium type.
From a chemical point of view, lakes are similar to the Manso Inferior River. Finally,
global mean runoff is added for comparison (Tranter 2003). It is quite similar, except
for the chloride relative concentration, which is higher than in the analyzed system.

Table 3 shows dissolved trace element concentrations in the Manso River system,
separated in upper, middle, lower basins and the lakes. It is evident again a great
variation in the Manso Superior River, with both, the lowest and the highest concen-
trations of most of the trace elements. Figure 9a shows the multielemental extended
normalized diagram (a.k.a. “spidergram”) for the dissolved trace elements deter-
mined along the Manso River basins (rivers and lakes). Data was normalized against
UCC (McLennan 2001) which is considered a common pattern in order to assess the



42 K. L. Lecomte et al.

Fig. 8 Piper (1944) diagram showing the chemical classification of Manso River system’s waters.
Global mean runoff (Tranter 2003) is included for comparison

comparative concentration increase or decrease of different elements. The spider-
gram shows that the concentration of elements such as Al, Ti, Zr, Hf, and Th, known
for their low mobility under normal surface conditions, are always the elements with
the lowest normalized concentrations. In contrast, other elements such as Ni, Cu, As,
Sr, Mo, Cd, and Sb are relatively enriched in this river waters, due to their higher
mobility in comparison with the elements mentioned above.

The comparison between the Manso Superior and the Manso Inferior rivers,
reveals that most of the elements have higher normalized concentrations in the upper-
most stretch, which undergo a significant depletion after the passage through the
Lake Mascardi. Such elements (Ti, V, Mn, Fe, Cu, Co, Y, Zr, Hf, and Pb) may be
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Fig. 9 Upper continental crust (UCC)-normalized spidergram forManso River system divided into
upper, middle, and lower basins, and lakes. Lines correspond to mean values, whereas shadow areas
correspond to the total variation in each sector of the hydrological basin. a Trace elements and b
rare earth elements

adsorbed by dissolved organic molecules, or into inorganic exchange sites, such as
those supplied by iron oxides, clays or “glacial flour”.

Concluding with the chemical comparison of the Manso’s upper and lower
stretches, there is a group of chemical elements which tend to increase their normal-
ized concentrations in the downstream direction: Si, Sr, U, and some metal/oids that
may form complexes (such as As, Mo). Figure 9a also includes data for lakes, which
show a similar normalized pattern.

Of special interest among trace components are the group of rare earth elements
(REE), which are released during weathering but can be rapidly adsorbed onto
colloids and thus constitute valuable tracers of the original rock (e.g. Elderfield et al.
1990; Sholkovitz 1995; García et al. 2007; Lecomte et al. 2016). REE have very
similar chemical properties. They have been generally categorized into two groups
based on their double-salt solubility: light rare earth elements (LREE) are called
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the cerium sub-group elements (La to Eu) and heavy rare earth elements (HREE)
are known as yttrium sub-group elements (Ga to Lu) (Henderson 1984; Krishna-
murthy and Gupta 2015). The REE with lower atomic numbers (LREE) have larger
ionic radii and hence are more incompatible, strongly concentrated in the continental
crust compared to the REEwith larger atomic numbers (HREE) (Krishnamurthy and
Gupta 2015).

Table 4 includes mean REE dissolved concentrations in the Manso River system.
Elements such as Ho, Tm and Lu are not included due to their concentrations below
the detection limit. The total dissolved

∑
REE concentrations range from 0.123 to

1.352µgL−1 in the upper basin,whereas they decrease noticeably in themiddle basin
(from 0.048 to 0.183 µg L−1), after passing through Lake Mascardi. Lakes present
the maximum total REE content, whereas the Manso River in the lower basin has
intermediate concentrations. This behavior is more evident analyzing particularly
the LREE. Moreover, LREE exhibit higher concentrations than HREE. Lanthanum
concentrations range between 0.007 and 0.421 µg L−1, while Yb concentrations
just reach 0.031 µg L−1 in the upper basin. The range of total REE concentrations
is higher than those measured in other glacial areas draining comparable lithology
(e.g. Tepe and Bou 2016).

REE concentrations measured in the Manso River system were also normalized
to the UCC, and the obtained spidergram is shown in Fig. 9b. UCC-normalized mean
river water in the upper, middle and lower stretches show relative flat patterns with
some differences that are important to take into account. The highest mean values
were measured in the upper basin and in lakes (Table 4). Moreover, in the upper
basin REE concentrations also exhibit the highest variation (i.e. the lowest and the
highest values when the entire system is considered). In the lower basin and in lakes,
LREE are more enriched than HREE, whereas in the upper basin there is a slight
predominance of HREE over LREE. The lowest values are documented in themiddle
basin, downstream LakeMascardi, evidencing again adsorption and co-precipitation
processes.

Aswasmentioned above, the rivers of theArgentinianNorthern PatagonianAndes
are dominated by Ca2+, HCO3

− and Si. However, the upper basin of theManso Supe-
rior River, immediately after the Manso Glacier, has comparatively higher concen-
trations of dissolved Ca2+ and SO4

2− in summer, with molar ratios of Ca2+:SO4
2−

1:1 which has been attributed to the oxidation of pyrite (Chillrud et al. 1994), that
produces H2SO4. In such scenario, the formation of iron oxi-hydroxy substrates can
occur as a by-product of precipitation due to a pH increase. The last process was
very well described by Baffico et al. (2004) for the Agrio River, which in its upper
basin has pH 3.0 (due to volcanic fluids of the Copahue volcano) and as it flows
towards the Patagonian Plateau, becoming alkaline with the sequential precipitation
of Fe and Al (Pedrozo et al. 2010).

The significance of sulfide oxidation in the upper basin can be analyzed by the
relation of Cratio versus TDS proposed by Brown et al. (1996). Cratio is defined as
HCO3

−/(HCO3
− + SO4

2−), where a Cratio ~1 indicates weathering dominated by
carbonate reactions and a Cratio value of ~0.5 indicates the coupling of sulfide oxida-
tion and carbonate dissolution. In Fig. 10 it is plotted Cratio versus TDS from the
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Fig. 10 Cratio versus TDS in the upper basin of the Manso River

Manso Superior River waters. As it can be noted, both, carbonate dissolution and
sulfide oxidation, are represented as dominant processes. Moreover, the pairing of
sulfide oxidation and carbonate reactions control the chemistry of the waters that
are directly influenced by the Manso proglacial Lake, whereas carbonation reactions
mainly control the chemistry of the rest of the upper basin. On the other hand, in the
middle and lower basins, waters have a predominant bicarbonate chemical signal,
which indicates that the silicate hydrolysis is more relevant than in the uppermost
catchments.

The computing yield of each major ionic species in the Manso Superior River
watershedwas analyzed byPedrozo andChillrud (1998). Their calculations supplied
a significant weathering rate for the uppermost catchments (~16,000 mol km−2

d−1), mainly due to the oxidation of pyrite (and the likely production of H2SO4)
and a significant pCO2. The rate is lower near the Manso River outfall at Lake
Mascardi (~3700 mol km−2 d−1). The difference is surely accounted for by the
diluting effect of tributaries and/or groundwater flow, adsorption mechanisms onto
particles, precipitation of solid phases, or biological consumption.
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5 Suspended Sediments and Nutrient Dynamics

Data used for the following analysis correspond to samples collected during January
and February (austral summer) between 1989 and 1991 in the Manso Superior River
basin. Sampleswere taken from theManso Superior River, CastañoOvero andAlerce
streams, and several clear water type tributaries.

As mentioned above, the Manso Superior River, upstream its outflow into Lake
Mascardi, shows a bimodal flow, with a minimum in July and the maximum in
December, with an annual average of 12.5 m3 s−1, strongly correlated with rain and
snow precipitation. The monthly mean discharge at Mascardi (1970–2019 record
period) varies in awide range (2 to 60m3 s−1)with the floods that generally occurwith
spring and summer rains, which increase the glaciers melting. Such river behavior
is coherent with the seasonal transport of suspended solids. In Fig. 11 the suspended
solid concentrations from three different glacier meltwater discharges in the basin,
i.e. Manso Superior River, Alerce and Castaño Overo streams, are represented. The
figure shows that Manso Superior River is the one that contributes the most to the
solid load (7–183 mg L−1), while Alerce and Castaño Overo streams represent 7%
and 45%, respectively. During the warmmonths, the glacial headwaters of theManso
River drainage basin and the river main channel (i.e. before reaching LakeMascardi),
are referred to as “clear waters”. This “milky water” is determined by the high
suspended solids load originating in the glaciers (i.e. “glacial flour”). In contrast,
other tributaries in the basin, no directly related with glaciers, are of the “clear

Fig. 11 Seasonal transport of suspended solids in the Manso Superior River basin
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water” type (e.g. Huamanco and Los Cesares streams, Fig. 1, Pedrozo et al. 1993),
with a very low suspended sediment load.

The role that P plays as an essential nutrient in water bodies has been widely
studied (Larsen et al. 1981; Golterman et al. 1983; Horne and Goldman 1994;Wetzel
2001; Carpenter 2005). Dissolved P level in aquatic environments is controlled by the
interaction with: (a) Fe and Al oxy-hydroxides and (b) Ca compounds (Tilman and
Kilham 1976; Gunatilaka 1988; Sinke 1992). In both cases, these interactions occur
because they have high affinity for the dissolved fraction of P. Depending on pH or
redox potential, P can be adsorbed or desorbed onto Fe and Al oxy-hydroxides, and
also P can be released to the solution by weathering of Ca-bearing minerals (Larsen
et al. 1981; Boström et al. 1982; Koski-Vähälä et al. 2001; Katsev et al. 2006; Jin
et al. 2006). The SRP:TP (soluble reactive phosphorous:total phosphorous) ratio
shows again, the significance of pyrite oxidation as an importantweathering reaction
in the Manso Superior River basin. The precipitation of iron oxides removes SRP
from solution and maintains a low SRP:TP ratio. This ratio is shown in Fig. 12 for
the Manso Superior River, Castaño Overo and Alerce streams. These geochemical
processes imply that, in theManso Superior River, there is a high concentration of Fe
controlling dissolved P, while in Castaño Overo and Alerce streams, the Fe content
is lower and the SRP is larger than in the Manso River. The mechanism that operates
in the Manso Superior River is opposite to that described for anoxic lake sediments
with low or negative redox potential (Pedrozo and Chillrud 1998).

Fig. 12 DIN:SRP ratio versus SRP:TP ratio in the Manso Superior River basin
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The inorganic N coming from the atmosphere is enough to explain the N content
in the Manso Superior River water. The mean concentration of dissolved inorganic
nitrogen (DIN) (1.78 µM; Pedrozo et al. 1993) in the precipitation (rain/snow) is
higher than the mean range (0.44–1.17µM) of DINmeasured in theManso Superior
River throughout its entire basin. Moreover, these N concentrations are much lower
than the values given by Meybeck (1982) for different environments worldwide
(mean DIN = 28.57 µM). The relative concentration of NO3

− (54%) in the Manso
Superior River is higher than the NH4

+ (27%), similarly to what is observed in
other Patagonian rivers, and in agreement with values reported by Meybeck (1979)
for world rivers. On the contrary, a set of Argentinian Andean Patagonian lakes
present a similar NO3

− and NH4
+ percentages (53 and 47%, respectively) according

to Pedrozo et al. (1993). The average DIN:SRP ratio allows to differentiate the
three glacial sub-drains (Fig. 12). On the one hand, the lowest ratio is observed in the
CastañoOvero stream (DIN:SRP= 0.55), alongwith its highest SRP:TP ratio (0.29).
On the other hand, the Alerce stream is the one that has the highest DIN:SRP (8.13)
ratio, and a low SRP concentration. Finally, the Manso Superior River presents the
lowest SRP:TP ratio (mean of 0.04), whereas DIN:SRP decreases from 3.0 to 2.15
after the confluence with the Castaño Overo and Alerce tributaries. Most rivers are
below the Redfield’s ratio (N:P = 16:1; Wetzel 2001), suggesting that algal growth
may be limited by nitrogen rather than phosphorus (Diaz et al. 2007).

6 Concluding Summary

The hydrological behavior of the Manso River drainage system is mainly governed
by the rainfall and snowfall regimes, similarly to other glaciated Patagonian basins.
Most of the annual precipitation in the region (rain and snow), occurs during the
austral autumn–winter months (May–July) and it is subjected to a marked west to
east decreasing gradient. Mean annual hydrograph shows a bimodal distribution as
a consequence of atmospheric precipitations in winter and meltwater in spring and
summer.Mean annual discharge in the upper basin is 12.5m3 s−1,whereas it increases
downstream to 43.6 m3 s−1, and reaches 79.3 m3 s−1 in the lower basin. The annual
water volume exported in the lower basin (at Confluencia) is of 2500 hm3.

The Manso River is fed by several glaciers, and the homonymous glacier is the
most important, showing a substantial retreat during the last decades. The trend test
has shown a significant positive water yield in Manso Superior River, particularly
during australwinter and spring.A significant increasing trendof temperatures during
the last decades results in high shrinkage of glaciers which increases meltwater and
then both, the Manso proglacial Lake’s volume of water, and the discharge of the
Manso Superior River. On the other hand, Lake Mascardi and the Manso Inferior
River show a negative statistical trend. Harmonic analyses have shown clear inter-
annual and near-decadal signals in Lake Mascardi, which were associated with the
ENSO phenomena. Moreover, a lag of ~13-month between ENSO occurrences and
lake water level variability was found by means of spectral coherence analysis. From
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a hydrological point of view, the Manso River basin (including the associated lakes)
has proven to be a highly sensitive system to climatic changes that occurred during
the last decades.

High physical erosion, relatively high atmospheric precipitation along the Andes,
and a restricted weathering rate define a weathering-limited denudation regime and
the resulting diluted freshwater bodies. The dissolution of carbonates and the oxida-
tion of pyrite occurring underneath the glacier are the key weathering reactions
that supply HCO3

−, SO4
2−, and Ca2+, the prevailing major ions in the upper basin,

whereas in the rest of the basin (i.e. middle and lower basins), the hydrolysis of sili-
cates also exerts its influence on the hydrochemistry. The concentration of dissolved
minor and trace elements exhibit their own dynamics, mostly subjected to adsorption
and/or complexation processes.

The oxidation of pyrite in the upper basin is also responsible for the formation
of new substrates of iron oxi-hydroxide, controlling the concentration of dissolved
P, which is scavenged from solution, resulting in a low SRP:TP ratio. Moreover, in
the upper basin, the nitrate concentration is higher than the ammonium, similarly to
other rivers in Patagonia and within the ranges for world rivers. The low N:P ratio
indicates that algal growth in this environment is limited by nitrogen and not by
phosphorus.

The suspended solids load determined in the upper basin, allows to differentiate
two types of waters: “milky waters” with a high load of suspended solids in the
Manso Superior River’s main channel, and “clear waters” with low suspended solids
concentration in the tributaries.

From a geochemical point of view, an outstanding feature of the Manso River
system, is the large variability in the concentration of major ions and trace elements
(i.e. includingREE),which is recorded in the upper basin (i.e.MansoSuperiorRiver).
On the other hand, in the middle and lower basins, the chemical composition of water
is less variable than in the upper basin. This particular characteristic reflects the great
influence exerted by Manso Glacier’s meltwater on the hydrochemical signal of the
Manso Superior River.
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Geothermal Influence
on the Hydrochemistry of Surface
Streams in Patagonia Neuquina
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Abstract The Domuyo System Natural Protected Area in the Patagonia neuquina
presents a mountainous relief with steep valleys carved by both, glacial and fluvial
processes, where the main water courses are the streams namedManchana Covunco,
Aguas Calientes and Covunco, which are tributaries of the Varvarco River. These
streams run through an area of intense geothermal manifestations composed by
aqueous solutions of high temperature, which determine the chemistry of streams
and springs. The surface water courses and springs located upstream the thermal
springs are neutral to alkaline, of low temperature and electric conductivity, and
Ca-HCO3/Ca-HCO3-SO4 types, respectively. Downstream the thermal springs, an
increase in pH, temperature, and electrical conductivity is registered, as well as
changes towards Na-Cl facies, the dominant composition of the thermal springs.
Also, thermal springs increase the As content limiting the water potability. The
contribution from thermal springs to streams varies between 24 and 47%, while in
springs it is close to 10%. In addition to the mixing water, carbonate, plagioclase,
and pyroxene weathering processes are mainly evidenced in both, thermal springs
and springs, while surface water is associated with carbonate and gypsum-anhydrite
dissolution. The dissolved REE contents are 104–107 times lower than the Upper
Continental Crust and show a decrease downstream the geothermal field. Under-
standing the processes that determine the hydrochemistry is of great relevance in this
type of arid mountainous environments with scarce knowledge.
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1 Introduction

In the central-west and northwestern region of Argentina, there are a large number
of hydrothermal manifestations. Particularly in Patagonia, the main hydrothermal
manifestations, in terms of their magnitude, are found in the Neuquén province (Mas
2010; Burd et al. 2014;Monasterio et al. 2017). Thesemanifestations are represented
by the Copahue-Caviahue volcano-hydrothermal system in the center-west area of
Patagonia and theDomuyogeothermal system in the northwest of the aforementioned
province (e.g. Agusto 2011; Chiodini et al. 2014).

The Domuyo System Natural Protected Area comprises a region dominated by
Cenozoic volcanism represented by pyroclastic rocks, lavas and extrusive domes
of rhyolitic and andesitic compositions (Fig. 1a). This felsic volcanism is found
on a pre-volcanic Mesozoic basement composed of conglomerates, sandstones and
pelitic rocks, which in turn lies on top of granites and granodiorites of Paleozoic
age (Zanettini et al. 2001; Miranda et al. 2006; Pesce 2013; Galetto et al. 2018). The
Domuyo SystemNatural Protected Area hosts the Domuyo Geothermal Field, which
is located in the western sector of the Chos Malal fold and thrust belt. It has been

Fig. 1 aRegional geologicalmap based onZanettini et al. (2001), in the inset theNeuquén province
is highlighted in grey color within the Argentina map and, b Satellite image from Google Earth
Pro of the Domuyo system natural protected areas showing the location of sampling points from
thermal springs (red points), surface water (blue points), and springs (green and light blue points).
Capital letters are Quaternary (Q), Tertiary (T), Cretaceous (K), Jurassic (J), Triassic (TR), Permian
(P) and Paleozoic age (Pz)
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defined as a faulting-controlled geothermal system, where one of the most relevant
tectonic structures is theManchana Covunco Fault, whose location is close to the foot
of the Domuyo Mount with a NNW-SSE direction (Galetto et al. 2018) and controls
the location of the hydrothermal system. This region presentsmountainous reliefwith
steep valleys carved by both, glacial and fluvial processes (Zanettini et al. 2001). The
main water courses are the streams namedManchana Covunco, Aguas Calientes and
Covunco, which are tributaries of the Varvarco River (Fig. 1b). It is worth noting
that small tributaries that drain through gullies and reach those streams are born in
springs. At the same time, the area is characterized by the presence of geothermal
manifestations composed of aqueous solutions of high temperature (from 40 to
97 °C), which result from ascending convective circulation of groundwater, mainly
of meteoric origin, through fracture systems and permeable layers (Panarello et al.
1992; Chiodini et al. 2014; Tassi et al. 2016).

The climate is cold (annual average temperature close to 11 °C) and arid, with
precipitation (200 mm per year) concentrated during austral winter, which occurs
mainly in the form of snow (Pesce 2013; Cogliati et al. 2018). Therefore, in this
region of arid characteristics, where water availability is scarce, streams and springs
represent systems of high relevance as they constitute one of the main sources of
water supply for the native fauna, livestock, and local inhabitants.

2 Field Methodology and Laboratory Analysis

In advance of carrying out field tasks for this study, antecedent information and satel-
lite images were analyzed to design a monitoring network. Subsequently, samples
of thermal water, springs and water courses were extracted underneath standardized
norms of the American Public Health Association (APHA 2015) and analyzed in
the Centro de Investigaciones Geológicas (CIG) laboratory. In the field, pH, elec-
trical conductivity (EC), and temperature (T) of the water samples were measured
with multiparameter equipment. Aliquots for Arsenic (As) and rare earth elements
(REE) determinations (15 ml) were acidified to pH < 2 with ultrapure HNO3

(>99.999%, redistilled) and stored in pre-cleaned polyethylene bottles. As and REE,
from lanthanum (La) to lutetium (Lu), were determined by inductively coupled
plasma-mass spectrometry (ICP-MS). Calibration curves were constructed from
multi-element calibration standards (Perkin Elmer Inc. brand). All standard solu-
tions and reagent blanks were prepared with deionized water and acidified with 1%
HNO3. The standard readings were repeated after measuring 5 samples. Aliquots
of 1000 ml were stored in polyethylene bottles, without acidifying, at 4 °C for the
determination of major ions.

Determinations ofmajor ions (CO3
−2, HCO3

−, Cl−, SO4
−2, Ca+2,Mg+2, Na+, K+)

were performed following standard methods outlined by APHA (2015). Carbonate
(CO3

−2), bicarbonate (HCO3
−), calcium (Ca+2), magnesium (Mg+2), and chloride

(Cl−), were determined by volumetric methods (titration). The sodium (Na+) and
potassium (K+) ions were determined by flame photometry, while sulfate (SO4

−2)
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was precipitated in an acetic acid medium with BaCl2 and its concentration was
determined by turbidimetry. Ion balances were typically lower than 15% in all cases.

The chemical data of the waters were processed by into the Diagrammes Software
(Smiler 2009), which was used to determine the different types of facies based on the
major ion content and Piper (1944) diagram. Likewise, this software was used to esti-
mate the saturation indices (SI) concerning differentmineral phases using thePhreeqc
Software (Parkhurst and Appelo 1999), which is incorporated into the program as an
interface. In selected samples, the REE values obtainedwere normalizedwith respect
to the concentration of the Upper Continental Crust (UCC) according to McLennan
(2001). Finally, end-members mixing analyses were performed using Cl− concen-
tration in each type of sample because this is considered as a conservative ion and a
useful tool to estimate, in this case, the contribution of thermal springs on the water
courses and springs in the lower basin of the geothermal field.

3 Chemical Characteristics of Streams

The west flank of the Domuyo Mount presents a geothermal area that is crossed by
the watersheds of the Manchana Covunco, Aguas Calientes, and Covunco (Figs. 1
and 2) which register an average low flow of 0.81 m3 s−1. Table 1 shows the physico-
chemical parameters, the major composition, As content and relevant saturation
indices ofwater samples. Springs in the headwater areas that contribute to the streams
(samples 24 and 25; Fig. 1b) are characterized by an average pH, T, and EC of
7.2, 10.1 °C and 32 µS cm−1 respectively, and Ca-HCO3 facies (Fig. 3). At the
headwater of the Manchana Covunco stream (sample 1; Figs. 1b and 2b), a pH
of 8.1, temperature of 20.5 °C, and an EC of 1386 µS cm−1 were recorded, and
the chemical composition is dominated by Ca-HCO3-SO4 facies (Fig. 3). In the
headwater of the Covunco stream (sample 6; Fig. 1b) pH values of 8.0, temperature
of 15 °C and EC of 817 µS cm−1 were registered, with Ca-HCO3-SO4-Cl facies
(Fig. 3). In the middle watershed of the Manchana Covunco and Covunco streams
and in the Aguas Calientes stream, numerous thermal springs are observed on the
stream banks (Fig. 1b). These thermal springs have predominantly Na-Cl facies
(Fig. 3), relatively high EC (from 1391 to 4394 µS cm−1) and pH values between
7.2 and 9.3.

Downstream of the thermal springs, surface water of streams shows changes in
the chemical facies, being predominantly Na-Cl (Fig. 3) and registering a strong
increase of EC with respect to the values measured in the headwaters. The surface
water collected from the Manchana Covunco stream (samples 2, 3, and 4; Figs. 1b
and 2a) present average values of pH, temperature, and EC of 8.1, 28.7 °C and 3610
µS cm−1 respectively. In the same way, waters from the Covunco stream (samples
7, 8, 9, 10 and 11; Figs. 1b and 2c, d) show a mean pH, temperature and EC of
8.4, 26.6 °C and 2856 µS cm−1 respectively. In these areas of the low basin, several
springs were also recognized, draining towards the streams (samples 26 to 29). These
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Fig. 2 Field photographs of surface water courses: Manchana Covunco stream in (a) and (b),
Covunco stream in (c) and (d), Aguas Calientes stream in (e) and (f), springs in (c) to (e), and
thermal springs in (e) and (f). Note headwaters are present in some water courses (white arrows)

waters present mean values of pH, temperature and EC of 7.1, 21.0 °C and 994 µS
cm−1 respectively, while their chemical composition is Na-Cl (Table 1, Fig. 3).

The watersheds described above (Manchana Covunco and Covunco) drain
towards the Varvarco River, which registers pH values of 7.94, temperature of
18.1 °C and EC of 320 µS cm−1 upstream the geothermal field (sample 12), while
downstream the geothermal field (sample 13) the same parameters were of 7.80,
14.6 °C and 733 µS cm−1, respectively. The chemical facies in Varvarco River is
Ca-SO4 in the upstream stretch and Na-SO4-Cl after receiving the discharges from
the geothermal field watersheds (Table 1, Fig. 3).

The joint analysis of all samples using the Piper (1944) diagram (Fig. 3) clearly
shows the different evolution of chemical facies from the headwaters to the low basin,
between surface water and springs (blue and green arrows, respectively, Fig. 3). In
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Fig. 3 Piper diagram showing the major composition and evolution of the studied waters. The blue
arrow indicates the chemical evolution of stream water and the green arrow that of springs. Note
that the symbol of the Aguas Calientes stream overlaps with thermal springs

both cases, the changing trend of chemical facies (towards Na-Cl compositions) is
strongly controlled by the composition of the thermal springs.

On the other hand, thermal springs are characterized by high concentrations of
As with values between 0.894 and 2.271 mg L−1 (Table 1). At headwaters low
concentrations of As were measured (between 0.069 and 0.263 mg L−1), while in
the low basins, the streams present higher As values, between 0.584 and 0.939 mg
L−1 (Table 1).

The analysis of the interaction betweenwater andminerals (found in the rocks that
compose the stream beds), performed by ionic relationships, allows the visualization
of different behaviors (Fig. 4). The graph Na+ versus Cl− (Fig. 4a) shows that set of
analyzed samples are grouped around the 1:1 ratio linear trend, which characterizes
thermal springs, also showing higher concentrations of these ions. It is important to
note that surface waters from Manchana Covunco and Covunco streams retrieved
downstream and also the Aguas Calientes stream show amarked association with the
thermal spring samples with respect to these ions. Besides, waters from the Varvarco
River, although they are adjusted to the 1:1 ratio linear trend, they register low
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Fig. 4 Bivariate plots for each group of samples showing ionic relationships between anions and
cations in mmol L−1. The lines of theoretical dissolution of some minerals are also included

concentrations of these ions. The high Na+ contents in the thermal springs determine
that these samples (14–23, Fig. 1b) differ from the streams (with the exception of the
Aguas Calientes sample) and the springs in the Na+ versus SO4

−2 and Na+ versus
CO3

−2 + HCO3
− graphs (Fig. 4b–c).

The relationships Ca+2 versus Cl−, Ca+2 versus SO4
−2 and Ca+2 versus CO3

−2 +
HCO3

− show that thermal springs, springs, and theAguasCalientes stream registered
increases in its anionic contents associated with low concentrations of Ca+2 (Fig. 4d–
f). Particularly, in the Ca+2 versus CO3

−2 + HCO3
− plot, the waters present ratios

associated with the weathering of carbonates (1:0.5), oligoclase-type plagioclase
(1:0.17), and pyroxenes (1:0.25). A different behavior is evidenced in samples from
the Manchana Covunco and Covunco streams, where high Ca+2 concentrations are
registered without observing a clear trend between the increase of this ion and the
major anions. In the Ca+2 versus SO4

−2 graph, samples from the Varvarco River are
close to the 1:1 ratio associated with the gypsum-anhydrite dissolution (Fig. 4e).
Likewise, Mg+2 versus Cl− and Mg+2 versus SO4

−2 graphs do not show trends in
the different samples (Fig. 4g–h), whereas with respect to Mg+2 versus CO3

−2 +
HCO3

− (Fig. 4i) the increase of these ions occurs in thermal springs, springs, and
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Fig. 5 Spider diagrams for dissolved rare earth elements (REE) normalized to Upper Continental
Crust (UCC,McLennan 2001) for springs, streams, river and thermal spring from the studied system

Aguas Calientes stream with a ratio close to 1:0.25 corresponding to the weathering
of pyroxenes.

The saturation indices (SI) with respect to calcite (Table 1) show subsaturated
values for the springs waters, subsaturated to supersaturated for thermal springs and
close to equilibrium to supersaturated in the streams and Varvaco River waters. The
gypsum SI, although in all cases is negative (subsaturated), show a tendency towards
equilibrium (less negative values) from springs to thermal springs and streamswaters
(Table 1). Regarding the halite SI, despite the high Cl− and Na+ concentrations
registered in thermal springs, all samples presented subsaturated values, being more
negative in springs and less negative in thermal springs waters (Table 1).

Some selected samples were analyzed in order to determine the concentration and
variability of dissolved REE in the studied system. Five samples of the Manchana
Covuncowatershed, aswell as, the two samples of theVarvacoRiver, were chosen for
this purpose. Springs samples show the lowest total dissolved REE concentrations,
with a �REE varying from 0.56 µg L−1 at the headwaters to 0.36 µg L−1 at the
low basin. The analyzed thermal spring sample exhibits a �REE of 0.96 µg L−1,
whereas the Manchana Covunco stream shows a decreasing total dissolved REE
content downstream the thermal spring, since in this river the �REE varies from 3.9
(upstream) to 2.3 µg L−1 (downstream). On the other hand, the Varvarco River REE
concentrations are of an order of magnitude higher than those of the other analyzed
waters, and the river evidences almost no variation in the�REE from the headwaters
to the low basin.

Figure 5 shows the spider diagram of the dissolved REE normalized to the Upper
Continental Crust (UCC,McLennan 2001) for the studied system. Thewater samples
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present REE concentrations of about 104 to 107 times lower that of the UCC. In
the Manchana Covunco watershed the samples show, in general, similar UCC-
normalized distribution, with relatively flat patterns and without evidence of signif-
icant fractionation between light (LREE, among La-Sm) and heavy (HREE, among
Gd-Lu) rare earths elements (LaN/YbN ~ 1). An exception is given by the thermal
spring that exhibits HREE-enriched UCC-normalized concentrations (LaN/YbN =
0.48). Besides, all samples of the Manchana Covunco basin present a negative Ce
anomaly, and a positive Eu anomaly, the latter ismore pronounced in springs. Positive
(Eu/Eu*)N in waters are usually attributed to the preferential weathering of plagio-
clase, because Eu+2 may substitute Sr+2 or Ca+2 in Ca-plagioclase (e.g. McLennan
1989).Meanwhile, negative Ce anomaly is due to the oxidation of Ce+3 to Ce+4 under
alkaline conditions, which decreases its solubility and promotes its precipitation (e.g.
Elderfield et al. 1990). The Varvaco River samples show a different UCC-normalized
pattern, characterized by a barely enrichment in the LREE (mean LaN/YbN = 1.41)
and a slightly negative Eu anomaly (mean Eu/Eu* = 0.93).

4 Hydrogeochemical Processes and Geothermal Influence
on Streams

The chemical characteristics of water along the streams highlight the clear influ-
ence that geothermal discharges have on them. Most of themeltwater infiltrates and
recharges the groundwater which then forms the springs, and another part of this
melting water drains feeding the streams (Tassi et al. 2016; Villalba et al. 2020). At
the headwater area, upstream the geothermal field, the temperature of springs and
streams (samples 1, 6, 24 and 25) are close to 13.9 °C. This value is strongly influ-
enced by the climatic conditions, being similar to the average annual temperature
recorded in the area (Pesce 2013). Streams and springs are characterized by neutral
to slightly alkaline pH conditions, low EC, and Ca-HCO3-SO4 facies. The predom-
inance of Ca+2, HCO3

− and SO4
−2 ions would be related mainly to the alteration

of the mudstones and sandstones with a carbonate matrix, and gypsum that domi-
nates headwaters area (Zanettini et al. 2001). In particular, stream waters present the
highest Ca+2 concentrations and they are supersaturated with respect to calcite. The
presence of gypsum that accompanies these sedimentary rocks would be an extra
source of Ca+2, and it would also contribute SO4

−2 ions, mainly in the Manchana
Covunco stream (Fig. 4e). Although those waters are subsaturated with respect to
gypsum, they show the least negative SI values regarding this mineral (Table 1). It is
relevant to note that in this sector the high SO4

−2 contents in some samples could be
also explain by the oxidation processes of H2S at shallow depth (Tassi et al. 2016).
At the springs, calcite and gypsum SI show subsaturation associated with low Ca+2

concentrations, despite this is the dominant cation. In the springs, the ionic relation-
ships also indicate contributions of Ca+2, Mg+2, and HCO3

− from the dissolution of
silicates, such as plagioclase and pyroxenes (Figs. 4f and i). On the other hand, the
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dissolution of albite (Fig. 4c) contributes Na+ and HCO3
− ions to both, springs and

stream waters.
This hydrochemical signature of stream waters and springs in the headwaters

sector strongly contrastswith that of the thermal springs. All thermal springs are char-
acterized by high temperature (greater than 40.0 °C), relatively high EC (up to 1866.0
µS cm−1) and by the dominance of Na-Cl facies. High concentrations of Na+ and
Cl− are consistent with mature waters of geothermal systems at high temperatures.
The concentrations of Na+ and Cl− were stoichiometrically equivalent as expected
for typical geothermal brines (Giggenbach 1997; Vengosh et al. 2002). Gases such
as SO2 and HCl from the magmatic source dissolve within the hydrothermal ground-
water to produce SO4

−2 and Cl− (Tassi et al. 2016). As mentioned before, this SO4
−2

contribution would also explain the deviation of thermal spring waters in the graph
of Ca+2 versus SO4

−2 (Fig. 4e). Likewise, it is expected that the contributions of
Ca+2, Mg+2 and HCO3

− derive from the underlying igneous rocks (Zanettini et al.
2001). Given that aqueous emissions are the product of deep convective circulation of
meteoric water (Panarello et al. 1992), most geochemical features of thermal springs
would be acquired in depth. Extra contributions of HCO3

− can also come from the
dissolution of CO2(g) since this gas is one of the main components of the fumaroles
(Tassi et al. 2016). However, saturated values in calcite are recorded, which would
be the responsible of the precipitation of carbonatic terraces located in the vicinity
of the thermal springs (Polk 1994; Villalba et al. 2020).

The low flow rates of streams (mean of 0.81 m3 s−1) determine that the contribu-
tions from thermal springs strongly modified the chemical characteristics of stream
waters. Downstream thermal springs, stream waters increase their EC and show the
dominance of Na-Cl facies (Figs. 3 and 4). The contribution from thermal springs is
registered not only in the facies change, but also in the Na+ versus Cl− ratio. With
the purpose of estimating the contribution of thermal springs onto stream waters
and springs downstream the geothermal field, an end-member mixing analysis was
performed using chloride concentration as the dominant conservative ion of thermal
springs. In the case of surface water streams, Cl− concentration in the headwaters
of the watershed and the average Cl− concentration in thermal springs were consid-
ered as end members. As for springs, Cl− concentration of the headwaters of the
watershed and the average Cl− concentration in thermal springs were considered.

The theoretical mixing model using Cl− concentrations, allowed the estimation
of the influence of thermal springs in the chemistry of stream and spring waters. The
obtained results are schematically summarized in Fig. 6. For theManchana Covunco
watershed, the selected end-members were the sample from headwaters (sample 1)
and the average concentration of Cl− of the thermal springs (samples 14 and 15). It
was estimated that downstream (sample 4), the contribution from thermal springs is
of 47%. For the Covunco watershed case, the chosen end-members were a surface
water sample located at the headwaters (sample 6) and the average concentration of
Cl− of thermal springs of the same water course (samples 22 and 23), estimating
that downstream (sample 11), the water shows a 24% of geothermal contribution.
At Aguas Calientes stream, no mixtures were calculated since, as it was observed
in the chemical facies and ionic relationships, it has a chemical signature dominated
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Fig. 6 Schematic diagram showing the estimated contributions of the thermal springs on the stream
and spring waters in the downstream watershed of the Domuyo geothermal field

by thermal springs. In the case of springs, a mixture was computed between the
Cl− concentration of samples 24 and 25 (springs from headwaters) with the average
concentration of Cl− of thermal springs (samples 14 and 15, Manchana Covunco
watershed) for the first case, and samples 22 and 23 (Covunco watershed) for the
second one, estimating that downstream the springs, the geothermal contribution is
between 10 and 13%.

The contribution from thermal springs with low Ca+2 concentrations produces an
overall decrease in the Ca+2 contents from the headwaters to the lower basin due to
the effect of dilution (Fig. 4d–f). In Manchana Covunco and Covunco streams there
is an excess of Ca+2 which could be attributed to cation exchange processes, where
the dominance of Na+ would displace Ca+2 from the adsorption surface, constituting
an extra contribution of this ion to the waters. The presence of adsorbent minerals
such as clays and zeolites, associated with the adjacent areas to the geothermal field
(Mas et al. 2000), would support the occurrence of this process.

Regarding trace elements concentrations that can limit thewater quality for human
consumption, it was observed that thermal springs also influence the concentrations
of these elements. The elevated concentration ofAs recorded in thermal springwaters
evidences how the interaction between rocks and waters at high temperature mobi-
lizes As (Ellis and Mahon 1964, 1967). Considering the water quality standards
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(WHO 2008), the geothermal contribution of As determines the potability of springs
and stream waters located in the lower basin. Comparing the concentration of this
trace element determined for headwaters and lower basin areas, it is evident that
thermal springs deteriorate water quality for human supply. Thermal springs increase
the As content to ~ 0.139 mg L−1 in the lower basin samples (Villalba et al. 2020).

The influence of thermal springs on the Manchana Covunco stream is also
evidenced in the geochemistry of dissolved REE. Thermal spring waters have lower
REE concentrations than stream surface waters at the headwaters, which are reflected
in the decrease in total REE contents downstream. Moreover, the LREE/HREE frac-
tionation as well as the positive Eu anomaly and negative Ce anomaly also show
the influence of thermal springs on streams. On the other hand, the Aguas Calientes
stream, which is mainly fed by thermal springs, has a major composition remark-
ably similar to that of thermal springs (Figs. 3 and 4). Note that the contribution
from thermal springs is also recorded in springs, with an average percentage of 10%
(Fig. 6). The influence of thermal springs on springs andwater streams of theDomuyo
System Natural Protected Area is outlined in Fig. 7. The aforementioned figure is
a summarized diagram of the hydrothermal system behavior based on the models
postulated by numerous works carried out in the area from geological, geochemical,
geophysical, and satellite data (e.g. Panarello et al. 1992; JICA 1983–1984; Galetto
et al. 2018; Tassi et al. 2016; Astort et al. 2019; Villalba et al. 2020).

The streams described above drain towards the Varvarco River, which has a higher
flow, with discharges close to 94 m3 s−1 (FAO 2015). This large difference in flow

Fig. 7 Conceptualmodel summarizing the hydrochemical variations observeddue to the interaction
between the geothermal system studied and the different water streams and springs at the western
slopes of the Domuyo Mount
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rates, almost two orders of magnitude greater than the studied streams, may suggest
that no significant variations in the chemical signature may be expected. However,
a slight contribution of Na+ and Cl− ions can be detected in the Varvarco River
downstream the geothermal field, which can be explained by the chemical facies
observed in thermal springs (Figs. 3 and 4a). Upstream the geothermal field, the
Varvarco River waters present Ca-SO4 facies saturated in calcite and subsaturated
in gypsum, whose composition would be mainly associated with the contribution of
evaporitic rocks, like carbonates and gypsum, rocks outcropping in the upper basin
(Zanettini et al. 2001). Downstream the geothermal field, the Varvarco River waters
are of the Na-SO4-Cl type, subsatured in calcite and gypsum and with a tendency
to increase in Na+ and Cl− concentrations, similar to that of thermal springs, which
may indicate its influence in the river chemistry. However, and possibly due to its low
dissolved concentrations, both, theNa+ andCl− contents and the distribution patterns
of REE, do not show significant modifications in the Varvarco River downstream the
geothermal field.

Despite the fact that there are no large populations in the study area, there are
small family settlements and also nomadic people who raise livestock, as well as a
small village that receives tourists (Aguas Calientes Village, Fig. 1). Thus, chem-
istry variations resulting from geothermal contribution acquire relevance in the area
because streamwaters and springs are the only source ofwater supply for local inhab-
itants. Although in this system changes associated with major ions and REE have
been particularly analyzed, as it was stated above, thermal springs also provide trace
elements such as As, which concentrations may cause geogenic contamination of
water supply (Villalba et al. 2020), a characteristic that also affects other arid regions
around the world (e.g. Ballantyne and Moore 1988; Smedley and Kinniburgh 2002;
López et al. 2012).

5 Perspectives and Future Work

Streams and springs of the Domuyo geothermal field are the main sources of water
supply for the local inhabitants (small family settlements and Aguas Calientes
Village, Fig. 1) in this arid zone of northernPatagonia. In addition, thesewater courses
are tributaries of the Varvarco River, from which small towns, such as Varvarco
(60 km to the south) use water as a downstream supply. Therefore, a key aspect to
analyze moving forward is the monitoring of changes in water quality over time due
to changes in the dynamics of the Domuyo geothermal system and the variations of
the recharge rate as a result of seasonal and long term climate changes. Additionally,
further work is needed to articulate the research efforts with the local authorities in
order to implement efficient water management policies in this remote area.
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Hydrogeochemistry of an Acid River
and Lake Related to an Active Volcano.
The Case of Study: Agrio
River—Copahue Volcano in Patagonia,
Argentina

Joaquín Llano, María Clara Lamberti, Daniel Sierra, and Mariano Agusto

Abstract During the last three decades, Copahue volcano has been one of the most
studied volcanoes in Argentina and Chile. Extensive research has been devoted to
studying the geochemistry of rocks and fluids of the Copahue-Caviahue volcanic
complex, paying particular attention to the geochemical behavior of thewater system.
In this study, 275 published analyses of water geochemistry were compiled, in order
to describe and revise the processes that control it. Thus, different processes that
were previously described in the main volcanic-hydrological system were reana-
lyzed, such as ions and elements dilution along the Agrio River; alunite, jarosite and
barite precipitation in the headwaters; schwertmannite and basaluminite precipitation
in the Caviahue Lake and the lower Agrio River. Also, processes such as the incor-
poration of some elements (As, Tl and Pb) into waters through magmatic gases, and
the absortion/adsortion of As, V, Cr and rare earth elements in the hydroxysulfates
precipitates are described for the first time.

Keywords Acid waters · Copahue volcano · Schwertmannite · Basaluminite

1 Introduction

Hydrological systems related to active volcanoes around the world usually present
characteristics that reflect the contribution of deep magmatic input (Giggenbach
1992; Rowe 1994; Deely and Sheppard 1996; Kusakabe et al. 2000; D’Alessandro

J. Llano (B) · M. C. Lamberti · M. Agusto
Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Buenos Aires, Argentina
e-mail: jllano@gl.fcen.uba.ar

J. Llano · M. C. Lamberti · D. Sierra · M. Agusto
Instituto de Estudios Andinos “Don Pablo Groeber”, Universidad de Buenos Aires—CONICET,
Buenos Aires, Argentina

D. Sierra
Instituto Geofísico de La Escuela Politécnica Nacional, Quito, Ecuador

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
A. I. Torres and V. A. Campodonico (eds.), Environmental Assessment of Patagonia’s
Water Resources, Environmental Earth Sciences,
https://doi.org/10.1007/978-3-030-89676-8_4

75

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-89676-8_4&domain=pdf
mailto:jllano@gl.fcen.uba.ar
https://doi.org/10.1007/978-3-030-89676-8_4


76 J. Llano et al.

0 km 2 km

N

Crater lake

Upper Agrio
River

Caviahue
Lake

Las Mellizas
lakes

Copahue
village

Caviahue
village

Copahue
volcano

Argentina

Fig. 1 Location of the Copahue-Caviahue Volcanic Complex. The volcanic hydrological system,
melted waters and the geothermal zone are shown

et al. 2008; Varekamp 2015; Tassi et al. 2016). Particularly in the Argentinian Patag-
onia, the Copahue-Caviahue Volcanic Complex (CCVC) hosts a very uncommon
hydrological system, conformed by an acidic river and lake: the Agrio River and the
Caviahue Lake (Fig. 1). Copahue volcano (37°51′08′′ S—71°10′03′′ W), one of the
most active volcanoes in the country, located inside the Agrio caldera, is constantly
emitting volcanic gases. Also, during eruptive events it emits ashes from the eruptive
center, affecting themain hydrological system in the area (Naranjo and Polanco 2004;
Agusto et al. 2012, 2017). This volcano presented several recent eruptions in the last
30 years (Delpino and Bermúdez 1993; Naranjo and Polanco 2004; Petrinovic et al.
2014; Caselli et al. 2016; Agusto andVelez 2017), being this the reasonwhyCopahue
is one of the most studied volcanoes in Argentina (Mas et al. 1996; Linares et al.
1999; Folguera and Ramos 2000; Melnick et al. 2006; Varekamp et al. 2006; Ibáñez
et al. 2008; Velez et al. 2011; Agusto et al. 2013; Chiodini et al. 2015; Tamburello
et al. 2015; Balbis et al. 2016; Daga et al. 2016; Roulleau et al. 2016, 2017; Tassi
et al. 2017; Albite et al. 2019; Barcelona et al. 2019; Lamberti et al. 2019; Báez et al.
2020; Cabrera et al. 2020). In the CCVC, acidic volcanic gases are constantly emitted
from the deepmagmatic chamber, reaching the surface and interacting with super-
ficial meteoric waters. These gases heat and acidify the waters, developing an acidic
shallow hydrothermal systemwhich affects the surface water composition, that was
widely studied for over three decades (Mas et al. 1996; Panarello 2002; Agusto et al.
2012, 2017; Varekamp 2008; Varekamp et al. 2009; Pedrozo et al. 2010; Farnfield
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et al. 2012; Cabrera et al. 2016, 2020; Gaviria Reyes et al. 2016; Temporetti et al.
2019; Candela-Becerra et al. 2020).

In this work, all the available chemical analysis from different authors (Gammons
et al. 2005; Parker et al. 2008; Chiacchiarini et al. 2010; Alexander 2014; Agusto and
Varekamp 2016; Llano 2016; Rodriguez et al. 2016; Szentiványi 2018; Llano et al.
2020) were compiled, in order to revise the characteristics and processes previously
described in the literature. Besides, interpretations of processes that have not been
described yet in the system are provided here: such as the incorporation of some
trace elements to waters through the gas emission, or the adsorption and absorption
processes in the hydroxysulfates which precipitate in the Agrio River and Caviahue
Lake.

2 Study Area

2.1 Geological Setting

The CCVC is comprised in the South Volcanic Zone (33° S—46° S) of the Andean
range and it is located almost 30 km to the east of the actual volcanic arc front
(Folguera et al. 2002; Melnick et al. 2006). The Agrio caldera is part of the CCVC,
with Copahue volcano as the most distinctive geographical feature (Fig. 1). This
is an active andesitic to basaltic stratovolcano of 1.2 Ma (Linares et al. 1999). It
has 9 craters oriented N40°E. Nowadays, the active crater is the one located east-
ernmost. Phreatomagmatic and phreatic eruptions have been constant during the
last 250 years (Naranjo and Polanco 2004). The last eruptive cycles occurred in
1992, 1995, 2000 and from 2012-to nowadays (Delpino and Bermúdez 1993, 2002;
Petrinovic et al. 2014; Agusto et al. 2017; OAVV 2021). The CCVCwater geochem-
istry is modified by the gas emissions from the magmatic chamber (Agusto 2011;
Agusto et al. 2012; Agusto and Varekamp 2016), evidenced by lower pH, higher
conductivities and higher ion concentrations during eruptive periods.

Inside the CVCC there is a geothermal zone located in the northeast of the volcano
(Fig. 1), that consist of five areas with fluid emissions of boiling, bubbling and mud
pools with temperatures up to 96 °C and fumaroles with temperatures up to 160 °C
(Agusto et al. 2013; Agusto and Velez 2017).

2.2 The Hydrological System of the Caviahue-Copahue
Volcanic Complex

Thewater bodies inside the Agrio caldera have different geochemical characteristics.
Agusto (2011) classified them into three distinct groups: waters from the volcanic
hydrological system, steam heated waters of the geothermal zone and snow melted
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waters. The first group corresponds to the headwaters at the volcano summit and
the hydrological system that is originated at this site, being characterized by low
pH (0.5–2.5) and high conductivity. High ionic concentrations are also distinctive
features of this group, which are controlled by the interactions between the meteoric
waters, the magmatic gases and host rock dissolution. The main acid magmatic gases
(CO2, SO2, HCl, HF) interact with the aquifer producing the principal anions (SO4

2−,
Cl−, F−), not being in solution HCO3

− due to the high water acidity (Agusto and
Varekamp 2016). The major cations (Na+, K+, Ca2+, Mg2+), minor cations (Fe, Al),
trace elements and rare earth elements (REE) are readily released from the host
rock to solution. This process is favored by the low pH and the high temperatures
of waters. The snow melted waters group is characterized by meteoric compositions
with typical neutral pH and low conductivity values.

The main acidic waters constitute a hydrological system formed in the upper part
of theCopahue volcano (Fig. 1). In addition, depending on the volcano activity, a high
temperature and low pH volcanic crater lake is developed (Fig. 2a; Agusto and Velez
2017). During the volcano quiescent periods, the active crater usually presents a lake
with diameters between 200 and 250 m and 35 m deep (Varekamp 2008). However,
its appearance is highly variable depending on seasonal changes and volcanic state
of activity (Agusto and Varekamp 2016; Llano et al. 2020). Its usual aspect is gray to
green with permanent vapors emission and floating yellow sulfur (Varekamp 2008;
Agusto 2011). The hot and acidic aquifer, a shallow volcanic-hydrothermal system
developed below the top of the volcanic edifice, feds two springs (pH 1–2) which
emerge from the eastern flank (Fig. 2b) and merge downstream to form the Upper
Agrio River (Fig. 2c). This river flows from the eastern flank of the volcano for
18 km before reaching the Caviahue Lake (Fig. 2e), which has seasonally controlled
temperature and pH values of 2–3. This lake has a horseshoe shape formed by glacial
canyons or tectonovolcanic faults, with a maximum depth of approximately 90 m
deep (Melnick et al. 2006; Varekamp 2008). It is stratified during summer season
with a termocline around 35 m deep, while during winter season is fully mixed.
Nevertheless, the lake does not present strong compositional stratification (Varekamp
2008). The only lake effluent is located in the northern arm, and it is called the Lower
Agrio River, which merges with other rivers several kilometers outside the Agrio
caldera. Along the Agrio River and the Caviahue Lake, the inflow of melted waters
is constant (Fig. 2d). This contribution comes from permanent tributaries, such as
the Pucón Mahuida stream, Dulce River, Trolope River, Cajón Chico stream and
ephemeral tributaries developed during the spring and summer seasons.

3 Methodology

Many authors have studied the hydrological system related to Copahue volcano,
providing a large amount of chemical analysis that we have compiled in this work.
In this way, 275 water chemical analysis of the CVCC that have been published
in the last twenty years (Gammons et al. 2005; Parker et al. 2008; Chiacchiarini
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Fig. 2 aCrater Lakewith reference scale, b sampling at the spring, c view of the Upper Agrio River
near Caviahue village, d view from the Copahue volcano to Las Mellizas Lakes and the Copahue
village, e view of Copahue volcano, Caviahue village and Caviahue Lake
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et al. 2010; Alexander 2014; Agusto and Varekamp 2016; Llano 2016; Rodriguez
et al. 2016; Szentiványi 2018; Llano et al. 2020) were used to describe the system
and revise the processes that control water geochemistry. Of the total samples, 241
correspond to the volcanic hydrological system waters and 34 to melted waters. It is
important to bear in mind that not all the chemical analyses are complete: most of
them do not present trace elements and REE analyses, and there are many gaps in
the physico-chemical parameters data.

For a better comparison between the different analyzed elements, a rock sample
NV-30 from Las Mellizas formation (Roulleau et al. 2018) was used as reference
for the host rock composition. Also, Cl− and Na+ were used as reference for all the
binary diagrams, due to their condition of conservative elements (Agusto 2011).

4 Results

Although many of the cited authors have described the system chemistry, only a few
have classified the waters using a ternary or a Langelier-Ludwing diagram (Agusto
2011; Agusto and Varekamp 2016; Szentiványi 2018; Llano et al. 2020). Figure 3
corresponds to the ternary diagram where major ionic composition is represented.

Waters from the main volcanic hydrological system are SO4
2−–Cl−, where

samples from the upstream sector of the system, including the crater lake, springs
and the Upper Agrio River, have SO4

2−/Cl− ratios that vary from 0.7 to 10, whereas
the Caviahue Lake and the Lower Agrio River exhibit SO4

2−/Cl− ratios which are
more homogeneous, closer to the sulfate corner, with an average of 5.3 (Fig. 3).
This may be due to the significant input of melted waters to the lower part of the
hydrological system, as this group has an average SO4

2−/Cl− ratio of 3.8. The reason
why melted waters exhibit these ratio values is its null interaction with magmatic

Host rock
ratio

Cl-

SO4
2-

HCO3
- Mg2+ Na+ + K+

Ca2+

Fig. 3 Ternary diagrams for the different samples used in this study. Purple: Crater Lake; green:
Springs; blue: Upper Agrio River; brown: Caviahue Lake; gray: Lower Agrio River; light blue:
Melted waters; black circle: NV-30 rock sample (Roulleau et al. 2018)
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gases. However, the interaction between some waters with volcanic ash might be a
noteworthy process (Naranjo and Polanco 2004). An example of this is provided by
the Pucón Mahuida stream (Fig. 1) where pH is usually below 6 and the F− concen-
trations are above 2 ppm (Daga et al. 2016; Rodriguez et al. 2016; Szentiványi 2018;
Llano et al. 2020). Nevertheless, melted waters composition varies from SO4

2− to
SO4

2−–HCO3
− and to strictly HCO3

−.
The cations ternary diagram shows that almost all the samples are depleted on

Ca2+ as compared to the NV-30 sample (Fig. 3). On the other hand, some samples
show aMg2+ enrichment, due to the input and dissolution of fresh magmatic material
during eruptive events (Varekamp 2008; Agusto et al. 2012; Agusto and Varekamp
2016). All sampling sites show a spread plot, with no preferential cation ratios.

A common process in CCVC waters is the dilution of acidic waters all along
the Agrio River due to the constant inflow of melted waters. This phenomenon can
be inferred from the diagrams shown in Fig. 4, where a continuous decrease in the
conductivity values together with the Cl− concentrations is observed (Fig. 4a), as
it happens with the SO4

2− (Fig. 4b) and the F− (Fig. 4c). Both, Cl− and F− have
a conservative behavior, while SO4

2− participates in the precipitation of different
solids, such as alunite or anhydrite in the headwaters (Varekamp 2015; Agusto
and Varekamp 2016). Nevertheless, no significant change in SO4

2− concentrations is
noticed, apart from the dilution along the system. Particularly, the pH (Fig. 4d) shows
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a continuous but more heterogeneous increase along the Agrio River watercourse,
with a break around pH 3, particularly in the Lower Agrio River samples.

5 Discussion

5.1 Major Cations

The dilution process affects not only the physico-chemical parameters and the major
ions, but also the contents of trace elements and REE. In Fig. 5, major cation
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Fig. 5 a K+, b Ca2+, c Mg2+, d Fe and e Al versus Na+. It is presented the samples tendency with
the dilution process. In d and e it is also recognized the hydroxysulfates precipitation due to pH
increase. Purple: Crater Lake; green: Springs; blue: Upper Agrio River; brown: Caviahue Lake;
gray: Lower Agrio River; light blue: Melted waters; black line: NV-30 rock sample ratio (Roulleau
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concentrations versus Na+ concentrations in the hydrological system are plotted.
Potassium concentrations plot on the line defined by the host rock K-Na+ ratios

(Fig. 5a), showing that the incorporation of this element to waters is mainly through
the dissolution of the host rock. Nevertheless, some samples of the crater lake and
streams show an enrichment and also depletion in this element. This might be due to
the precipitation and possibly redissolution of alunite at the hot and acidic headwaters
(Gammons et al. 2005; Varekamp 2015; Agusto and Varekamp 2016). Downstream,
K+ is only affected by dilution along the hydrological system. Also at the headwaters,
the precipitation of anhydrite or gypsumdirectly affects Ca2+ concentrations (Fig. 5b;
Gammons et al. 2005; Varekamp 2008, 2015; Agusto and Varekamp 2016), but in
this case the redissolution of these minerals does not occur. For this reason, all waters
from the CCVC hydrological system show a depletion in the Ca2+ concentrations
compared to the line defined by the host rockCa-Na ratios.Mg2+ concentrations show
a very similar trend to the ratios of NV-30 sample (Fig. 5c), although an enrichment
of this element in waters previously and after a volcanic eruption was recognized,
through the dissolution of fresh material incorporated to the system (Gammons et al.
2005; Varekamp 2008). Both Ca2+ and Mg2+ concentrations along the main system
are affected by the dilution caused by melted waters input.

Regarding Fe concentrations (Fig. 5d), very similar values to the line defined by
host rock ratios can be recognized, although precipitation of jarosite is described at
the headwaters system (Gammons et al. 2005). Dilution is recognized along the main
course of the Agrio River, until Na+ concentrations of nearly 50 ppm are reached. At
this point, in some samples from Caviahue Lake and Lower Agrio River, Fe concen-
trations reach values below 1 ppm, showing a slope break (Fig. 5d). This drop in
Fe concentrations is directly related to the precipitation of schwertmannite, which
occurs at approximately pH 3 in the study system (Caraballo et al. 2013; Alexander
2014; Agusto and Varekamp 2016; Llano 2016; Rodriguez et al. 2016; Llano et al.
2020). As the volcanic-hydrological system is very dynamic, the geographical posi-
tion where the system reaches this pH continuously changes, therefore the schwert-
mannite precipitation occurs at different places through time. This occurs for two
main reasons: the eruptive activity of Copahue volcano, which causes a decrease of
pH during high activity periods (Agusto et al. 2012; Alexander 2014; Agusto and
Varekamp 2016; Szentiványi 2018); and seasonal melted water inflows.

The Al presents a similar behavior to Fe. Along most of the system, Al-Na+

ratios are close to the host rock ratios (Fig. 5e). Particularly, at the headwaters some
samples show enriched values due to the redissolution of alunite (Varekamp 2015;
Agusto and Varekamp 2016). When the system reaches concentrations near 10 ppm
of Na+, a break in the Al-Na+ ratios slope is recognized showing samples with Al
concentrations below 1 ppm. In this case, the Al hydroxysulfate precipitation occurs
at pH between 4 and 5 (Bigham and Nordstrom 2000; Sánchez-España et al. 2011).
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5.2 Trace and Rare Earth Elements

According to their behavior, trace elements in the CCVC hydrological system can
be categorized into four different groups: (a) mobile elements; (b) relatively mobile
elements; (c) immobile elements; (d) elements that are incorporated into waters
through magmatic gases.

Mobile elements consist of Mn, Ni and Zn, and they are represented by Mn in
Fig. 6a. Here, water Mn-Na+ ratios are very close to the host rock ones, although a
depletion of these trace elements at the headwaters of the system can be recognized.
As it was described byVarekamp et al. (2009),Mn andNi present high concentrations
after the 90´s eruptive events. Particularly, Ni has been described as an element
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Fig. 6 a Mn, b Sr, c Ba, d As, e RRE and f V versus Na + . The samples tendency according to
the dilution process is also presented. In c, d, e and f precipitation processes are also recognized. In
d the incorporation of As into waters through magmatic gases is visualized. Purple: Crater Lake;
green: Springs; blue: Upper Agrio River; brown: Caviahue Lake; gray: Lower Agrio River; light
blue: Melted waters; black line: NV-30 rock sample ratio (Roulleau et al. 2018)
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that can be incorporated into the shallow hydrothermal system by magmatic gases
(Varekamp et al. 2009). However, this phenomenon was not recognized during the
last eruptive period which started in 2012. The three elements of this group are
affected by dilution process along the system. In melted waters, these elements can
precipitate as secondary minerals (Stumm andMorgan 1996), as it is also recognized
for some near-neutral Lower Agrio River samples (Fig. 6a).

Relatively mobile elements are Sr, Be, Co, Cr, Cs, Rb, Th, U, V and Y (not
shown); the behavior of these elements is represented in Fig. 6b by Sr. All of them
show ratios close to the line defined by the host rock ratio, but they are slightly more
depleted than the mobile elements. Particularly, Rb and Sr can be enriched in waters
after eruptive processes, as well as Co and Cr, due to olivine and sulfides dissolu-
tion. However, Co can precipitate as oxides or sulfides during non-eruptive periods
(Varekamp et al. 2009). Relatively mobile elements concentrations are controlled by
the dilution effect.

The group defined as immobile elements includes Ba, Bi, Cu, Hf, Mo, Sn, Ta,
Ti and Zr. In Fig. 6c, Ba-Na+ ratios from the water system are represented against
the Ba-Na+ ratio of NV-30 sample, showing that the former samples plot far from
the latter. This decoupling respect to the host rock ratio is the consequence of Ba
precipitation as baryte at the headwaters system (Gammons et al. 2005; Varekamp
et al. 2009), while the rest of the elements can precipitate also at the headwaters as
secondary minerals like cassiterite (SnO2) or molybdenite (MoS2), or they can be
mostly retained in the host rock, as it occurs with Bi, Ti, Ta, Zr and Hf (Gammons
et al. 2005; Varekamp et al. 2009).

The last group comprises the elements that are incorporated to the system through
the magmatic gases, besides the water–rock interaction. It was recognized in other
volcanic environments of theworld that some elements (As, B, Cd, Pb, Sb and Tl) can
be incorporated into the hydrological system by the gas phase or the aerosols (Aiuppa
et al. 2003; Taran et al. 2008; Calabrese et al. 2011;Kaasalainen and Stefánsson 2012;
Varekamp 2015). For this reason, these elements can constitute a precursor signal of
volcanic activity, though more studies are needed to demonstrate this idea.

Being theAs the representative of this group in Fig. 6d, it is recognized that theAs-
Na+ ratios of most waters are above the As-Na+ ratio of the host rock. The As enrich-
ment is a consequence of its incorporation into waters through the magmatic gases
contribution at the headwaters. The other elements that present the same behavior in
the system are Tl and Pb.

It must be noted that the behavior evaluation of B, Cd and Sb could not be done
due to the lack of data of these element concentrations in the rocks of this area.

In the case of REE, their behavior is similar to the relatively mobile elements,
as they plot closely below the line defined by the REE-Na+ ratio of the host rock
(Fig. 6e). There is a remarkable break in the slope around Na+ concentrations of
10 ppm, which can be related to hydroxysulfates precipitation. This process will be
more discussed in the following section.
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5.3 Hydroxysulfates Precipitation

The schwertmannite is an iron hydroxysulfate, very common in acidic waters
mainly related to acid mine and rock drainage (Bigham et al. 1996; Yu et al.
1999; Bigham and Nordstrom 2000; Regenspurg et al. 2004; Jönsson et al. 2005;
Regenspurg and Peiffer 2005; Sánchez-España 2007; Sánchez-España et al. 2011;
Lecomte et al. 2017; Galván et al. 2018), but its occurrence is also recognized in envi-
ronments related to active volcanic systems (Delmelle and Bernard 2000; Kawano
and Tomita 2001; Palmer et al. 2011; Ohsawa et al. 2014). The mineral stoichiom-
etry is Fe8O8(OH)x(SO4)y with 8 − x = 2y and 1 < y < 1.75, it has a characteristic
orange color (Fig. 7a) and its structure can vary from a low internal order to amor-
phous (Sánchez-España et al. 2011). In the Agrio River and Caviahue Lake, schw-
ertmannite was recognized from XRD patterns (Fig. 7b) and from chemical analysis
(Alexander 2014; Rodriguez et al. 2016). Llano et al. (2020) calculated the log(KSch)
in this particular system, as it was calculated for other systems in other regions of
the world (Bigham et al. 1996; Yu et al. 1999; Kawano and Tomita 2001; Majzlan
et al. 2004; Regenspurg and Peiffer 2005; Sánchez-España et al. 2011), obtaining
two values with different methods. Using the Fe3+ activity versus pH a log(KSch) of
17.17 ± 1.29 was calculated, whereas when using the ionic activity product (IAP)
versus pH an average log(IAP) of 17.64 ± 3.42 was obtained. These values are in

SchJarSch
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Sch
Jar

Bas Bas

Llano 2016
Llano et al. 2020

Llano et al. 2020c d

Fig. 7 a Schwertmannite precipitation at the Lower Agrio River; b XRD samples classified as
schwertmannite; c basaluminite precipitation; d XRD sample classified as basaluminite. Sch:
schwertmannite; Jar: jarosite; Bas: basalulminite (modified from Llano et al. 2020)
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the same range than the ones calculated by Bigham et al. (1996) of 18 ± 2.5 and by
Sánchez-España et al. (2011) of 18.8 ± 1.7 and 18.8 ± 3.5 for different acid mine
drainage systems.

The Al case is different to that of Fe, as it is not well defined which precip-
itation is present in the Lower Agrio River. Some authors, such as Bigham and
Nordstrom (2000) or Sánchez-España et al. (2011) have recognized different
species of Al precipitation in other water systems, such as amorphous Al(OH)3,
jurbanite (AlSO4(OH)·H2O), and hydrobasaluminite (Al4(SO4)(OH)10·12-36H2O)
which recrystallizes to basaluminite (Al4(SO4)(OH)10) when the precipitate gets
dehydrated, therefore forming a continuous and diffuse sequence (Sánchez-España
et al. 2011). Theseminerals have been less studied than schwertmannite, especially in
the Agrio River system. The precipitate exhibits a white color, very amorphous solid
phase (Fig. 7c) with a highly noisy XRD pattern (Fig. 7d) due to its low crystallinity
structure (Sánchez-España et al. 2011). Llano et al. (2020) preliminary defined the
mineral as basaluminite and a log(KBas) was calculated, obtaining a value of 21.39
± 2.05 using the Al activity and an average log(IAP) of 23.95 ± 1.26. These values
are very similar to the ones obtained in acid mine drainage systems by Adams and
Rawajfih (1977) of 21.7 to 24.1 and by Sánchez-España et al. (2011) of 23.9 ± 0.7
and 23.0 ± 2.7.

Analyzing the concentration distributions of the trace elements in the CCVC
hydrological system, it is remarkable that most of them are only affected by dilution
process. Nevertheless, in the Caviahue Lake and Lower Agrio River, it is recognized
that As, Cr and V present a break in the slope in the same way as Fe and Al, being
evidenced in Figs. 6d and 6f, with a high correlation between As and V (R2 = 0.99;
Farnfield et al. 2012).

The poorly crystalline schwertmannite and basaluminite structures cause the
high specific surface area of these precipitates, favoring the adsorption of ions and
complexes onto the precipitates surface as itwas described byother authors (Sánchez-
España et al. 2006, 2011; Wanner et al. 2018). As, V and Cr tend to form oxoanions
with high negative charges (AsO4

3−, VO4
3− and CrO4

2−, respectively), so they are
favored to be adsorbed as they are attracted by the high density positive charges in the
mineral surface.A similar process occurs in the systemwith P and its oxoanion PO4

3−
(Temporetti et al. 2019).While Cr has the same structure than SO4

2− anion, therefore
the absorption of this oxoanion into minerals internal structure is very common and
has been experimentally demonstrated (e.g.Antelo et al. 2012).Many authors support
the idea that As and V are adsorbed onto schwertmannite and basaluminite surface,
preferentially over Cr (Bigham and Nordstrom 2000; Carlson et al. 2002; Fukushi
et al. 2003; Jönsson et al. 2005; Regenspurg and Peiffer 2005; Antelo et al. 2012;
Sánchez-España et al. 2016a; Wanner et al. 2018). Conversely, few authors have
proposed the incorporation of these elements into the mineral structure (Fukushi
et al. 2003; Regenspurg and Peiffer 2005; Antelo et al. 2012). In any case, high
concentrations of As and V compared to the rest of trace elements were measured
in Copahue schwertmannite (Alexander 2014; Rodríguez et al. 2016). Nevertheless,
a significative abundance of Cr was not recognized in schwertmannite composition,
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therefore it can be predominantly taken in the basaluminite structure at the Agrio
River waters (Sánchez-España 2007; Sánchez-España et al. 2016b).

As it was mentioned above, the REE show a break in the slope concentrations
along the Agrio River. The adsorption of this group of elements onto colloid surfaces
has been described (Lewis et al. 1997; Verplanck et al. 2004), but in acidic systems
REE have a conservative behavior until pH 5.5 (Gammons et al. 2005; Wood et al.
2006). Consequently, it is here proposed that neither schwertmannite nor basalumi-
nite precipitation affects the REE concentrations below pH 5, but at higher pH the
adsorption of REE onto basaluminite occurs.

In this system, the development of REE complexes diminishes downstream, as
the REE are present mostly as free ions (Gammons et al. 2005). But when REE
are found in complexes, they are mostly present as LnSO4

+ (being Ln any REE),
favoring the adsorption of these molecules onto the hydroxo surfaces (Moller 2002;
Lozano et al. 2020), and therefore their concentrations are very dependent on the
pH. Moreover, heavy REE are more easily adsorbed onto minerals surface than light
REEwhen they interact with the hydroxysulfates precipitates (Gammons et al. 2005;
Wood et al. 2006; Lozano et al. 2019). As a result, REE do not coprecipitate with
hydroxysulfates at the CCVC hydrological system, but they tend to be adsorbed
once the system reaches pH values near 5 to 5.5. Nevertheless, it is recommended a
thoroughly analysis of the REE concentrations in schwertmannite and basaluminite
to complement this study.

6 Conclusions

This work has compiled most of the available analytical data from studies made at
the CCVC hydrological system, describing processes that control the chemistry of
the headwaters and along the Agrio River and the Caviahue Lake. Furthermore, an
analysis and classification of trace elements, based on their behavior in the system,
is provided.

The main characteristics of the system are originated on top of the Copahue
volcano, by the interaction between the snow melted waters in the summit and the
acidic volcanic gases emitted from the deep magma chamber. These gases acidify
and heat the waters of the volcanic-hydrothermal system that feed the crater lake
and springs, favoring a more intense water–rock interaction, therefore enriching the
elements concentrations in the headwaters of theAgrioRiver. Some ions and elements
precipitate in this part of the system as different secondaryminerals, but most of them
are not affected by this process. Along the main river, dilution is recognized as the
main process that controls all ions and element concentrations. Dilution is caused
by the income of melted waters into the main river, affecting the physico-chemical
parameters of the hydrological system.

Trace elements have been clustered into four groups, according to their behavior
at the headwaters: mobile elements (Mn, Ni, Zn); relatively mobile elements (e.g.
Be, Cr, Rb, Sr, etc.); immobile elements (e.g. Ba, Hf, Mo, Zr, etc.); and elements that
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are incorporated into waters through magmatic gases (As, Tl and Pb, possibly B, Cd
and Sb). Particularly, this last group of elements can provide valuable information
about the volcanic activity, but further investigations must be carried out.

The other remarkable process that occurs in the hydrological system involves the
precipitation of minerals of Fe and Al, which tends to precipitate as hydroxysulfates
whenwater reaches pH values of 3 and 4–5 respectively. These processes also involve
As, V and Cr, as they are adsorbed and/or absorbed by the precipitates. Something
similar occurs with REE that are adsorbed onto basaluminite mineral surfaces at pH
near 5.5.

This study contributes to the knowledge of the volcano-associated hydrological
system, compiling most of the geochemical information of waters generated in the
last 25 years and providing new interpretations about the processes controlling water
characteristics of this area.
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agriculture joint with urban settlements and industries have lead to the introduc-
tion of several Persistent Organic Pollutants, including legacy compounds (such as
DDT and HCHs), new generation pesticides (endosulfan) and urban-industrial POPs
(PCBs, PBDEs). In addition, several matrix have been shown to receive and accu-
mulate heavy metal loads, including As, Cd, Cr, Co, Cu, Fe, Hg, Mn, Ni, Pb and
Zn. Metal bioaccumulation and transference between environmental compartments
(water, sediments, fish and mollusks) have been demonstrated to occur through the
years. The anthropic activities have also induced changes in the aquaticmacroinverte-
brate assemblages of the Negro River, where both, water quality and invasive species,
appear to be main drivers of the change. Added to this, from 17 fish species, only 9
are native, leading to a low zoogeographic integrity coefficient. Finally, the environ-
mental quality threats, climate change and hydroelectric facilities pose synergistic
new risks which are addressed in this chapter and further discussed.

Keywords Persistent organic pollutants · Heavy metals · Macroinvertebrates ·
Fish assemblages · Negro river · Patagonia

1 Introduction

The hydrographic system of the Negro River, along with the Limay and Neuquen
rivers, is a set of water courses that form a natural environment, currently organized
by different social, cultural and economic processes. Its headwaters are located at
the west of Neuquén and Río Negro provinces. The area belongs to the Andes’ lakes
region and themain water source is precipitation occurring at the Andean zone, in the
form of snow and rain. Water flows towards the main course, the Negro River, which
outflows in the Atlantic coast. Once it leaves the headwaters area in the Andean
region, there is a section that can be identified as the water catchment area outside
the headwaters. This section is drained by two important water courses, one to the
south, which is the Limay River and the other to the north, which is the Neuquén
River. These rivers constitute the main tributaries of the Negro River (Fig. 1).

The Negro River is located in the third and last part of this hydrographic system,
and it flows towards the Atlantic Ocean through the Upper, Middle and Low Valleys.
It does not receive any tributary throughout its entire path to the Atlantic Ocean: it
runs from the confluence point through the valley towards the east and crosses the
entire Negro River province fromwest to east, including plateaus, fences, islands and
plains throughout its extension. It is one of the main water courses in the country,
and the most important in the province. Throughout its valleys, several economic
activities are carried out, holding most of the population at its margins.

Three types of economic activities prevail throughout the Negro River catchment
area. In the upper valley, intensive agricultural activities under irrigation are devel-
oped, such as fruits (especially apples and pears), grapes and other vegetables. The
irrigated valley holds the largest concentration of population of the entire province
along 100 km. The main cities include General Roca, Ingeniero Cipolletti, Villa
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Fig. 1 The Negro River hydrographic scheme, including the Negro, Limay and Neuquén rivers,
Patagonia, Argentina

Regina, Coronel Belisle, Darwin, Allen and Cinco Saltos. This area is followed by
the middle valley, where the main activity is fruit and vegetables cultivation, inter-
spersed with forages, vineyards and livestock breeding. Choele-Choel is one of the
main cities in this area. Finally, the lower valley is emplaced the city ofViedma,which
has a high public administration activity and several industries. Irrigated agriculture
and livestock production are also developed in the area.

The growing population and the related economic activities have increased the
environmental pressure over the freshwater ecosystems in the Argentinean Patag-
onia. While intensive agriculture is the second most important economic activity in
region, the use of nonselective pesticides has significant implications to the environ-
ment quality (Loewy et al. 2011), particularly on aquatic macroinvertebrates assem-
blages (Macchi et al. 2014; Kohlmann et al. 2018). Extensive livestock farming,
deforestation, wood and hydrocarbon extraction, flow regulation by dams, introduc-
tion of exotic species and the growth of unplanned urbanizations are alsomain threats
currently impacting the area (Cazzaniga and Pérez 1999; Macchi 2008; Miserendino
2009; Miserendino and Brand 2009; Epele et al. 2018; Macchi et al. 2018).

Along the next sections a set of environmental impacts are revisited, aiming to
review the Negro River environmental assessment from the past decades up to date.
In this sense, along the first two sections both, persistent organic pollutants and heavy
metal sources, occurrence, distribution and threats are explored. In the next section,
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the macroinvertebrate assemblages of the Negro River are listed and analyzed as
biological early warning sensors of the environmental status of the area. Finally, fish
communities of the Negro River are revisited since they respond significantly and
predictably to almost all kinds of anthropogenic disturbances. Their origin, current
status and immediate and medium-term threats are addressed and discussed.

2 Persistent Organic Pollutants

Persistent Organic Pollutants (POPs) compounds belong to a group of substances
of natural or anthropogenic origin, resistant to photolytic, chemical and biological
degradation. They tend to bioaccumulate at different levels of the trophic web, with
possible upstream biomagnification (Sangster 1989; Yalkoswky 2010). The conse-
quent toxicity includes various alterations in the reproduction, development, and
some immune functions of animals and plants (Langston et al. 2010). Among the
persistent compounds, the organochlorine compounds include the known pesticides:
hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB), dichlorodiphenyl-
trichloroethane (DDT), chlordanes and endosulphanes. Organochlorine pesticides
have been banned or severely restricted by the sanitary or environmental Annexes
in the III Rotterdam Convention (2004). Their use is also prohibited in Argentina,
except for DDT which has a restricted use for certain applications (Table 1). For
instance, HCHs are classified as carcinogenic to humans, DDT as probably carcino-
genic to humans (2A) while HCB and chlordanes as possibly carcinogenic to humans
(2B, IARC).

Table 1 Commonly used pesticides in the past at the Negro River catchment area

Compound National Law Resolution

Chlordane and Lindane SAGPyA 513/98
Resolution

Prohibited for import,
commercialization and use as
phytosanitary products, as well as
the products formulated based on
these

DDT, Endrin, Aldrin Law-ranking Decree
No. 2121/90

Prohibited for import, manufacture,
fractionation, commercialization
and use of agricultural products
formulated based on these active
principles

Hexachlorobencene
(H.C.B)

SAGPyA
No. 750/2000 Resolution

Total prohibition

Hexachlorociclohexane
(H.C.H), Dieldrin

National Law 22.289 Total Prohibition

Endosulfan ENASA 511/11 Resolution Total Prohibition. Only re-export or
destruction as of July 1, 2013
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The Negro River basin is not excluded from the input of persistent organic pollu-
tants. As mentioned above, the upper valley region of Negro River and Neuquen
produces the 80 and 90% of the apples and pears of Argentina, respectively. Besides,
the production of fine fruit, olive trees, nuts, and horticulture has been incorporated
in recent years (LIBIQUIMA-CITAAC 2016). This level of production involves
the application of multiple families of pesticides during a period that extends from
September to February. Most used pesticides include organophosphates (OF), carba-
mates (CB), pyrethroids (PIR) and neonicotinoids (NN). Due to the fact that pesti-
cides such as organochlorine pesticides (OC; e.g. DDT and endosulfan) have been
extensively used in the last century and until the beginning of the twenty-first century,
the area shows an extensive occurrence of OF and OC residues in soils and ground-
waters in rural areas (Comahue 2016). Methylazinphos and chlorpyrifos have been
frequently detected in water and the main compounds include methylazinphos and
carbaryl, with levels up to 22.5 ppb and 45.7 ppb, respectively (Loewy et al. 2011).
With methylazinphos banning in 2016 this trend has changed over time, decreasing
the environmental levels in about 30%. It has been also shown that approximately
50% of the applied pesticides are lost in the environment without reaching the
intended targets, moving in a very high proportion to canals, lakes and streams due
to drifting, runoff, washing by rain and irrigation (LIBIQUIMA-CITAAC 2016).
Along 2006–2007, Isla et al. (2010) showed a decreasing trend of organochlorine
compounds (OCs) contents in river sediments from the upper valley to the inlet, with
an increment at the beginning towards the lower valley. The higher concentrations
were found in the Neuquen River and Paso Cordova location, reaching 18.1 and
7.5 ng/g dry weight, respectively (summatory of 10 compounds). While Neuquén
River showed a prevalence of parental DDT, which was already illegal use during
that period (Isla et al. 2010), DDE dominated along the Negro River pointing to a
past use, with a higher diversity of compounds, including endosulfans and HCHs.
Among endosulfans, the parental isomers dominated, indicating awidespread current
use during that period. In the same period, Miglioranza et al. (2013) demonstrated
the occurrence and distribution of OCPs, PCBs and PBDEs in several environmental
matrices (soils, sediments, suspended particle matter and macrophytes) along the
Río Negro. Similarly to Isla et al. (2010), authors concluded that the soil can be
considered a hot spot of DDTs in the area while the pp′-DDE was dominant in all
samples. While the occurrence of endosulfans with a relation α-/β-isomers > 1 in
all matrices denoted its current use in the region, their levels found in water are
higher than the maximum values established for aquatic biota protection. During
those years, DDTs, endosulfans, HCHs, chlordanes, PCBs and PBDEs were also
detected at Odontesthes hatchery (patagonian silverside) from the Upper, Middle
and Lower valleys of the Negro River (Ondarza et al. 2014). As a general outcome,
all tissues showed decreasing levels from the upper to the lower regions. In agreement
with another environmental matrix (Miglioranza et al. 2013), organochlorine pesti-
cides were dominant (306–3449 ng g−1 lipid) followed by �PCBs (65–3102 ng g−1

lipid) and�PBDEs (22–870 ng g−1 lipid), pointing to agriculture as the main source.
Regarding organochlorine pesticides, DDT was dominant (90% pp′-DDE) followed
by endosulfan (α- > β- > sulfate), γ-HCH and γ-chlordane. This pattern was still
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confirmed in 2018, showing the prevalence of this legacy POPs in the river and the
growing awareness for endosulfan,which in occasions exceeded the chronic exposure
limit of the CCME (Arias et al. 2019).

Polichlorinatedbiphenyls (PCBs) are a set of compounds of environmental
concern as they have a high half-life (from 60 days to 27 years in water, and 3–
38 years in sediments; Sinkkonen and Paasivirta 2000), they are resistant to degrada-
tion by physical, chemical and biological processes and they bioaccumulate through
the food web (Muir et al. 1988; Thomann 1989), generating adverse effects on both,
the environment and human health (Jones and De Voogt 1999). Despite their prohi-
bition and the consequent decrease in their global levels (USEPA 1999), PCBs are
widely distributed and are among the most problematic and important pollutants in
the world due to their strong presence in the environment. Urban areas at the Negro
River highly impact the river by the introduction of several POPs, including PCBs >
cyclodienes > DDTs (Miglioranza et al. 2013). Besides a retention effect of riparian
vegetation which was demonstrated for pesticides and macrophytes, the proximity to
dumping sites often correlates with an increase in PBDE levels; themechanistic paths
of inputs includes leaching from dumping sites and eventual river flooding and land
wash-up (Miglioranza et al. 2013). Particularly, in terms of PCBs, Isla et al. (2010)
showed a relatively constant concentration as a consequence of chronic pollution,
with the Limay River contributing with a higher PCB load in comparison to Neuquen
River.

Recent data have shown that a major anthropogenic pressure over the river is still
caused by the use of DDT (Arias et al. 2019). In comparison to previous reports such
as those of Miglioranza et al. (2013) and Isla et al. (2010), there is a decrease in the
current values of HCHs and endosulfans transported onto the Suspended Particulate
Matter (SPM of the middle valley, while in the lower valley a slight increase in
the contributions of HCHs and endosulfans were registered in comparison to 2006
(Fig. 2).

Regarding flame retardants (FRs), a set of compounds intended for thermal insula-
tion, thermoplastics, textiles, plastic foams, etc., are based on chlorine and bromine.
Bromine is currently used in a large number of products such as pesticides, gasoline
additives, drilling fluids, and biocides, but currently themain application of bromine-
based compounds is in the FRs production (Tombesi et al. 2017). In 2006, PBDE

Fig. 2 HCHs, DDX and Endosulfans recorded at theUpper,Middle and Lower valleys of theNegro
River in 2006 and 2018 (data from Miglioranza et al. 2013 and Arias et al. 2019)
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could be associated to urban areas proximities and urban dumping sites (Miglio-
ranza et al. 2013). Authors concluded that the proportion of PBDE congeners close
to Viedma city would indicate a relatively recent use of penta-BDE mixtures due to
the BDE-47/BDE-100 ratios. While BDE-100 is characterized by a high persistence,
BDE-47 is one of the most ubiquitous BDE as a result of atmospheric transport.
An air survey performed between 2010 and 2013 at the river basin can confirm the
above mentioned patterns (Miglioranza et al. 2020). While endosulfan, trifluralin
and DDT-related substances were the most prevalent pesticides in the Negro River
watershed, low concentrations of industrial POPs were found (1.9 pg m−3 for �38
PCBs, and �5 PBDEs, respectively) and they were similar among sites.

3 Heavy Metal Pollution

Besides there are several essential metals which are commonly found in low concen-
trations and exhibit substantial implications to chemistry of natural ecosystems (e.g.
Cu, Zn and Fe), some of them are toxic even in small concentrations (Cr, Pb, Cd, Hg,
As) and pose a great concern due to their high acute and chronic effects and possible
biomagnifications through the trophic web (Cai et al. 2011; Hu et al. 2013; Wang
et al. 2015). This is the case for Negro River, where several research studies have
been performed in this sense. In the next sections we describe the highlights of this
research by matrix of study.

3.1 Water

Several challenges have been faced when comparing total or dissolved metals in
the Negro River water (Phillips 1977); methods dispersion range from differences
in sample pre concentration (filtration by membranes with several pore sizes) to
the applied analytical methods (Inductively Coupled Plasma—optical spectrometry
ICP-OES, ICP-Mass ICP-M, Graphite Furnace, etc.).

Regarding environmental levels, the most recent analysis based on the water
soluble fraction showed low As, Cu and Zn levels, while traces of Cr, Ni, Cd, Pb
were detected (Table 2; Abrameto 2019).

Historically, the Neuquén River has shown the maximum As levels (5.6 μg L−1),
which tend to diminish through the Upper and Middle valley of Negro River to
reach a media concentration of 3.0 μg L−1 at the estuary zone. In many occasions,
levels were shown to be above the water quality guidelines for aquatic life protection
(Table 2) (CCME 2020). In general, the arsenic concentration is far from background
levels and is remarkably close (or even higher) than the World Health Organization
reference value for water sources destined to human consumption (WHO2019; Table
2).
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Regarding heavy metals transport mechanisms through the Negro River, Gaiero
et al. (2002) showed that Cu would be mainly bonded to the particulate fraction and
tends to increase its total concentration (dissolved + particulate) from the inland
to the maritime estuary (Abrameto et al. 2013). In general, the partition coefficient
(calculated among dissolved and suspended loads, Kd = HMdis/HMspm) shows a
general decreasing tendency to the ocean for Zn, Cu and Pb, confirming the gradual
adsorption increment on suspended particulate matter (Gaiero et al. 2002). Finally,
in terms of Cr, the General Conesa City area showed a dissolved mean concentration
of 0.9 μg L−1; wide above the international aquatic life protection limits (CCME
2020).

3.2 Sediments

Sediments act as an end reservoir of metals that came into the aquatic system from
several ways: through creeks, drainage systems, atmospheric deposition and leaching
(Botté et al. 2010, 2013). While recording the past and present biogeochemical
variability, they have an important role in the transport and storage of potentially
dangerous metals (Zhang et al. 2014). The Negro River sediments have shown a set
of heavy metals, including As, Cd, Cr, Co, Cu, Fe, Hg, Mn, Ni, Pb and Zn.

Firstly, Arribére et al. (2003) performed a study on heavy metals contents in the
< 63 μm fraction of sediments and biota of the Upper Negro River. Recorded levels
were higher at the coast of Neuquén city and the Limay confluence area, decreasing
towards Allen and Regina City. Mercury maximum levels showed 0.28μg g−1 (d.w.)
with a mean of 0.22 μg g−1 (d.w.) in the river upper basin. Arsenic levels ranged
from 12 to 5.2 μg g−1 (d.w.) and Ni and Zn exhibited a media concentration of 29.2
and 106.3 μg g−1 (d.w.) respectively, along the basin.

For the middle valley, Gaiero et al. (2002), showed that Ni and Zn values in a
similar range to those (21 and 101 μg g−1) reported by Arribére et al. (2003), while
the mean concentrations of Co, Cr, Cu, Pb,Mn and Fe were the following: 20, 39, 36,
21, 1049 μg g−1, 5.2% respectively. Considering the upper valley, Abrameto (2004)
reported Hg, Ni and Zn levels which were preferably associated to the < 63 μm frac-
tion, with remarkable Zn levels at Fernández Oro, which presented a maximum of
163.9μg g−1. Simultaneously, Cd, Mn and Ni showed constant mean concentrations
throughout the area (0.2–0.97 μg g−1; 0.14–0.19% and 5.6–9.43 μg g−1, respec-
tively) while Cu and Pb peaked at Fernández Oro site, with an average of 39.1μg g−1

and 29.9 μg g−1, confirming a potential heavy metal hotspot in the area. Finally, Fe
levels showed a mean value of 9.6% along the upper valley sediments.

Ward (2007) evaluated the occurrence of heavy metals in sediments of the upper
Negro River valley (<63 μm). The mean Hg concentration was 0.06 μg g−1 with
peak levels ranging from 0.18 to 0.28 μg g−1, exceeding the ISQG of 0.17 μg g−1

(CCME 2020). Heavy metal levels were even higher at the confluence area, showing
6.3, 2.6, 35.9, 100.1, 79.9 and 46.8 μg g−1 for As, Cd, Co, Cr, Pb and Zn, respec-
tively. Abrameto et al. (2013) investigated the “total” content of heavy metals in bed
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sediments from the LowNegro River Valley. In that occasion, hot spots were detected
at “El Molino drainage”, “Inlet maritime” and Patagones city coast (for As and Cu)
and La Paloma island (Zn). The environmentally high levels for these metals raised
a concern: 3–28.7 μg g−1 for As, 6.4–37.5 μg g−1 for Cu, and 17.1- 50.1 μg g−1 for
Zn. According to Ward (2007), mercury concentrations decrease towards the end of
the upper valley, while higher Cd and As levels are detected at the lower valley.

Table 3 revises the heavy metals levels in Negro River bed sediments and other
locations around the world. As shown, while Cr levels (Neuquén) were lower than
those reported for other places, these levels were higher than those reported for the
Bahía Blanca Estuary, Samborombón Bay, the Yangtze basin (China), and Río de
La Plata sediments. A similar situation was observed for As: its levels at the upper
basin and the coast of Neuquén were lower than those reported by Yi et al. (2008)
for the Yangtze River. While Ni levels in bottom sediments of the Negro River were
higher than those indicated for the Bahía Blanca Estuary, they were lower than those
reported for the Samborombon Bay. Pb levels were comparable to the data recorded
at Río de La Plata and the Bahía Blanca Estuary, but lower than those obtained in
the Yangtze (China) and Dipsiz (Turkey) rivers. Regarding Hg levels, they were in
the range of those registered within the Bahia Blanca Estuary (Argentina) and the
middle basin of the Yangtze River, but higher than those indicated for the lower basin
of the Yangtze River. Cu, Fe andMn levels were at the same order of magnitude than
those reported by other authors in rivers and estuaries worldwide.

3.3 Fish

There are three pathways by which fish can intake metals from the environment:
by the tegument, gills or through diet. While the highest intake of metals occurs
through the gills (Alam et al. 2002), they can also accumulate suspended particles
from water by food ingestion. Abrameto (2004) investigated the levels of Ni, Cd,
Hg, Pb, Zn, Fe and Mn in O. hatcheri and P. colhuapiensis collected in the upper
and middle Negro River basin. Only Hg, Mn, Pb and Zn have been reported as bio
accumulated heavy metals (Table 4). The Zn range for muscle tissue in the upper
basin was from 5.49 to 7.08 μg g−1 (w.w.) while fish samples from Beltran city
averaged 10 μg g−1 (w.w.). These values were lower than those reported by Arribere
et al. (2003). Hg in the muscle of O. hatcheri showed similar levels throughout the
upper and middle basin of the Negro River, with comparable levels to those reported
by Arribere et al. (2003) and by Marcovecchio and Moreno (1993) on fish from the
Río de la Plata estuary. Similarly to Zn patterns, Pb concentration in muscle tissues
was higher in individuals collected from the Beltran city area (0.14μg g−1 w.w.) than
those collected from Allen city area (0.05 μg g−1 w.w., middle valley). Finally, Hg
and Pb reported concentrations were lower than those contained in O. bonariensis in
the Río de la Plata (Avigliano et al. 2015). Finally, Pb and Hg levels in Negro River
fish could exceed the current daily recommended intake by the US Environmental
Protection Agency (EPA 2020).
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3.4 Mollusks

Abrameto et al. (2012) investigated the presence of Cd, Zn, As, Cu in C. fluminea
collected from the middle and lower basins of the Negro River, and reported Cd
concentrations from 0.7 to 0.13 μg g−1, Zn levels between 10.5 and 29.2 μg g−1, As
concentrations from 0.16 to 0.87 μg g−1, and Cu levels between 2.8 and 7.2 μg g−1.
Hünicken et al. (2019) reported lower concentrations of heavy metals, ranging from
3 to 3.68 μg g−1 for Cu and from 10.5 to 11.9 μg g−1 for Zn. Although spaced in
time, there is solid evidence of the heavy metal impact in water, sediments, SPM and
transference to the aquatic biota at the Negro River basin, including bioaccumulation
and biomagnification processes (Table 5). This supports the urgent need for serial
and tiered monitoring programs over the area.

4 Freshwater Macroinvertebrates Assemblages

Several studies have addressed the effects of anthropic activities (involving changes
in the land use/cover) on the aquatic macroinvertebrate assemblages of Patagonian
streams and rivers (Miserendino 2001; Macchi and Dufilho 2008; Miserendino and
Masi 2010; Miserendino et al. 2011; Horak et al. 2020). As a result, biological
criteria based on the analyses of aquatic macroinvertebrates have been added to the
traditional physical–chemical monitoring methods to assess the quality of regional
aquatic ecosystems (Miserendino and Pizzolón 1999; Brand and Miserendino 2015;
Mauad et al. 2015; Kohlmann et al. 2018; Miserendino et al. 2020).

Despite an increase in the knowledge about the composition and structure of
macroinvertebrate assemblages, the Negro River basin remains poorly studied in
this way. The first documented survey was carried out by Wais (1990), who made
a description of the macroinvertebrate assemblages at the Negro River, from the
headwaters to the mouth, dividing it into the upper, middle and lower basin. A total
of 63 families and 129 macroinvertebrate taxa were described, of which only 29
were recognized in the Negro River basin (lower valley). The richest taxa in the
assessment were Mollusca and Diptera (Chironomidae family) and the analysis of
functional groups showed a greater abundance of collector-gatherers throughout the
basin, which were dominant along the entire basin (Wais 1990). Unfortunately, in
that occasion, species-environment relationships were not analyzed.

In the following years, macroinvertebrate taxa received special attention: this was
the case of the widespread Chironomidae (Paggi and Capítulo 2002; Paggi 2003) and
the invasivemollusk speciesCorbicula fluminea (Archuby et al. 2015; Cazzaniga and
Perez 1999; Martín and Estebenet 2002; Molina et al. 2015; Hünicken et al. 2019),
particularly at the Limay and Negro rivers. Changes in the composition and structure
of Chironomidae were related to water flow fluctuations due to the dams located
upstream, in the Limay River. Main results showed the overlapping and return from
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lotic environments with typical species (Cricotopus, Thienemanniella, Limaya) to
more lentic species (Ablabesmia, Dicrotendipes) (Paggi and Capítulo 2002).

Invasive species are one of the main threats to freshwater biodiversity (Sala et al.
2000). For instance, C. fluminea population inhabiting the Negro River propagate in
upstreamdirection to the LimayRiver at a rate of aprox. 8.8 kmyear−1 (Labaut 2021).
This invasive bivalve causes biotic and structural changes influencing macroinver-
tebrates assemblages (Vaughn and Hakenkamp 2001; Gutiérrez et al. 2003; Werner
2008). Additionally, fishing with live incubators clams as bait could be an impor-
tant potential vector for potential invasive species throughout Patagonian freshwater
ecosystems (Belz et al. 2012).

There are several studies related to macroinvertebrates in upstream localities,
including the Limay and Neuquén rivers, main tributaries of the Negro River. For
instance, Luchini (1981) studied the assemblages and their relationshipswith temper-
ature and water level fluctuations at the upper Limay River. Added to this, signifi-
cant changes in the composition and decreased taxa richness of macroinvertebrate
assemblages have been associated to poor water quality from the Duran stream, a
tributary of the Limay River which flows through the city of Neuquén (Province of
Neuquén) near to the confluence of Negro River. While in the upstream direction a
high taxa richness (38 taxa) was correlated with high dissolved oxygen levels and the
occurrence of particularly sensitive species to organic pollution (e.g. Leptoceridae
-Tricoptera- and Leptophlebiidae -Ephemeroptera-), in the downstream direction,
poor oxygenated waters-with values close to anoxia- were associated to low biodi-
versity (5 taxa). These last taxa belong to families tolerant to organic enrichment,
such as Tubificidae, Glossiphoniidae and Chironomidae (Macchi 2008).

Macchi et al. (2018) recorded 43 taxa in the macroinvertebrate assemblages of
irrigation and drainage system of Neuquén River basin, including Diptera (mainly
Chironomidae), Ephemeroptera, Trichoptera and Gastropoda as the richest taxa. In
this study, a decrease in biodiversity and abundance of macroinvertebrates (mainly
the sensitive Baetidae -Ephemeroptera-) were associated with higher levels of chlor-
pyrifos and azinphosmethyl in surface waters. This coincided with an increase
of tolerant species/groups such as Hyalella curvispina (Amphipoda), subfamily
Chironominae and Gastropoda (Macchi et al. 2018). When comparing exposed sites
to the insecticide with pristine ones (Anguiano et al. 2008) in Limay and Neuquén
rivers, these species showed different levels of resistance to azinphosmethyl in non-
target populations ofH. curvispina and Simulium spp. (Diptera). Added to this, Lares
et al. (2016) also found populations of H. curvispina, Heleobia sp. (Gastropoda) and
Girardia tigrina (Tricladida) in sites with higher chlorpyrifos LC50 values than those
previously reported.

River macroinvertebrates are influenced by both, habitat complexity and hetero-
geneity (Vinson and Hawkins 1998). In the Negro River the types of habitats varied
according to the size of the substrate, with a predominance of boulders, cobble
and pebbles upstream and higher content of gravel and sand downstream. Also, is
common the presence of dense submerged macrophyte patches, generally monospe-
cific, with a coverage close to 10% (Macchi et al. 2019). The most frequent species
were Myriophyllum aquaticum, Stuckenia pectinata, Stuckenia striata and Elodea
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callitrichoides. The substrate also showed litter and woody materials, which comes
from riparian forest. The riparian forest patches in the floodplain of the regional rivers
are dominated by exotics Salix alba andPopulus nigra, next to S. humboldtiana (only
native species), S. rubens and P. deltoids, as companion species (Datri et al. 2016).

Macchi et al. (2019) reported the first approach to establish the entire macroin-
vertebrate assemblages of Negro River basin, analyzing the relationships with other
environmental variables. For the first time, the authors registered 72 macroinver-
tebrate taxa of 30 families along this river, with Diptera (30), Ephemeroptera
(8) and Mollusca (8) as the richest taxa. The most abundant taxa were Chirono-
midae (mainly Eukiefferiella, Pseudochironomus, Tanytarsus, Limaya longitarsis
and Cricotopus), Ephemeroptera (mainly Americabaetis alphus and Meridialaris
spp.) and H. curvispina (Fig. 3). Results indicated that the size of the substrate,
conductivity, nutrients and turbidity were the most important environmental vari-
ables driving the macroinvertebrate assemblages in the Negro River basin (Macchi
et al. 2019).

Macroinvertebrates have been used for environmental monitoring in rivers and
streamsworldwide. The application of thebiotic index BMPS-RN (BiologicalMoni-
toring Patagonian Streams Negro River; Miserendino and Pizzolón 1999 adapted by
Macchi et al. 2019) has allowed to identify the hot spots in the Negro River (Fig. 4,
sites in red and orange colors). These were often closely related to drains that collect
excess irrigation from agriculture, containing pesticide and fertilizer residues. In
some cases, these drains are also used by urban waste treatment plants as an effluent

Fig. 3 a–c. Some of most abundant taxa in the Negro River. a Cricotopus (Chironomidae); b
Meridialaris chiloeensis (Ephemeroptera); c Hyalella curvispina (Amphipoda). d Mobile appli-
cation developed to enable involvement of the local population in the protection of the Negro
River environment. e Using the app to provide data on biological water quality in participatory
biomonitoring projects in the Negro River
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Fig. 4 Biological water quality monitoring based on BMPS-RN index at the Negro River

reception system, with little or no-treatment joint to industrial effluents and clandes-
tine domestic sewage inputs. These contribute to a diffuse source of organic matter,
nutrients, heavy metals and POPs into the Negro River. At impacted sites/locations,
results showed a reduction in the taxonomic richness due to the elimination of sensi-
tive species and an increase in the abundance of tolerant taxa such as Oligochatea
and Chironominae. The increased numbers of these Rasmussen taxa at most of the
degraded sites were consistent with those reported in worldwide moderately polluted
rivers (Rasmussen et al. 2013; Horak et al. 2020).

The growing concern about the deterioration of water quality of the Negro River
has led to a requirement for routine monitoring and the development of rapid testing
that can be used by local governmental water management agencies. It is also impor-
tant that citizens could get empowered towards sharing a sustainable environment and
that all the community stakeholders takeup the challengeof conserving andmanaging
river water quality (Macchi and Maestroni 2020). Considering this, a mobile phone
application (www.biomonitoreo.com.ar) has been developed byMacchi et al. (2019).
This app, called RN Biomonitoring, is an initiative to allow the collective citizen
participation in the monitoring of the biological quality of the water of the Negro
River, oriented to enhance ownership and emphasize citizen responsibilities in the
sustainablemanagement of the national freshwaters (Fig. 3). These actions encourage
the construction of a more active role for citizens in environmental monitoring of

http://www.biomonitoreo.com.ar
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natural resources,with greater commitments and reflective approaches to the problem
of water.

5 Freshwater fish communities

5.1 Introduced Species: Status and Potential Problems

A total of 17 species have been identified in the Negro River; while 9 of these are
native, 8 have been introduced from other Argentinean courses (Corydoras paleatus,
Cnesterodon decemmaculatus, Cheirodon interruptus, Psalidodon pampa, andOdon-
testhes bonariensis) and other world regions (Oncorhynchus mykiss, Salmo trutta,
and Cyprinus carpio) (Baigún et al. 2002, Casciotta et al. 2005, Alvear et al. 2007,
Aigo et al. 2008, Solimano et al. 2019, Soricetti et al. 2020) (Table 6). This leads to a
zoogeographic integrity coefficient of 0.52 (Elvira 1995). In the upper valley of the
Negro River, the species assemblage is similar to those of the Andean zone of the
Patagonia, including thePercichthyidae,Galaxiidae,Diplomystidae, andSalmonidae
families. In particular, S. trutta is only found in the upper valley of the river. On the
one hand, the abundance of O. mykiss, Galaxias maculatus, Diplomystes viedmensis
and Percichthys trucha shows a decrease from west to east, with scarce catches in
the lower valley (Soricetti et al. 2020). Conversely, Jenynsia lineata, Odontesthes
hatcheri, and C. carpio are abundant throughout the entire river. The first report of
C. carpio was documented at the lower valley by Alvear et al. (2007); after that,
this species advanced to the upper valley in just a few years (Alvear et al. 2007,
Solimano et al. 2019, Soricetti et al. 2020). Marine species can be found at the lower
valley, such as Paralichtys orbignyanus, Mugil liza and Genidens barbus: while their
abundance decrease from east to west, they are not present in the middle and upper
valleys. On the other hand, Odontesthes bonariensis, freshwater specie, was probably
introduced in the lower valley, but it presents a similar pattern of distribution of the
marine species.

The two species of the Characidae family, Psalidodon pampa and Cheirodon
interruptus, are rare in the upper valley of the Negro River, although they have been
captured at irrigation channels at Allen city area (Solimano et al. 2019). These species
are easily found in irrigation channels both in the middle and lower valleys, where
they form shoals together with Corydoras paleatus (Baigún et al 2002, Soricetti
et al. 2020). It is believed that C. interruptus has invaded the Negro River due
to illegal releases by recreatinal fishers, since it is used as live bait for silverside
fishing (Maiztegui et al. 2009). Shoals of C. paleatus are also very common and are
distributed throughout the entire Negro River (Alvear et al. 2007, Solimano et al.
2019, Soricetti et al 2020). Finally, the species Cnesterodon decemmaculatus is rare
and can be caught in flooded areas or low lagoons adjacent to the river (Soricetti et al.
2020). Table 6 shows the order, family, species, ordinary name, origin, and relative
abundance of fish species at the different valleys of the Negro River.
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5.1.1 Salmonids

Salmonids were stocked at the Negro River since 1904, for fishing purposes (Marini
1936). Thefirst stocked specieswereCoregonus cluppeaformis, Salvelinus fontinalis,
Salvelinus namaychus, Salmo salar, and Onchorinchus mykiss, while Salmo trutta,
C. clupeaformis, and S. namaycush where not able to establish self-sustainable popu-
lations (Macchi et al. 2008; Macchi and Vigliano 2014). Up to date, only S. truta and
O. mykiss can be found at the river. It is worth to mention that O. mykiss is the most
abundant salmonid at the Negro River, mainly due to competition and the increase
numbers of stocked individuals during the 40 s and 50 s (Macchi et al. 2008; Macchi
and Vigliano 2014).

Salmonids are found in all freshwater environments of the Patagonia (Otturi et al.
2020) and their effect on native fauna has been difficult to assess due to the lack of
data prior to their introduction (Casalinuovo et al. 2017). Besides, O. mykiss and S.
trutta are on the list of the 100most harmful invasive alien species in theworld (Lowe
et al. 2004). Several authors have stated that the introduction of salmonids produces
large impacts on native communities (Aigo et al. 2008; Arismendi et al. 2009, 2014;
Vigliano et al. 2009; Habit et al. 2010, 2012; Correa et al. 2012). At the Negro River,
for instance, O. mykiss has been shown to compete for food with the native P. trucha,
producing a decrease in the growth rate and abundance of the native species (Otturi
et al. 2020). The effect of O. myki ss on Galaxias sp. occurs through two pathways,
the first is by trophic competition between Galaxias ssp with O. mykiss juveniles
(Tagliaferro et al. 2015), while the second is related to the predation by O. mykiss
and S. trutta (Macchi et al. 2007; McDowall 2006). In addition, salmonids may be
prone to feed on lamprey eggs or larvae (Arakawa and Lampman 2020).

5.1.2 Cyprinus Carpio

C. carpio is found almost everywhere in Argentina (Maiztegui 2016). It was intro-
duced in the early twentieth century, for ornamental and aquaculture purposes (Mac
Donagh 1948). Its introduction in the Negro River dates back to 2002 (Alvear et al.
2007) with not known rationale; however, there are some hypotheses by which they
could have been used as an ecological answer to control the biomass of macrophytes
in the irrigation channel systems. Table 6 shows the order, family, species, ordinary
name, origin, and relative abundance of fish species at the different valleys of the
Negro River.

The common carp is widely considered an ecosystem engineer (Crooks 2002)
since it influences the availability of resources for other organisms (Jones et al.
1994), modifying the structure and functioning of the communities (McCollum
et al. 1998; Usio and Townsend 2004). It represents one of the most damaging
species for the aquatic systems and is listed between the eight worst invasive fish
species in the world according to the IUCN (Lowe et al. 2004). It has a benthic
feeding behaviour that produces alterations on the bottom (Tatrai et al. 1994); this
sediment removal normally produces a suspension of solids and nutrients into the
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water column, thus generating a decrease in transparency and an increase in the
algae population through “bottom-up” effects (Tatrai et al. 1990, 1996), modifying
chlorophyll-a levels (Matsuzaki et al. 2007). It should be noted that the increase in
the number of carp is directly proportional to the degree of river regulation (Gehrke
1997). Currently, C. carpio has showed a significant trophic overlap with P. trucha
in summer and with O. hatcheri in spring (Alvear et al. 2007; Crichigno et al. 2013;
Conte-Grand et al. 2015). Further impacts on endemic species will depend mostly on
the carp biomass (Weber et al. 2010) and will range from decline to local extinction
of native species (Crichigno et al. 2016; Koehn et al. 2000).

5.2 Native Species

5.2.1 Geotria Macrostoma

In recent years, its abundance has declined, a phenomenon which has been shown for
several lamprey species worldwide (Maitland et al. 2015; Boulêtreau et al. 2020).
Despite the fact that two decades ago it was common to observe large shoals of
lampreys at the Negro River, recent studies have shown a scarcity or even absence of
lamprey larvae. Alvear et al. (2007), Aigo et al. (2008), Solimano et al. (2019) and
Soricetti et al. (2020) reported no captures, while Riva-Rossi et al. (2020) mentioned
the capture of 3 juveniles of G. macrostoma in the lower valley. Hypotheses on
the diminished abundance of this native species range from habitat modification by
dams, climate change and the introduction of predators into the river (Mateus et al.
2012; Maitland et al. 2015; Hansen et al. 2016; Boulêtreau et al. 2020) such as the
introduction of C. carpio. For instance, Arakawa and Lampman (2020) found that
there is a high rate of consumption of ammocetes larvae by this species. Finally, the
native species G. macrostoma has disappeared from the upper and middle reaches
of the Limay River, upstream the dams (Pascual et al. 2007; Cussac et al. 2016).

5.2.2 Aplochiton Spp

On the one hand, the understanding of what has happened to the species of the
genus Aplochiton in several Patagonian rivers, particularly in the Negro River, is
extremely complex since there is no baseline knowledge or recorded population
status prior to the entry of the salmonids (Casalinuovo et al. 2017). On the other
hand, no individuals of this genus have been obtained in Patagonian rivers since
1945. Aplochiton zebra was reported for the Negro River by Pozzi (1945) and by
Marini (1936) and Sorçaburu at Puerto Blest (captures performed in 1930 and 1933
respectively; Piacentino 1999; Cussac et al. 2020). In recent studies, no specimens
of this species were caught (Alvear et al. 2007; Solimano et al. 2019; Soricetti et al.
2020) for both, the Negro and Limay rivers. In areas with still known occurrence,
Patagonian rivers with Pacific catchments, it is commonly observed that they are
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highly affected by salmonids (Lattuca et al. 2008; Arismendi et al. 2009). They are
also abundant species at Chilean lakes where there is no presence of salmonids (Soto
et al. 2006; Arismendi et al. 2009).

5.2.3 Dyplomistes Viedmensis

The familyDiplomystidae is considered the first lineages to diverge from the ancestor
of all living Siluriformes (Arratia 1987; Sullivan et al. 2006; Muñoz-Ramírez et al.
2014). Endemic from southern South America is distributed at both sides of the
Andes (Muñoz-Ramírez et al. 2014) and consist of seven species, most of them
facing conservation issues or extinct (Muñoz-Ramírez et al. 2010, 2014; Arratia and
Quezada-Romegialli 2017). It is poorly known in Argentina (Bello and Ubeda 1998)
where has been suggested the need of maximum conservation priority (Bello and
Ubeda 1998; López et al. 2002). In the Negro River, D. viedmensis is still present
but faces the anthropic use of the habitat and introduced species as relevant threats
(Arratia 1987; López et al. 2002).

5.3 Environmental Threats for Fish Assemblages

Considering the current climate change predictions, two main processes can be
expected to occur: the southward expansion of the Brazilian fauna and other intro-
duced species (P. pampa, Ch. interruptus, C. carpio) and the extinction of southern
fauna such as galaxids and salmonids (Cussac et al. 2020). An example of this type
of displacement is the decrement of G. barbus communities in southeastern Brazil
(Araújo et al. 2018) and its increment of the abundance of this species in the Negro
River area, the southern part of its distribution (Solimano et al. 2019, Soricetti el al.
2020) and this may pose risks for the native G. macrostoma, a fact demonstrated to
occur, with the interaction of predators siluriforms and lamprey, in southern France
(Cucherousset et al. 2018) and Columbia River (Close et al. 1995).

Regarding future dams, while it is well known that flow fluctuations can generate
biological effects on taxa that depend on flood or riparian habitats (Pringle et al.
2000), no reliable consequences on communities are still known (Macchi et al. 1999;
Temporetti et al. 2001; Cussac et al. 2016).

Typically, the biodiversity crisis addresses species loss through extinction,
although on a sub-global scale, the loss of populations through local extirpation
and invasion by exotic species may be of most concern (Olden et al. 2011). Climate
change is one of the main drivers of biotic homogenization, causing a change in
species composition, but not in species richness (Magurran et al. 2015). If we take
into account the studies conducted at the Negro River, the results show that the diver-
sity is reduced and most of the inhabiting species are not native (Alvear et al. 2007;
Solimano et al. 2019; Soricetti et al. 2020). Climate change and direct anthropic
interventions such as live bait, recreational fishing, aquarium escapes or other uses
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have led to a shift of the species transition zone to the south (Pérez and Cazorla 2008;
Soricetti et al. 2020).
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Patagonia’s Chubut River: Overview
of the Main Hydrological
and Geochemical Features

Pedro. J. Depetris and Andrea I. Pasquini

Abstract The Chubut River’s mean annual discharge is ~1.1 km3 (~35 m3 s−1),
contributes ~2% to Patagonia’s total freshwater discharge, and ranks far behind
the mighty Negro River (~32 km3 y−1). In a semiarid scenario, the river has a
mountainous active basin, low runoff (<3.5 mm y−1), and a scanty specific water
yield (1.1 L s−1 km−2). The seasonal Kendall trend test shows that discharges
during the low-water months (Jan.–Mar., May) have been significantly decreasing
during the last decades. Ca2+–HCO3

− are the governing ions in the headwaters
but the composition gradually shifts to a Na+-type toward the lowermost reaches.
Numerous Andean glaciers suggest that subglacial oxidation of pyrite may be an
active solute-supplying mechanism. Silicate hydrolysis and limestone dissolution—
implied by non-radiogenic 87Sr/86Sr ratios—are the processes ruling chemicalweath-
ering. The Chubut is a mesotrophic river, with a moderate organic load (mean TOC
~290µmol L−1, andmean yield ~10.5mmolm−2 y−1; ~60%accounted for byDOC).
Suspended sediment yield at Los Altares (~14 T km2 y−1) and in the lowermost reach
(~25 T km2 y−1) indicate a relatively low denudation. The alteration index of riverbed
sediments (mean CIA ≈ 55) suggests scarce weathering; REE spider diagrams of
sediments shows a signature compatible with continental island arcs.
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1 Introduction

Due to the windy and arid characteristics ruling climate in southern South America’s
Atlantic seaboard plateau, Patagonia is considered among the unusual regions of
the Earth. Several reasons make Patagonia an especially interesting expanse whose
study could improve, for example, our understanding of climate change, particularly
in connection with hydrological and geochemical issues. Its vast territory of over
one million square kilometers consists of the southernmost stretch of the Andes,
in the western part (with chains of about 2000–3000 m above the sea level (a.s.l.),
and peaks that reach ~3700 m), and deserts, steppes and grasslands in the eastern
plateau (~200–~600m a.s.l.). The Colorado River (36º52′ S, 69º45′ W), with Andean
headwaters, is usually considered Patagonia’s northern boundary in the Argentine
territory.

With ~1.1 km3, theChubut ranks, in terms of annual discharge, as the fourth largest
Patagonian river, behind the Negro, Santa Cruz, and Colorado. Joined together, the
drainage nets of the Chubut and Senguerr-Chico rivers occupy about 60% of the
surface area of the Argentine province named after it, which was originally organized
as the National Territory of Chubut in 1884, and colonized the following year by
Welsh immigrants.

Several authors have studied varied aspects in connection with the hydrological
features of the Chubut River (e.g. Moyano and Moyano 2013; Pasquini and Depetris
2007; Depetris and Pasquini 2008), and its geochemical/biogeochemical character-
istics (e.g. Sastre et al. 1998; Pasquini 2000; Gaiero et al. 2002, 2003; Pasquini et al.
2005; Depetris et al. 2005).

Due to the dynamics of natural and/or anthropogenic factors, rivers tend to show
modifications in their main characteristics (i.e. discharge regime, physicochemical
and/or biological features, etc.). We are, hence, herein updating hydrological and
geochemical information on Patagonia’s Chubut River.

1.1 Physiographic and Climatic Features

The Chubut1 River drainage basin is an east-flowing arid Patagonian fluvial system
(Fig. 1). Its drainage area is ~53,200 km2 (Subsecretaría de Recursos Hídricos 2002),
and its main stem, the Chubut River, has an approximate length of ~800 km and
headwaters in the Cerro de las Carreras (41º′ S, 71º19′ W)—at ~1800 m a.s.l.-,
in Argentina’s Río Negro Province. The main tributaries in the upper drainage are
the Ñorquinco and Chico del Norte rivers, inflowing from the north, and the Tecka-
GualjainaRiver, joining the system from the south (Fig. 1). The FlorentinoAmeghino
dam forms a reservoir lake (43°41′ S, 66°29′ W). The Chico del Sur River (i.e. a
prolongation of the Senguerr River) used to join the Chubut River upstream from the

1 Chubut comes from the aboriginal (i.e. tehuelche) word chupat, which means “transpar-
ent”. Welsh settlers called the river “Afon camwy”, meaning “twisting river”.
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Fig. 1 Schematic map of Patagonia’s Chubut River drainage basin showing an outline of the most
abundant rock types. Histograms show the relative abundance (percent) of major rock types in the
upper, middle, and lower river reaches

present location of the dam. Currently, this river, fed by the lakesMunster and Colhue
Huapi, has been dammed by accumulated eolian debris which, almost permanently,
obstruct its normal flow. The Chubut River reaches the Atlantic forming a small
estuary at Bahía Engaño, near Rawson, the provincial capital.

The western headwaters of the Chubut River drainage basin are typified by moun-
tainous north–south ranges (~500 and ~1800 m a.s.l.). The mean slope for the upper
catchments is about 20%. The central drainage basin carves the Patagonian tableland
(~200 and ~600m a.s.l.), without receiving any significant tributary. An alluvial plain
and fluvial terrace are the outstanding features in the lower drainage basin (~20 and
~150 m a.s.l.).

The Andes in Chubut’s territory are separated by wide, deep, east–west transverse
valleys. These valleys are occupied by glacial lakes and rivers that cross the Andes
and flow east, to the Pacific Ocean.

The most distinctive climatic characteristics in the Chubut River drainage basin
are scarce atmospheric precipitations and their marked negative gradient in short
distances. In the headwaters, for example, mean annual rain- and snowfall is 500–
600 mm, whereas 200 km to the east, near the confluence with the Gualjaina River
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(Fig. 1), it barely reaches 100 mm. In the central basin, the mean annual rainfall is
~150 mm and in the coastal zone it increases up to ~250 mm.

Atmospheric precipitations have a marked seasonal character, with most of the
water volume recorded in winter (73% occurring between April and September). In
contrast, along the coastal zone, most atmospheric precipitations occur in (austral)
autumn and spring. Mean evapotranspiration exhibits an increasing trend from the
Andean region (500–600 mm y−1) to the Atlantic coastal zone (700–800 mm y−1).

Mean annual temperatures vary between 8 and 9 ºC in the west and center, and
between 12 and 13 ºC in areas close to the coast. The prevailing vegetation is a bushy
or herbaceous steppe, with a vegetation cover that varies between 20 and 50%. Due
to aridity, soils are scarcely developed in most of the drainage basin, with dominant
sandy fractions in the profile. Aridisols are by far the overriding soil-types in the
drainage basin (e.g. Bouza et al. 2017).

1.2 Geological Setting

The Chubut River drainage basin is located at the southern boundary of the North
Patagonian or Somún CuráMassif. It is a plateau, surrounded by sedimentary basins,
which rise 500–700 m above the surrounding topography, and reaches a maximum
of 1200 m a.s.l. With an area of approximately 100,000 km2, it occupies most of
the Argentine provinces of Río Negro and Chubut. An updated description of the
continental crust of the northeastern region and, in general, Patagonia’s main geolog-
ical features, has been recently reported by Rapela and Pankhurst (2020) and in the
references cited therein.

An abridged report of the geological setting of the Chubut River drainage basin
has been described by Pasquini et al. (2005). Figure 1 shows a simplified geological
scheme of the complex lithology of the Chubut River drainage basin which, for
convenience, has been grouped into six major clusters. The dominant lithology in
the upper basin are pebbles and sands, along with continental sedimentary rocks
(sandstones, tuffs, and mudstones), which become dominant in the middle stretch
(Fig. 1).

1.3 Methodology

The hydrological information was obtained from the data base operated by
Argentina’s Secretaría de Infraestructura y Política Hídrica (http://bdhi.hidricosa
rgentina.gob.ar), and processed with standard statistical software.

The non-parametric seasonal Kendall test was employed to test for monotone
trends in mean annual discharge time series. This test is a robust technique to detect
and estimate linear trends and, also, was employed to seek significant trends in
seasonal data with serial dependence (e.g. Hirsch and Slack 1984).

http://bdhi.hidricosargentina.gob.ar


Patagonia’s Chubut River: Overview of the Main Hydrological … 131

The chemical methodology employed to analyze water samples during the
European Commission-funded PARAT Project (Contract CI1*-CT94-0030) was
described inPasquini et al. (2005).Other cited referencesmust be consultedwhenever
methodological information is required for data from alternative sources.

2 Hydrological Aspects

The hydrological behavior of the Chubut River mainly dependents on rainfall and
snowfall in the upper catchments. Most of the discharge is supplied by the upper
Chubut River (i.e. 60–65% during the low-discharge period). There are indications,
however, that theChubut—as it probably happenswith other Patagonian rivers—may
receive groundwater supplies at different points along its middle and lower course.
There is, for example, substantial evidence of submarine groundwater discharge in
the coastal zone of Chubut and Santa Cruz provinces (42º–48º S) (Torres et al. 2018).

In the mountainous headwaters, atmospheric precipitations increase sharply in
May (maximummean precipitation) and June, during the austral fall and winter, and
begin a gradual decrease that reaches its minimum in November (austral spring). The
uppermost Chubut River gaging station (Estación Nacimiento, 41º43′ S, 71º08′ W)
is operational since June 1967. During a period of over 50 years (i.e. until November
2019), the maximum recorded discharge (Qmax) was 29.17 m3 s−1, whereas the
minimum (Qmin) was 0.41 m3 s−1.

Discharge data usually exhibit a log-normal statistical distribution. Therefore,
the mathematical expectation is better approached by using the geometric mean
discharge (Qg) (e.g. Davis 1986; Marsal and Merriam 2014). Qg and the corre-
sponding standard deviation (Sg) at the Estación Nacimiento for the analyzed period
was 4.8 ± 0.91 m3 s−1. The highest discharges are usually recorded in July–August
(i.e. australwinter), due to rainfall and inOctober–November, as a result of snowmelt.

Rainfall and snowfall at the ElMaitén gaging station (42º06′ S, 71º10′ W) follows
a pattern similar to the one recorded at Nacimiento, althoughmaximummean precip-
itation occurs in June, with the minimum also in November. The station is located
at ~720 m a.s.l. and the available discharge time series for the period 1953–2019
includes over 6800 instantaneous discharge measurements, with Qmax ≈ 240 m3 s−1

and Qmin ≈ 1.9 m3 s−1. Qg and the corresponding Sg is 16.2 ± 2.23 m3 s−1. There-
fore, 95% of the compiled data is comprised within Qg ± 2Sg: 11.7 m3 s−1 < Qg <
20.7 m3 s−1.

The Los Altares gaging station is placed in a semi-arid region, on the southern
margin of the Chubut River, about 230 km from Trelew (to the E), and 323 km
from Esquel (to the W). The wild landscape is known for its high cliffs and
striking geomorphology. TheLosAltares station (43º53′18.17′′ S, 68º23′57.81′′ W) is
active since January 1943, record-keeping instantaneous discharges and other hydro-
meteorological variables. Chubut River’s mean annual discharge time series have
been plotted in Fig. 2. The linear trend in the figure (p < 0.05) shows that in 75 years,
the mean annual discharge has decreased ~6 m3 s−1 (~800 L per decade). Figure 3
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Fig. 2 Mean annual discharge time series (1943–2018) of the Chubut River (middle reach) at Los
Altares gaging station. The regression equation (p < 0.1) suggests that the (arithmetic) mean annual
discharge has decreased ~6 m3 s−1 in 75 years

Fig. 3 Middle Chubut River’s synthetic hydrograph at Los Altares (~270 km upstream the mouth;
625 m a.s.l.). The graph shows the (arithmetic) mean historical discharge (~47 m3 s−1) for 1943–
2018, and the (arithmetic) mean monthly discharges for the average hydrological year
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shows the mean annual hydrograph for the series of monthly mean discharges (i.e.
period of 1943–2018), with maximum discharges occurring during austral spring.
The average discharge (i.e. arithmeticmean) for the periodwas 47.04m3 s−1,whereas
the annualized dischargewas 14.84km3, the specificwater yieldwas 2.87L s−1 km−2,
and runoff exceeded 9 mm y−1. In the studied time series, instantaneous Qmax was
524 m3 s−1, and Qmin 2.1 m3 s−1.

As it happens with the upstream discharge time series, the statistical distribution is
markedly log-normal. TheChi-square test performed toverify log-normality (317.14)
exceeds the critical value for 9 of freedom and p < 0.001. Hence, Qg ± Sg at Los
Altares is 35.9 ± 2.72 m3 s−1, which is lower than the arithmetic mean calculated
above. The conversion to a Gaussian distribution of the discharge time series (1943–
2018) allows to estimate that 95% of the data in the historical series falls within the
range 30.5 < Qg < 41.4 m3 s−1.

The seasonal Kendall trend analysis (Kendall 1975; Hirsch and Slack 1984) is
a non-parametric statistical tool that allows establishing monotonic trends in time
series. The use of the technique at Los Altares shows a statistically significant
discharge decrease (p < 0.05) during January-March and May (i.e. the months with
low-water flow) (Table 1).

The Chubut’s lower stretch originates at the reservoir lake formed by the
Florentino Ameghino dam (Fig. 1), which became operative in 1963, 130 km west
of the city of Trelew (i.e. Gaiman Department). The reservoir lake has a surface area
of ~70 km2, a mean maximum depth of ~25 m, and a storage capacity of ~16 km3of
water, which is mostly used for irrigation, and power generation.

The Valle Inferior (43º17′35.13′′ S, 65º29′54.72′′ W) gaging station is located
approximately 90 km downstream the Florentino Ameghino dam and less than

Table 1 Seasonal Kendall
test: Chubut River monthly
mean discharges at Los
Altares

Month N Kendall t p*

January 75 −2.132 0.01651

February 75 −2.461 0.00693

March 75 −2.159 0.01541

April 75 −0.567 0.28527

May 75 −1.935 0.02649

June 75 −0.814 0.20776

July 75 −0.654 0.25651

August 75 −0.174 0.43100

September 75 0.897 0.18497

October 75 −0.851 0.19743

November 75 −1.505 0.06617

December 75 −1.606 0.05418

Total 900 −1.819 0.03445
*Statistically significant parameters in bold (p < 0.05)
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Fig. 4 Lower Chubut River’s synthetic hydrograph at Valle Inferior. The graph shows the (arith-
metic) mean historical discharge (~35 m3 s−1) for the recorded period, and the (arithmetic) mean
monthly discharges for the average hydrological year

50 km upstream from the Chubut’s estuary in the Atlantic Ocean. It is in operation
since 1993. The discharge time series (i.e. 1993–2018) is summarized in the synthetic
hydrographofFig. 4,which shows the dischargemodulation imposedby the dam.The
annualmean discharge (i.e. arithmeticmean) atValle Inferior is 34.9± 14m3 s−1, and
the mean annual flow is 1.1 km3. The specific water yield is only 1.1 L s−1 km−2,
whereas runoff is slightly less than 3.5 mm y−1. These parameters, considerably
lower than those determined in the middle stretch, are mainly the joint consequence
of evapotranspiration, consumptive use of water, and the conveyance of river water
to the aquifers (Hernández et al. 1983). The negative trend of mean discharges is
clearly exhibited in Fig. 5. In 25 years, annual mean discharges have decreased at a
mean rate of ~7.8 m3 per decade. This scenario of water loss can also be ascertained
in lower graph of Fig. 5, which shows the discharge difference between Los Altares
and Valle Inferior (delta Q) for the 1993–2018 record period.

3 Geochemical Perspective

Lithology, climate, biota, and relief are the key factors determining rock weathering
on the Earth’s surface (e.g. Depetris et al. 2014). The intensity of physical, biological
and chemical weathering, on the other hand, determines the prevailing characteristics
of dissolved and particulate byproducts that rivers transport to world oceans. In the
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Fig. 5 Mean annual discharge time series of the Chubut River (lower reach) at Valle Inferior
gaging station, for the 1993–2018 period (upper graph). The regression equation implies that the
(arithmetic) mean annual discharge has decreased ~20 m3 in 25 years. Q between Los Altares
and Valle Inferior gaging stations, for the same period time (lower graph), showing a significant
discharge decrease for Chubut’s lower stretch during most of the time interval

Chubut River drainage basin, these three processes are significant in themountainous
headwaters, but it is clear that—considering extra-AndeanPatagonia’s prevailing arid
characteristics—physical (or mechanical) weathering becomes more important than
the other two processes in its middle and lower reaches. All things considered, the
Chubut River is subjected to a weathering-limited regime (i.e. denudation remains
limited by the rate of rock weathering) in the sense of Carson and Kirkby (1972).
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3.1 Main Characteristics

In terms of chemical equivalents, the Chubut River upper catchments (i.e. tributaries
and the main channel) are generally characterized by Ca2+ > Na+ > Mg2+ > K+,
and by HCO3

− > SO4
2− > Cl−, among negatively charged species (Table 2). This

chemical signature changes in the lower course, following the order of abundance
Na+ > Ca2+ > Mg2+ > K+, and HCO3

− > Cl− ≥ SO4
2− (Table 3). The total dissolved

solids (TDS) concentration in the Chubut River system usually fluctuates between
50 and 80 mg L−1 in the upper reaches, and between 110 and 160 mg L−1 at Los
Altares. Typical TDS concentrations in the Gaiman–Rawson section (i.e. near the
mouth) frequently oscillate in the 250–450 mg L−1 range. In the headwaters (i.e.
Tecka-Gualjaina and Lepá rivers), TDS concentrations are usually logged in the 60–
150 mg L−1 range. The TZ+ parameter [TZ+ (meq L−1) = (2Ca2+) + (2Mg2+) +
(Na+) + (K+)] (e.g. Meybeck 2005) can be used with advantage to geochemically
classify most Chubut River waters.

The Piper diagram (Fig. 6) shows a trend in the compositional triangle of major
ions that begins in the Andean core—where lakes and rivers draining toward the
PacificOcean are located-, revealing a dominant Ca2+ >Mg2+ composition. The trend
drifts towards a slight relative increase of Mg2+ in the upper Chubut and Senguerr
rivers, which becomes increasingly dominated by (Na+ + K+) in the Chubut’s lower
reaches. At the Musters and Colhué Huapi lakes begins the terminal phase of the
Senguerr-Chico endorheic systemwhich, in chemical terms, is characterized by a net
dominance of (Na+ +K+). In short, the chemical evolution originates as a Ca2+-type,
crosses the field where no particular cation is dominant, and ends as a Na+-type (i.e.
K+ is significantly less abundant).

The anions show a similar trend that begins in the Andean domain with a HCO3
−

control among the negatively charged species and shows, in the lower Chubut River
and—more pronounced—in the Chico River, the increasing preeminence of Cl−.
Among anions, the series begins in the HCO3

− type and ends in the no-dominant
type realm (Fig. 6).

3.2 Provenance of Inorganic Dissolved Phases

Rock minerals have a variable susceptibility to weathering. The relative stability of
the major rock-forming silicates during weathering is similar to Bowen’s crystal-
lization sequence (e.g. Langmuir 1997): the minerals that crystallize first in high-
temperature magmas are those which are least stable when subjected to weathering.
Thusmaficminerals (e.g. olivine, pyroxenes) usuallyweathermore readily than felsic
minerals (e.g. plagioclase,micas), and aCa-rich plagioclase is generallyweathered at
a faster rate than a Na-rich plagioclase. Chemical weathering reactions fall into four
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Fig. 6 Diagram (Piper 1944) showing the chemical evolution of Chubut River waters from the
upper to the middle and lower stretches. Senguerr-Chico drainage basin, as well as rivers and lakes
draining to the Pacific seaboard are also included

major clusters: hydrolysis reactions; dissolution/precipitation reactions; redox reac-
tions; hydration/dehydration and transformation processes. Different combinations
among these processes are also possible.

Before entering the characteristics of weathering in the Chubut River drainage
basin it must be kept in mind that the lithology of the upper catchments (i.e. where
physical erosion is intense and atmospheric precipitations are higher) is dominated
by alluvium, followed by continental sedimentary rocks (sandstones, tuffs, and
mudstones), and volcanic rocks (i.e. andesitic and basaltic rocks) (Pasquini et al.
2005). With these broad guidelines in mind, it is possible to approach the sources of
dissolved inorganic components in the Chubut River system.

The mixing diagram in Fig. 7 shows the relationship of Ca2+ and HCO3
− (in

µeq L−1), both normalized to Na+, as measured in upper tributaries, and the upper
and lower Chubut River (i.e. diagram after Gaillardet et al. 1999). Data of diluted
lakes and rivers draining to the Pacific Ocean have been included for comparison
(Scapini and Orfila 2001). The sampled rivers, lakes, and streams appear to have a
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Fig. 7 Variability of Na+-normalized Ca2+ and HCO3
− concentrations (µeq L−1) in the upper

and lower Chubut River. Data from lakes and rivers draining to the Pacific Ocean included for
comparison. Likewise, the evolution of weathering for Sierra Nevada (USA) rocks, as determined
in ephemeral springs and deep groundwater (Garrels and Mackenzie 1967). Data uncorrected for
rainfall; notice logarithmic axes. Diagram after Gaillardet et al. (1999)

more pronounced supply of weathering products from silicates and evaporites than
of carbonates. It is also interesting to notice that some samples plot close to the line
representing the composition of ephemeral springs, implying a relatively brief rock-
water interaction, whereas other are closer to the composition of groundwater (i.e.
longer rock-water contact time). The chemical data for springs and groundwater was
collected in the Sierra Nevada (USA), and reflects the weathering of variable propor-
tions of plagioclase, biotite, and K-feldspar (spring), and of plagioclase, biotite, and
calcite (deep groundwater). The exercise (Garrels andMackenzie 1967) was a recon-
struction of source minerals, reproduced by Drever (1997). In ephemeral springs the
overall reaction was:

177 plagioclase + 7.3 biotite + 13 K - feldspar (+H2O + CO2)

= 133 kaolinite + 110 Na+ + 68 Ca2+

+ 22 Mg2+ + 20 K+ + 270 SiO2 + 310 HCO−
3

It appears, in terms of the Na+-normalized Ca2+ and HCO3
− concentrations,

that the geochemical reconstruction computed by Garrels and Mackenzie (1967)
fits reasonably well with both, springs with brief and groundwater with extended
rock-water contact.
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Fig. 8 Variability of Na+-normalized Ca2+ and HCO3
− concentrations (in µeq L−1) in the

Senguerr-Chico drainage basin. The geochemical signature of the flow-obstructed system contrasts
markedly with the Chubut River. Other characteristics as in Fig. 7

In a similar albeit contrasting diagram, Fig. 8 shows the chemical composition
of the Senguerr-Chico system. In this case, data falls close to the ephemeral spring
composition of Garrels and Mackenzie (1967) (i.e. probably due to the deceptive
effect of carbonate precipitation and the removal of Ca2+ and HCO3

− from the
solution). The system evolves towards a high ionic strength solution through the
loss of water by evaporation that affects the Colhue-Huapi Lake and Chico River. A
chemical divide, such as the one described by Drever (1997), surely functions and
gypsum probably precipitates, leaving a solution which, in molar terms, is rich in
Na+, Cl−, SO4

2−, Ca2+, Mg2+, and CO3
2− (Scapini and Orfila 2001).

The graph of Ca2+/Na+ versus Mg2+/Na+ (Fig. 9) shows a different scenario;
where the weathering of Mg-bearing minerals seems to play a more important role
in waters that probably undergo an extended rock-water contact. The reconstruction
of weathering reactions during deeper circulation (Garrels andMackenzie 1967), for
example, show a more important character to Sierra Nevada’s biotite and calcite as
solute suppliers. In this case, the overall reaction was:

175 plagioclase + 14 biotite + 115 calcite (+H2O + CO2)

= 81 smectite + 33 kaolinite + 109 Na+ + 167 Ca2+ + 42 Mg2+ + 12 K+

+ 539 HCO−
3 + 137 SiO2
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Fig. 9 Variability of Na+-normalized Mg2+ and HCO3
− concentrations (in µeq L−1) in the upper

and lower Chubut River. Data from the Senguerr-Chico system and the Pacific seaboard have been
included for comparison. Other characteristics as in Fig. 7

Due to different geological conditions, there are minerals which are present in
Chubut’s drainage basin and absent or scarce in the Sierra Nevada and, hence, were
not included in Garrels and Mackenzies’ exercise. Such is the case, for example, of
olivine, a mineral which hydrolyzes easily, common in mafic rocks, and a significant
source of Mg and/or Fe:

(Fe,Mg)2SiO4 + 4 H2O = Fe2+ + Mg2+ + H4SiO4 + 4OH−

In any event, it is important to look into the susceptibility of minerals to
weathering, regardless of the rock involved.

In the Chubut River, SO4
2− can be supplied by gypsum-bearing beds, by evapor-

ites, or by redox reactions which involve sulfides, like pyrite. The latter is particularly
important in glacial environments (e.g. Chillrud et al. 1994; Calmels et al. 2007).
The reaction generates H2SO4, which assists in the dissolution of other minerals
including carbonates, silicates and other sulfides:

4FeS2 + 15O2 + 14H2O = 4Fe(OH)3 + 16H+ + 8SO2−
4

This reaction is of particular importance in the subglacial and proglacial environ-
ments, where it is the dominant process producing solutes (Tranter 2005).2 It must

2 According to Argentina’s glacier inventory (https://www.argentina.gob.ar/ambiente/agua/glacia
res/inventario-nacional), there are over 1500 ice and rock glaciers and snow buildups in Chubut’s
Andean region, covering a surface area of ~225 Km2.

https://www.argentina.gob.ar/ambiente/agua/glaciares/inventario-nacional
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Fig. 10 SiO2 versus SO4
2− in the Chubut, Senguerr-Chico and in rivers and lakes of the Pacific

seaboard. The graph shows the likely subglacial origin of Andean samples. Subglacial SO4
2− may

have contributed as well to the samples that plot above the 400 µeq L−1 line

be kept in mind, however, that the maximum SO4
2− concentration resulting from

sulfide oxidation in O2-saturated surface waters is ~400 µeq L−1. Subglacial waters
triplicate this concentration (Tranter 2005).

Figure 10 shows the variability of SiO2 and SO4
2− concentrations in the Chubut

River, in the neighboring Senguerr-Chico system, and in Andean lakes and rivers
draining to thePacificOcean.HighSiO2 andSO4

2− concentrations in lakes pertaining
to the Senguerr-Chico drainage suggest, for some samples, a likely subglacial origin
(e.g. Tranter 2005). The O2-supersaturated subglacial environment is propitious for
the dissolution of other minerals besides pyrite. The alteration of the Fe-olivine (i.e.
fayalite) is another example of dissolution in an O2-rich environment, producing
silica and Fe oxide:

2Fe2SiO4 + O2 + 4H2O = 2Fe2O3 + 4H4SiO4

Sulfate determined in other samples plotting above the 400 µeq L−1 boundary
may also be a mixture of subglacial SO4

2−, outcropping salty groundwater, or from
gypsum-rich beds and/or evaporites, whereas those falling below the boundary prob-
ably have a restricted SO4

2− contribution from sulfide oxidation in surface waters
saturated with O2, along with other usual sources of SO4

2−.
The Sr concentration and isotope composition of river waters are largely defined

by the mixing of Sr derived from limestones and evaporites (i.e. low 87Sr/86Sr, basi-
cally nonradiogenic), with Sr resulting from the weathering of silicate rocks (i.e.
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Fig. 11 87Sr/86Sr ratio (red symbols) and Ca2+ concentrations (dark symbols) plotted against 1/Sr.
The Sr isotopes suggest that Ca2+ is mostly supplied by limestone/carbonates

moderate to high 87Sr/86Sr, radiogenic). In the Chubut River, the samples collected
for isotopic analyses (Pasquini et al. 2005) showed low, nonradiogenic 87Sr/86Sr
ratios, which fluctuated between 0.706340 (Rb/Sr = 1.05 × 10–3) and 0.706538
(Rb/Sr = 6.06 × 10–3), thus suggesting an origin associated with limestones and
evaporites. Sr frequently replaces Ca in crystalline structures and in the Chubut
River; Ca2+ shows a significant covariation with Sr, thus denoting a common source
(Fig. 11).

3.3 The Organic Load

Dissolved organic carbon/matter (DOCorDOM) is the result of organicmatter decay.
Autochthonous DOC (i.e. originating from within the river or lake) usually comes
from aquatic plants or algae, whereas it is known as allochthonous DOC when it
has a source external to the water body (i.e. organic soils and decaying terrestrial
plants or organisms supplying carbon). In water bodies, DOC is complemented by
readily decomposable particulate organic carbon (POC),3 which is separated in water
samples by sieving or filtration. This fraction includes organic detritus and plant

3 Also reported as particulate organic matter or POM.
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Fig. 12 Plot of DOC versus pPCO2 in the Chubut River (Black symbols are tributaries). The
correlation suggests that ~40% of the variability in the CO2 partial pressure may be accounted
for by the respiration of DOC by heterotrophic bacteria. The outlier symbol corresponds to an
exceptional flood event

material, algae, and pollen, partly decomposed through heterotrophic consumption
(e.g. Killops and Killops 2005).

DOC, POC, and nutrients were determined in an earlier exploratory investigation
on the biogeochemical typology of Patagonian rivers (Depetris et al. 2005). The
study showed low DOC concentrations,4 between 164 and 258 µmol L−1 (i.e. mean
concentration of 177 µmol L−1), thus reflecting the scarcity of organic-rich soils
in Chubut’s drainage basin. These concentrations allow to compute a DOC specific
yield of only ~6.3 mmol m−2 y−1.

As stated above, DOC in rivers usually consist of amounts of biodegradable
residues which are rapidly recycled, and more important quantities of a biolog-
ical refractory residue (e.g. poorly biodegradable leftovers of organisms). Labile
organic matter, when respired by heterotrophic bacteria, produces CO2, in reactions
like (CH2O)n + nO2 = nCO2 + nH2O.

There is, therefore, a frequent association in water bodies between DOC and
the CO2 partial pressure (i.e. PCO2). Figure 12 shows that in the Chubut River
there is a significant positive correlation between DOC and pPCO2 (i.e. pPCO2 =
log10 PCO2), implying that a part of DOC (i.e. the labile fraction) is respired by

4 The global DOC average concentration fluctuates between ~400 and 480 µmol L−1 (Perdue and
Ritchie 2005).
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heterotrophs, increasing PCO2 in the water and thus affecting the concentration of
dissolved inorganic carbon (DIC).5

Chubut’s POCaverage concentrationwas ~110µmolL−1 (i.e. fluctuating between
91 and 141 µmol L−1), also drastically below mean global values (i.e. 330–
400 µmol L−1, Perdue and Ritchie 2005). Therefore, POC’s specific yield in the
Chubut River was 4.2 mmol m−2 y−1 (Depetris et al. 2005). Accordingly, mean total
organic carbon (TOC) in the Chubut River was ~290µmol L−1 (i.e. ~60% accounted
for by DOC), with a mean TOC yield of ~10.5 mmol m−2 y−1.

In the Chubut River, ~2.5% is the average relative contribution of POC to total
suspended sediment (TSS), whereas the mean carbon to particulate nitrogen (PN)
ratio in TSS (POC/PN) is ~5, thus suggesting a meager proportion of soil-derived
carbon and a dominant autochthonous origin (i.e. mostly phytoplankton) for the
organic matter transported downriver. With the exceptional instance of the Gallegos
River,6 this condition is common in the remaining Patagonian rivers (Depetris et al.
2005).

Summingup, theChubutRiver is amesotrophicwater body (i.e. having amoderate
amount of dissolved nutrients). Runoff was identified as the most important variable
controlling the organic load (i.e. TOC) which is exported from Patagonia to the SW
Atlantic Ocean’s coastal zone (i.e. ~115 109 g y−1). The Chubut River is expected
to supply ~3.5% of such load (Depetris et al. 2005).

4 Sediments

Sediments in fluvial systems can be conveyed in suspension or as bed load along the
riverbed. The term total suspended sediment (TSS) usually denotes solids coarser
than 0.45µm.Bed load is difficult tomeasure and is usually assumed that it represents
a relatively small fraction of the total sediment load (e.g. ~10%,Milliman andMeade
1983), although it may be considerably higher in steep mountainous streams or
somewhat lower in larger meandering rivers (Milliman and Farnsworth 2011). In
any case, the flux of sediments to coastal oceans is taken as an image of the physical
denudation of continents (Milliman and Farnsworth 2011, and references therein).

4.1 TSS Yield and Transport

The instantaneous discharge and TSS concentration in the Chubut River are non-
linearly correlated, as measured at the Los Altares gaging station (http://bdhi.hid
ricosargentina.gob.ar/) (Fig. 13). The statistical analysis of the TSS data shows a
significant log-normality and, hence, its geometric mean is ~196 mg L−1 (N = 317

5 DIC = (CO2*) + (HCO3
−) + (CO3

2−), where (CO2*) = (CO2) + (H2CO3).
6 Mean POC/PN ≈ 10, thus suggesting a dominant origin in the terrestrial environment.

http://bdhi.hidricosargentina.gob.ar/
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Fig. 13 Chubut River at Los Altares. Nonlinear relationship between instantaneous discharge and
TSS concentration. Notice that some storm events may determine TSS concentrations ~1 g L−1.
Both axes are logarithmic

measurements). The lower quartile (i.e. 25% of the data is below) is ~71 mg L−1,
whereas the upper quartile (i.e. 75% of the data lies below) is ~443 mg L−1. Clearly,
the Chubut River is subjected to sporadic storm events that trigger very high TSS
concentrations (e.g. over 2 g L−1).

On the basis of the above calculatedQg at LosAltares (i.e. ~36m3 s−1) it is possible
to compute a mean sediment transport rate of ~222.5 103 T y−1 or 610 T d−1. It is
possible, however, that during torrential storms the daily transport exceeds 7000 T.
The resulting mean sediment yield at Los Altares is ~14 T km2 y−1 (i.e. a measure
of relatively low denudation). It is worth mentioning that a significant portion of the
sediment load generated in the upper basin is retained at the Florentino Ameghino
reservoir lake and—given the scarce vegetation cover, and the bare and loosened sedi-
ment outcrops that predominate in the lower valley-, more sediment is likely eroded,
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added to the sediment load that bypasses the dam, and consequently transferred
downstream, to the coastal zone.7

Pasquini et al. (2005) studied the nature of weathering, denudation, and the prove-
nance of river bed sediments in the Chubut River system. A rating curve computed
with data collected at the city of Trelew (i.e. ~25 km upstream the mouth) allowed to
approach themeanTSS concentration. The equation [TSS (mgL−1)= 0.8493Q1.3856]
delivered a concentration range that fluctuated between ~80 and ~190 mg L−1 for
the most frequent discharges at that particular gaging station.

The denudation rate computed at the time for the total Chubut drainage basin was
~25 T km2 y−1; the use of empirical models developed by Ludwig and Probst (1998)
supplied denudation rates that fluctuated between 19 and 32 T km2 y−1. The Chubut
River supplies an estimated ~3% of the TSS exported from Patagonia to the SW
Atlantic coastal zone (Depetris et al. 2005).

4.2 The Geochemical Signature of Sediments

Another findingwas that thematerials removed from the drainage basin and exported
to the coastal zone are barely modified by chemical weathering (i.e. the mean chem-
ical index of alteration—or CIA—of riverbed material is ~55, relatively close to
47, themean value calculated byMcLennan (1993) for the Earth’s Upper Continental
Crust—UCC-) and exhibit a typical chemical and mineralogical signature character-
istic of volcanic arcs. Hence, in spite of flowing toward a passivemargin, the sediment
bed load retains a geochemical signature typical of active margins, as Potter (1994)
pointed out. Moreover, Pasquini (2000), and Pasquini et al. (2005) highlighted the
features indicative of repeated weathering, supporting the view that, in the Chubut
River drainage basin, most materials may have passed at least twice through the
exogenous cycle (i.e. sedimentary recycling). Gaiero et al. (2004) probed into the
significance of the rare earth elements (REE) signature in Patagonian wind- and
river-borne sediments as provenance tracers.

Figure 14 shows the upper continental crust (UCC)-normalized REE extended
diagrams (i.e. spidergrams) of Chubut River bed and suspended sediments (TSS)
(Pasquini et al. 2005). Bed sediments are more depleted in light REE (i.e. LREE,
La–Gd) than the TSS and have a conspicuous Eu anomaly, similar to the one exhib-
ited by a typical Andean andesite (i.e. Average Andean Arc—AAA-). The REE of
TSS exhibit a flatter pattern, a slightly depleted in LREE and enriched in heavy REE
(i.e. HREE, Tb–Lu), and most plot above the Sample/UCC line. In general, they
resemble the post-Archean Australian shale (PAAS), with a barely discernible Eu
anomaly. Figure 14 ultimately shows the fractionation of the source rocks into a
coarser fraction, transported along the channel bed and which, due to meager chem-
ical weathering, is close to the dominant andesite. The finer size-fractions (i.e. TSS)

7 The Los Altares gaging station is 230 km upstream from the city of Trelew and over 250 km from
the estuary.
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Fig. 14 Rare earth element spider diagrams (i.e. or spidergrams) of Chubut River bed and
suspended sediments, normalized to the upper continental crust (UCC). Bulk bed sediments are
similar to a typical Andean andesite, whereas TSS resemble an average mudstone. Post-Archean
Australian Shales (PAAS) from McLennan (1989), Average Andean Arc (AAA) from http://www.
geokem.com/

represents the ultimate weathering product, which is enriched in REE in general
(i.e. the higher specific surface area results in a higher adsorption), but in HREE in
particular, and resembles typical mudstones (e.g. PAAS).

5 Summary and Final Comments

The Chubut is a medium size river, typical of Patagonia in several aspects: its active
catchments are near the Andes, where it receives most of the atmospheric precipi-
tations; it crosses eastbound the arid and wind-swept plateau, and annually delivers
a rather limited freshwater volume (i.e. ~1.1 km3) to the SW Atlantic. In operation
since 1963, the Florentino Ameghino dam supplies hydroelectric power (46.9 MW)
and irrigation, which mainly supports the intensive agricultural activities that take
place in the lowermost valley. Human impact is, hence, mostly localized in the river’s
lower reach where two important cities—Trelew and Rawson—are located.

In the Chubut River upper catchments, atmospheric precipitations (i.e. rain- and
snowfall) occur between May and August (austral fall and winter), when ~62%
of the total annual water volume is supplied to the drainage basin (Moyano and
Moyano 2013). Accordingly, the discharge regime shows a mixed behavior in the
upper gaging stations (i.e. Nacimiento, El Maitén, and Los Altares), accounted for
by rainfall/snowfall in the (austral) winter months, and snow/ice melt, starting in
September. The effect of the mountainous rain shadow—and the resulting aridity—
is shown in the specificwater yield, which varies from11.6 L s−1 km−2 (Nacimiento),

http://www.geokem.com/
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to 13.5 L s−1 km−2 (El Maitén), down to 2.2 L s−1 km−2 (Los Altares). The specific
water yield becomes even lower at Valle Inferior (1.1 L s−1 km−2). The decrease
in water yield is not only attributable to the increase of surface area, but also to
the amplified consumptive use of water (i.e. water removed from the river that is
evaporated, transpired by plants, incorporated into products or crops, consumed by
humans or livestock, or otherwise removed from the Chubut River).

The Chubut’s drainage basin is subjected to a weathering-limited denudation
regime. Therefore, the mineral debris produced by erosion is scantily weathered
and the mass of dissolved phases exported to the ocean is, hence, moderate. TZ+

fluctuates between medium dilute and medium mineralized water-type (1.5 < TZ+

< 3.0 meq L−1). Dilute-type waters (0.375 < TZ+ < 0.75 meq L−1) are common in
mountainous tributary streams, as well as in the antecedent rivers crossing the Andes
and flowing towards the Pacific coast. Glacial oligotrophic lakes, also pertaining in
such drainage, display very dilute concentrations (0.185 < TZ+ < 0.375 meq L−1).
Dilute and very dilute waters are of the HCO3

−–Ca2+—type, often with SO4
2− as a

subsidiary chemical species (i.e. possibly the result of subglacial pyrite oxidation).
Downstream, inmedium dilute ormediummineralized water-types, Na+, SO4

2−, and
Cl− become more important components. The analysis of different water-mixing
scenarios shows that: (a) the products of silicate weathering are ubiquitous; (b) given
the abundance of glaciers in the headwaters, sulfide oxidation in subglacial conditions
is likely to occur, generating H2SO4 that attacks limestone and other rocks; (c)
the information supplied by strontium isotopes indicates that it is linked with Ca2+

concentrations and it is mainly supplied by limestone dissolution; (d) a comparison
with the analysis performed in the Sierra Nevada (USA) (Garrels and Mackenzie
1967) suggests variable time of contact between water and rock.

The REE geochemical signature of bed and suspended sediments shows the
fractionation between coarse rock debris, sparsely attacked by chemical weath-
ering processes, and the fine size-fraction (i.e. TSS), which is the final product of
weathering processes, and bears a geochemical resemblance to typical mudstones.
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Hydrochemical Characteristics
of Mid-Low Sections of North Patagonia
Rivers, Argentina

Camilo Vélez-Agudelo, Daniel E. Martínez, Orlando M. Quiroz-Londoño,
and Marcela A. Espinosa

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 amarkedly seawater mixing
effect. Most water samples of the inland sites belong to theMg2+–Ca2+–HCO3

− type
in the Negro and Chubut rivers and to the Ca2+–SO4

2− 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 Curacó 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 a local 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 havebeen effectively andwidely 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 strongwest-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−1), while a dry to semiarid climate (200 mm year−1

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 thewesterlywinds exert a strong influence on the erosive processes
that affect the extra-Andean region (Garreaud et al. 2013; Mazzoni and Vázquez
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 patagónicos i.e. rounded rock fragments generated by erosion during
water transport (Gaitán 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 (Hernández 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 (Gaitán 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
m3 s−1 (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 m3 s−1 (1940–2016) and 48 m3 s−1 (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 González 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
González (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 tomeasure 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
(‰), conductivity (μS cm−1), and water temperature (ºC). Major ions (HCO3

−,
Cl−, SO4

−2, NO3
−, Na+, K+, Ca2+ and Mg2+), and additional chemical variables

as total hardness and silica (SiO2) 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−1), sulfate by turbidimetry
(DL 1 mg L−1), calcium (DL 0.5 mg L−1) and magnesium (DL 1 mg L−1) by
complexometric titrations with EDTA, sodium (DL 0.2 mg L−1) and potassium (DL
0.1 mg L−1) by flame spectrometry, bicarbonate (DL 0.5 mg L−1) by potentiometric
titrations, total silica by means of silico-molybdate method (DL 0.2 mg L−1) and
nitrate by a spectrophotometer Hach DREL 2800 method (DL 0.5 mg L−1).

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 HCl 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
elementswere used to analyse the relative concentration of the different ions and their
interaction, aswell 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 andAppelo 1999).All descriptive and ordination analyseswere 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 p value CH–RC CH–RN RC–RN

pH 27.5 *** *** *** ns

Conductivity (mS cm−1) 46.1 *** *** ** ***

Temperature (°C) 7.7 * * ** ns

Salinity (‰) 60 *** *** ns ***

Hardness (mg L−1) 46 *** *** ns ***

SiO2 (mg L−1) 17.9 *** * * ns

HCO3
− (mg L−1) 29.5 *** *** ns ***

Cl− (mg L−1) 40.5 *** *** ns ***

SO4
2− (mg L−1) 47 *** *** ns ***

NO3
− (mg L−1) 5.6 ns ns * ns

Ca2+ (mg L−1) 46.3 *** *** ns ***

Mg2+ (mg L−1) 24.9 *** *** ns ***

Na+ (mg L−1) 44.4 *** *** ns ***

K+ (mg L−1) 31.3 *** *** ns ***

CH Chubut river, RC Colorado river, RN Negro River
ns non-significant, p, significance level: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001

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
× 10–6), 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 hardwaters (average total hardness of 180.8mgL−1 and 164.9mgL−1,
respectively), while the Colorado River was considered as very hard water (average
total hardness of 576.1 mg L−1). Comparatively, the Negro River had the lowest
average concentrations of bicarbonate irrespective of the season (123.3 mg L−1 in
summer and 97.2 mg L−1 in winter). In Colorado and Negro rivers the concentrations
of this variable increased in summer and decreased in winter, but this seasonal trend

Fig. 5 Beanplots of physical and hydrochemical variables measured in inland areas (without estu-
arine sites). Asterisk (*) denotes the river that shows significant differences (α = 0.05) based on
Kruskal–Wallis and Dunn post hoc statistical tests
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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−1 to 8.5 mg L−1 in the Colorado
River, from 0.3 mg L−1 to 14.1 mg L−1 in the Negro River and from 0.1 mg L−1

to 12.2 mg L−1 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−1 and 12.1 mg L−1 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

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, Cl−,
SO4

2−, Na+, Ca2+, Mg2+ 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. 6c), the first axis was highly corre-
lated with conductivity, salinity, total hardness, HCO3

−, Cl−, SO4
2−, Na+, Ca2+,

Mg2+ and K+. Sites from the Colorado River showed a strong linear relationship
with this component.

The second component was mainly associated with pH and SiO2 as well as with
the sampling sites of the Negro and Chubut rivers. Except for HCO3

−, 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 theColoradoRiver. The second axiswasmainly associatedwith pH,
SiO2, NO3

− andHCO3
−. Sites from the Chubut River were positively correlatedwith

pH, SiO2 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 Mg2+–Ca2+–HCO3

− type, evolving towards Na–Cl waters. The Colorado
River belongs to the Ca2+–SO4

2− hydrochemical facies (Back 1960) with a Na–
Cl–SO4

2− member, close to seawater composition. The Negro River is mostly of
the Mg2+–Ca2+–HCO3

− type in summer, and divided into Mg2+–Ca2+–HCO3
− and

Mg2+–Ca2+–SO4
2− types in winter, with a Na–Cl 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 SO4

−2 (Fig. 9a) and all the
cations, but mostly Na+ (Fig. 9b). At the continental area the contents of the different



168 C. Vélez-Agudelo et al.

Fig. 7 Gibbs diagram showing major processes controlling surface water chemistry in the
Colorado, Negro and Chubut rivers

ions are quite homogeneous, with an observable SO4
−2, Cl−, Na+ and Ca+2 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–Cl 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 Curacó 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,
HCO3

−/SiO2 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 RC05, 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 SIcalcite between −0.5 and 0.5, which is
considered the equilibrium fringe. About 25% of the samples are subsatutared in
calcite, beingmostly samples of theNegroRiver, 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.

ISdolomite 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. ISgypsum 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+/Cl− 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 Ca2++Mg2+ against HCO3

−+SO4
2− 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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Fig. 9 Averagewinter-summer contents from river discharge at the inland towards theOcean (point
1) a for anions chloride and sulfate, and b cations sodium, calcium and magnesium

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
patagónicos, 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 Ca2+ and SO4
2− 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 Ca2+ and SO4

2− originate from the dissolution of
gypsum. Figure 10c shows that most inland water samples of the Negro and Chubut
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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

2−
in these rivers. Meanwhile, the water samples of the Colorado River deviate from
the expected 1:1 line, displaying an excess of SO4

2− over Ca2+.
When the dissolution of dolomite and calcite controls the concentration of Ca2+,

Mg2+ 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 Ca2+ and Mg2+. This fit of the
HCO3

− against Ca2+ + Mg2+ 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 Ca2+ and Mg2+ 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 Ca2+ and
Mg2+ in the Colorado River.

Theminimum,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 SIcalcite, 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
RN01 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 pHmeasurement
implies 0.5 units of SIcalcite (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+2 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 Curacó 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 Curacó River are discharged into the
Colorado River. This behavior also explains the Ca2+-SO4

2- 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 thesematerials mostly by thewind 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 inmost 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 CO2. 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 theColorado andChubut 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 Mg2+–Ca2+–HCO3
- water type, but the

HCO3/SiO2 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 upstreamof the study section favor the silica
precipitation lowering the HCO3/SiO2 ratio. In both rivers, water is equilibrated with
calcite along the courses, being the reaction controlling the dissolved ion contents.
The SIcalcite 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 SIcalcite values in equilibrium
values, according to the chemical reactivity of the rodados patagónicos (Baumann
et al. 2019). On the other hand, Colorado River SIcalcite is mostly supersaturated due
to the mentioned discharge of Ca+2 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+2. As a consequence of the Ca+2
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increase the ionic activity product of Ca+2 and HCO3
− equals the calcite equilibrium

constant, resulting in calcite precipitationwhich 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−1, 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 stronglymodified and conditioned by processes taking place during runoff
in the extra-Andean zone. HCO3

−/SiO2 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 patagónicos, 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 Mg2+–Ca2+–HCO3

− 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,
theColoradoRiverwaters are of theCa2+–SO4

2− type due to contributions of gypsum
dissolution in the Upper Basin and by irregular brackish discharges from the Curacó
River. This discharge of highCa2+ 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 Cl- 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, Cl− 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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Hydrochemistry of Patagonian Wet
Meadows (Mallines) Under Different
Geological Frames
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Abstract Surface water resources of Extra-Andean Patagonia are scarce, being the
large rivers that cross the entire territory from the Andean cordillera to the Atlantic
coast the main water supply for human activities. However, the large part of the area
without permanent watercourses has small springs that give rise to wetlands known
as mallines (wet meadows), of great environmental relevance due to the ecosystem
services they provide. These wet meadows are sustained by groundwater, which
gives them great variations in hydrochemical characteristics. These variations result
from groundwater interaction with rocks and sediments through which it flows. To
reflect this variability, four areas with wetmeadows in different geological frames are
described within Extra-Andean Patagonia, distributed according to the major geo-
geomorphological regions: one sector in northern Patagonia, within the Mountain
Sector of the Neuquén Embayment (Domuyo area); another in the coastal sector,
associated with the Patagonian Tableland (Península Valdés), one on the center asso-
ciatedwith theSomúnCuráMassif (Carri Laufquen sector); and the fourth in southern
sector, associated with the Deseado Massif.
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1 Introduction

“Mallín” is an aboriginal termpertaining to theMapuche nation language that denotes
flooded areas with herbaceous ground cover (Ruiz Leal 1972;Wilhelm deMoesbach
1980). According to the definition of wetland provided by the RAMSAR Conven-
tion, mallines are a particular type of wetland denominated wet meadows (Canevari
et al. 1999). In wetlands, water is the primary factor controlling the environment
and associated plant and animal life, whereas its presence is determined by the
geomorphological emplacement (Brinson and Malvárez 2002).

From the physiographic approach, two contrasting sectors can be distinguished
in Patagonia: (1) the Patagonian Andes in the west sector and (2) the Extra-Andean
Patagonia, extending east from the central sector to the Atlantic Ocean. The main
feature of Extra-Andean Patagonia is the presence of extensive plains of different
origins and ages, placed at different levels. This relief is occasionally interrupted by
the appearance of rocky cliffs, lava plains (plateaus), and low mountain hills (Bouza
and Bilmes 2020). This physiographic division is also accompanied by changes in
climatic conditions. The Andes Cordillera strongly affects the regional climate by
blocking the disturbances from westerly flow, therefore it gives rise to the precip-
itation over this area and influences wind patterns and precipitation in the whole
region (Insel et al. 2010; Coronato et al. 2008). Uplift on the West side of the Andes
leads to hyper humid conditions, while downslope subsidence dries the eastern plains
leading to arid and highly evaporative conditions (Garreaud et al. 2013), resulting in
a strong West–East gradient of precipitation across the region (Barros et al. 1979).
On theWest side of the Andes, the amount of annual rainfall exceeds 2000 mmwhile
eastward the total annual precipitation decreases exponentially (Fig. 1), where most
of the central portion of Patagonia receives less than 200 mm per year.

This distribution of precipitation is responsible for the abundance of lakes and
rivers in the Andean sector, while in the Extra-Andean sector the main surface water
manifestations are reduced to those rivers with Andean headwaters and Atlantic
discharge (Fig. 1). In this context,mallines acquire vital importance as water sources
for the sustenance of local fauna and the supply of local inhabitants (Epele et al.
2018). In Extra-Andean Patagonia, it is possible to find, with variations in their
hydrological and hydrochemical characteristics,mallines in the different geological-
geomorphological settings.

For this chapter, four areas with wet meadows in different geological frames
are described within Extra-Andean Patagonia, distributed according to the major
geological-geomorphological regions (Bouza and Bilmes 2020): one sector in
northern Patagonia, within the Mountain Sector of the Neuquén Embayment
(Domuyo area); another in the coastal sector, associated with the Patagonian Table-
land (Península Valdés), one on the center associated with the Somún Curá Massif
(Carri Laufquen sector); and the fourth in the southern sector, associated with the
Deseado Massif (Fig. 1).
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Fig. 1 Argentinean Patagonia map showing the regional annual rain distribution, the main
geological-geomorphological units, and the location of the study sites. 1. Domuyo, 2. Península
Valdés, 3. Carri Laufquen, 4. Deseado Massif
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2 Wet Meadows in the Mountain Sector of the Neuquén
Embayment. Domuyo Sector

The Mountain Sector of the Neuquén Embayment (Bracaccini 1970), includes two
range systems with N-S orientation where the Domuyo volcano is located, which
is the highest peak in Patagonia. The Domuyo Natural Protected Area is located
in the north of Neuquén, Argentina (Fig. 2), and comprises an area dominated
by Cenozoic volcanism (Brousse and Pesce 1982; Zanettini 2001; Miranda et al.
2006; Galetto et al. 2018). Within the Domuyo Natural Protected Area, the Domuyo
Geothermal Field takes place, characterized by the presence of geothermal mani-
festations composed of aqueous solutions of high temperature, which result from
ascending convective circulation of groundwater mainly of meteoric origin, through
fissure systems and permeable layers (Panarello et al. 1992; Chiodini et al 2014; Tassi
et al. 2016). This region presentsmountainous reliefwith steep valleys carved by both
glacial and fluvial processes (Zanettini 2001), where wet meadows formed related to
small courses in the headwaters and lower basin sectors of streams crossing the area.
The ones found in the headwaters of intermontane streams are associatedwith springs
(Fig. 2a, b). Draining water infiltrates when it passes through the more permeable
uncosolidated sediments, which are derived from mass removal processes. This, in
turn, generates a shallow groundwater flow in the wet meadows area.

When both groundwater and surface water reach the slopes of the fluvial valleys,
water cascades in the streams (Fig. 2b, c). The wet meadows located in the down
basin of the intermontane streams are mostly developed on reliefs with gentle slopes,
favouring a large areal extension over the fluvial plains (Fig. 2c, d). These originate
when the gullies intercept the water table generating a groundwater discharge zone
that drains in an indirect manner.

In the middle basin sector of the streams, a geothermal water area is devel-
oped (Fig. 2a). Geothermal waters have an average temperature of 66.5 °C with
immature shallow water characteristics (according to Giggenbach 1986) and typi-
cally sodium chloride facies, with electrical conductivity (EC) values between 1485
and 9610 μS cm−1 and pH between 7.17 and 8.8. These geothermal waters present
contrasting physicochemical characteristics with respect to the springs that support
the wet meadows, mainly those located in the headwaters sector. The groundwater
that sustains thewetmeadows in the headwaters sector has calciumbicarbonate facies
and has a mean temperature close to 11 °C, low EC with values between 21 and 118
μS cm−1 and neutral pH. Conversely, groundwater that sustains the down basin wet
meadows is of sodium chloride type with temperature and EC considerably higher
than those previously described, reaching an average temperature of 21 °C and an
EC variation between 347 and 1741 μS cm−1, although no significant differences
are observed in relation to pH values.

The δ2H versus δ18O isotopic relationship shows that water of themallines follows
a trend similar to that of the local meteoric line established for the locality of San
Rafael, Mendoza, located about 300 km from the study area (Hoke et al. 2013). For
their part, the geothermal discharges deviate from the meteoric line with a clear trend
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Fig. 2 Satellite image of the study area of the Domuyo sector with the sampling points and Stiff
diagrams in each of them (a). Photographs ofmallines of headwaters (b, c) and the lower basin (d).
Bivariate diagrams of environmental isotopes (e) and in relation with electrical conductivity (f).
LML: local meteoric line is δ2H‰ = 29 δ18O‰ + 11.75 (Hoke et al. 2013)
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towards an isotopic enrichment in δ18O without recording considerable variations in
δ2H (Fig. 2e).

These isotopic signals show different processes within the study area, the NE
and E sectors of the high summits constitute the hydrological recharge area where
precipitations are composed mainly of snow, which is dominant during winter and
accumulate forming mantles (Bran et al. 2002). During spring and summer, the
snow-melting water partly runs off through the valleys of intermontane streams,
while another part infiltrates the fractures and pores of rocks. This recharge due
to rainwater seepage is evidenced in the isotopic content of all the samples from
wet meadows which are located around the local meteoric line. On the other hand,
thermal spring’s water samples show enrichments in δ18O compared to δ2H, a typical
trend of geothermal environments (Clark 2015). Since this deviation occurs from
the meteoric line (Fig. 2e) it is interpreted that geothermal water result from the
interaction between meteoric waters that infiltrate and igneous bodies in cooling
and/or magmatic set chambers, which supply heat as defined in previous studies that
analyzed the origin of geothermal water (Panarello et al. 1992; Chiodini et al. 2014;
Tassi et al. 2016).

A joint analysis of the geological-geomorphological, chemical and isotopic char-
acteristics shows clear differences between the headwater and lower basin wet
meadows (Villalba et al. 2020). Wet meadows from headwaters are associated with
springs located near the areas of groundwater recharge. If analyzed at a regional
scale, it can be seen that they are aligned along a NNW-SSE to N-S (Fig. 2a) due to a
structural control given by a regional fault called Manchana Covunco Fault (Galetto
et al. 2018). This structure gives rise to an abrupt topographic change that intercepts
the water table, causing groundwater to discharge in form of springs which supports
wet meadows located in the headwaters area of the streams. Isotopic signal, similar to
the composition of meteoric water, indicates that these headwater areas are recharged
by snowmelt, which also leaves its mark on water temperature with an average of
11 °C. The high slopes at headwaters and the short paths of the groundwater flow
mean that the interaction of water with rocks and sediments is not sufficient for it to
acquire an important quantity of salts (Tóth 1999), which would explain its low EC.
Trends in the increase of the ionic content without isotopic enrichment are evidenced
by the incorporation of salts product of dissolution or alteration of minerals in the
rocks (Clark 2015). This dissolution would be mainly associated with carbonates
and would be responsible for the presence of calcium bicarbonate type chemical
facies that characterize these wet meadows. In wet meadows of down basin areas,
the slopes are less steep and groundwater discharge is frequently close to river valleys
in sectors of gullies that intercept the water table. The higher temperature, salinity,
sodium chloride facies are similar to those of thermal springs, which probe that a
geothermal influence is present in thewater chemistry of thesewetmeadows (Villalba
et al. 2020). This influence is also evidenced in the isotopic signal and in the rela-
tionship δ18O versus EC (Fig. 2f). Although, wet meadows water still corresponds
to freshwater as seen in the EC values measured, indicating that the influence of
geothermal water is not that pronounced.
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3 Wet Meadows in the Patagonian Tablelands. Península
Valdés Sector

The regional geomorphology of the tableland landscape is a succession of old fluvial
and glacifluvial terrace levels constituted by aggradational surfaces of sandy-gravel
deposits (Fidalgo and Riggi 1970; Funes et al. 2017). These terrace levels are devel-
oped, in the Península Valdés, over marine Cenozoic sediments constituted by sand-
stones, coquinas, pelites, and tuffs (Haller et al. 2005). In sectors, these plains are
interrupted by endorheic basins and discontinuously covered by aeolian deposits
assigned to the Late Glacial/Holocene period (Trombotto 1998; Bouza et al. 2017).
The Quaternary, which partially covers these geological units, is formed by colluvial,
alluvial, aeolian, and lagoon deposits, the latter coming from small temporary and
shallow depressions (pans).

In the southern sector of the Península Valdés, there are two endorheic basins,
carved on these terraces, whose depressions reach values of −40 and −10 m a.s.l. In
their lower sectors there are two salt ponds, Salina Grande and Salina Chica, and on
the pediments of the endorheic basins at a topographic level close to the salt ponds
wetmeadows are found. To the south of the endorheic basins, covering the tablelands,
is an eolian field with vegetation-stabilized dunes and active dunes (Fig. 3a). The
mallines that develop on the southern flank of the endorheic basins (Figs. 3b, c, d) are
the result of the intersection of the topography with the aquifer found in the Tertiary
sediments (Alvarez et al. 2010, 2020).

Groundwater in the southern sector associated with the aeolian fields is of low
salinity, with EC less than 2000 μS cm−1 and pH between 7.3 and 8.3 and of sodium
chloride bicarbonate to chloride sodium type. In contrast, groundwater in the table-
lands without aeolian deposits above them, such as those found north of the Salinas
Grande and Chica, are brackish, with EC greater than 20,000 μS cm−1, neutral to
slightly alkaline pH and sodium chloride to sodium chloride sulfate type (Fig. 3a).
In turn, the springs that feed the mallines located on the southern slopes of the
endorheic depressions have EC between 1500 and 2500 μS cm−1 south of the Salina
Grande salt pond and 4500 μS cm−1 south of the Salina Chica salt pond and pH
between 7.2 and 8.4, all of chloride sodium type.

The δ2H versus δ18O isotopic relationship shows that the water of the dune fields
and the wet meadows follow a trend similar to that of the local meteoric line estab-
lished for the locality of PuertoMadryn, Chubut, located about 100 km from the study
area (Alvarez et al. 2020), indicating a local recharge from rainwater (Fig. 3e). When
analyzing the relationship between δ18O and EC, it is observed that while the water
of the dunes maintains low conductivity values, themallines show an increase in EC
without isotopic variationwith respect to thewater of the dunes,whichwould indicate
salt dissolution processes (Fig. 3f). For their part, groundwater from the salt ponds
follows a trend similar to the local meteoric line but with an isotopic enrichment in
both δ18O and δ2H, and in the case of the groundwater from the tablelands a deviation
from the LML to lower values in δ2H (Fig. 3e). In this case, in the salt ponds, the
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Fig. 3 Satellite image of the study area of the Península Valdés sector with the sampling points
and Stiff diagrams in each of them (a). Photographs of mallines (b–d) Bivariate diagrams of envi-
ronmental isotopes (e) and in relation with electrical conductivity (f). LML: local meteoric line is
δ2H‰ = 7.26 δ18O‰ − 2.53 (Alvarez et al. 2020)

isotopic enrichment is accompanied by an increase in EC, indicating both salt disso-
lution and evaporation (Fig. 3f). Finally, in the case of the tablelands it can be seen that
although the δ18O value of groundwater is similar to that of the aeolian deposits, the
EC is much higher, which would indicate salt dissolution processes. These isotopic
signals together with the variation in chemical facies show different processes within
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the study area. The dune sector of the tablelands, with bicarbonate water type and low
saline content, constitutes the hydrological recharge area where precipitations infil-
trate and recharge the aquifer. From there, groundwater flows towards the discharge
area that occurs in the endorheic basins. In its path, groundwater dissolves salts, but
since the distance between recharge and discharge is short, it does not reach high
saline contents and low EC water mallines develop. From these mallines the water
drains towards the salt ponds where it continues dissolving salts and is concentrated
by evaporation.

4 Wet Meadows Associated with the Somún Curá Massif.
Carri Laufquen Sector

One of the most important features of the Somún Curá Massif is the presence of
basaltic plains constituting the actual positive relief, so comprising a dominant
plateau landscape. This plateau landscape is composed of mafic lava flows and
smaller volumes of silicic volcanic rocks associated with large shield volcanoes of
late Oligocene to EarlyMiocene age (Ardolino and Franchini 1993; Kay et al. 2007).
Between these dominant features, other aggradational and erosional units devel-
oped as pediment association levels, fluvial terraces and alluvial fan levels (moderns
and relicts), alluvial plains, wet meadows (mallines), and endorheic basins (Bouza
and Bilmes 2020). Related to, these basaltic plateaus is a system of two endorheic
basins that contain the Carri Laufquen Chica and Carri Laufquen Grande playa lakes
(Fig. 4a).

On the slopes of the basaltic plateaus, bordering the lakes, there are mallines
(Fig. 4b) that present spatial differences in the water type. Themallines on the slopes
of the plateau, bordering the Carri Laufquen Chica lake, have calcium/magnesium
bicarbonate water type with EC that vary between 469 and 529 μS cm−1 and pH
between 7.93 and 7.99. On the other hand, the springs that give rise to the mallines
located on the northern margin of the Carri Laufquen Grande lake are sodium sulfate
type with higher salinity (EC between 919 and 1051 μS cm−1), with more variable
pH values (between 7.83 and 8.32). In both cases, water presents an isotopic signal
similar to that of the local meteoric line (Fig. 4f) noting that in the samples of the
northern margin the increase in salinity occurs without significant variations in the
isotopic content (Fig. 4g) characteristic that evidences mineral dissolution processes
(Clark 2015). Plateau areas are recharge zones where water infiltrates rapidly thanks
to the secondary permeability provided by the fracture system that igneous plateaus
generally have (González et al. 1999;Hernández et al. 2009).Water infiltratingmakes
a short and rapid flow towards the slopes of the lakes, giving rise to the formation of
mallines and/or springs. This typeof groundwater,which sometimes is subsurface can
be reach by the inhabitants, constituting a typical source of water supply in Patagonia
(Hernández et al. 2007). The rapid infiltration of rainwater or water from snowmelt
and the short interaction time between the water and the basaltic rock, where it could
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Fig. 4 Satellite image of the study area of the Carri Laufquen sector with the sampling points
and Stiff diagrams in each of them (a) Photographs of mallines (b–e); Bivariate diagrams of envi-
ronmental isotopes (f) and in relation with electrical conductivity (g) LML: local meteoric line is
δ2H‰ = 6.96 δ18O‰ − 4.68 (Dapeña and Panarello 2008)

acquire salts, give these waters characteristics of low salinity and calcic/magnesian
bicarbonate (in the southern sector) and sodium sulfate (in the northern sector) facies,
in all cases with EC below 1051 μS cm−1. In the first ones, whose EC is lower, the
dominant processes would be the alteration of basalts. In the case of the sodium
sulfate water type, whose EC is slightly higher, they are found further away from
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the edge of the plateau, being in contact with mass removal sediments and other
sedimentary rocks. The alteration of minerals in these sediments and the presence of
sulfate minerals typical of arid areas such as thenardite would add salts to the water,
determining the presence of low-salinity sulfate facies (Pasquale Pérez et al. 2019).

In this area, mallines environments also develop in association with the Maquin-
chao stream (Fig. 4c–e), which is located between theCarri LaufquenChica andCarri
Laufquen Grande lakes. The water that sustains thesemallines is sodium bicarbonate
sulfate type with EC ranging between 1214 and 1580 μS cm−1 and pH between 7.9
and 8.9. Isotopically presents a signal similar to that of the local rain showing a
tendency to an increase in EC associated with the dissolution of sediment minerals
(Figs. 4f, g). Hydrogeological studies conducted in the area (Pasquale Pérez et al.
2019), showed that the water in these sections of the streams has a strong dependence
on groundwater inputs recognizing that there is a groundwater flow through them.
In the Holocene sedimentary deposits associated with the stream mallines, local
groundwater recharge occurs by infiltration of rainwater. Also, in these sediments,
a groundwater circulation zone develops with a flow towards the Carri Laufquen
Grande playa lake that also flows through the streams that intercept it. The water
chemistry of the mallines associated with the Maquinchao stream and the nearby
groundwater is very similar as a result of the fact that the stream is crossed by the
groundwater flow (Pasquale Pérez et al. 2019).During its flow, groundwater dissolves
minerals present in the sediment, mainly those of greater solubility.

5 Wet Meadows Associated with the Deseado Massif

The Deseado Massif is a geological province located in the southern edge of South
America, characterized by its tectonic stability and its stable and sub-positive relief
during the Paleozoic (Ramos 1999). The central area of the Deseado Massif where
themallines are described is characterized by the presence of basaltic plateaus laying
on top of sedimentary rocks of subhorizontal stratificationwhere steep areas of 150m
in altitude can be recognized, culminating in depressions forming small endorheic
basins (Fig. 5). The basaltic plateau is composed of three levels of lava flows char-
acterized by a vesicular texture and the presence of diaclases, which can be found
filled with saline precipitates, mainly carbonates. Underlying the basalts are 30 m
of medium to highly permeable sediments of psammitic granulometry. Below these
are approximately 100 m of tuffaceous deposits in which thick paleosols and sili-
cified levels develop, the latter of low to no permeability. The abrupt topographic
change that occurs due to the escarpment causes the interception of the groundwater
level, which is conditioned by the presence of impermeable formations giving rise
to springs that support the wet meadows. The first level of springs is generated in
contact with the paleosols and the second level of springs discharges at the base
of the escarpment, where deposits of tuffs and reworked tuffs of low permeability
outcrop. In some sectors the escarpment is free of debris, recognizing two zones of
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Fig. 5 Satellite image of the study area of the Deseado Massif sector with the sampling points
and Stiff diagrams in each of them (a). Photographs of mallines (b–d). Bivariate diagrams of
environmental isotopes (e) and in relation with electrical conductivity (f). LML: local meteoric line
is δ2H = 7.92 δ18O + 1.22 (Mayr et al. 2007)

groundwater discharge, one upper and one lower. While in other sectors the escarp-
ment presents abundant mass removal deposits where, although it seems to maintain
the two groundwater discharge sectors, the lower one is covered by these sediments.
Groundwater discharge flows on the surface forming small streams that drain towards
the depressed areas forming transitory lagoons (Figs. 5a–d). The spring water that
sustains the wet meadows is sodium bicarbonate with EC less than 1000μS cm−1and
an average pH of 8.7 (Fig. 5a). The δ18O and δ2H values in the upper and lower wet
meadows samples are similar, being located in the δ2H versus δ18O plot close to
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the local meteoric line (Fig. 5e). Although these samples have low EC, there is an
increasing trend with no variation in the isotopic values (Fig. 5f).

The analysis of the geological and geomorphological characteristics along with
the water chemistry highlights the processes and factors that regulate the hydrochem-
istry of the wet meadows. Water infiltrates through the basalts and is stored in the
underlying sediments until, due to lithological controls often related to imperme-
able levels, it discharges on the slopes of the plateau forming springs. The upper
wet meadows, associated with aquifers lodged in the sandy deposits underlying the
basalts, discharge as a result of a permeability change caused by the clay levels. In
these wet meadows, water is of low salinity and the incorporated ions derive from
the interaction with the silicates (especially plagioclases) that compose the basalt
(Melendi et al. 2020).

Since plagioclases are mainly calcic in these basalts (Panza 2001), it is expected
that their incongruent hydrolysis generates calcic bicarbonate water (Appelo and
Postma 2005). However, water in wet meadows is dominantly sodium bicarbonate,
and this change is due to ion exchange processes where clayey sediments release Na+

to water and adsorb Ca2+ ions (Melendi et al. 2020). In the lower wet meadows, water
chemistry is similar, although there is a tendency for a slight increase in EC, which is
associatedwith dissolution processes of evaporite salts precipitated in sediment pores
and fractures (Melendi et al. 2020). Salt accumulation and efflorescent crusting in the
unsaturated zone (Vengosh 2003; Cartwright et al. 2009; Scanlon et al. 2009), and
fracture surfaces (Kamai et al. 2009; Weisbrod et al. 2000), are common in many
arid zones. In addition, aqueous-soluble solutes present in aeolian dust constitute
in arid areas with strong windy playa lakes, as in this case, an important input of
salts that are dissolved by rainfall and incorporated into groundwater in recharge
zones (Mahowald et al. 2003). The water of the lower wet meadows would add to
the processes described above the dissolution of salts, although in low percentages,
since its EC is also low.

6 Perspective and Future Work

Different geological and geomorphological settings were described as conditioning
factors of the water flow and chemistry that sustain wet meadows, showing the vari-
ability of these wetland environments in Patagonia. Additionally, for similar geolog-
ical settings, variations in water chemistry may occur depending on the rock type and
structures through which groundwater flows. An example of this last characteristic
are the differences observed between the mallines in basaltic plateaus of the Somún
Curá Massif area and the Deseado Massif.

This shows that within Patagonia the mallines would present a great diversity
due to the geological and geomorphological controls that determine the dynamics
and chemistry of the water that sustains them. Given this diversity and the lack
of hydrological studies of these wetland environments, especially with respect to
groundwater, future lines of work will be oriented towards expanding hydrological
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studies of wet meadows in different geological settings in Patagonia. Given the
relevance of the ecosystem services that wet meadows provide to local inhabitants,
such as drinking water supply, livestock, and native fauna feeding, these studies will
be of vital importance for the development of rural populations in Patagonia, mainly
in the Extra-Andean sector where arid conditions are marked and there is a scarcity
of freshwater suitable for human consumption.
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The Main Hydrological Features
of Patagonia’s Santa Cruz River:
An Updated Assessment

Andrea I. Pasquini, Nicolás J. Cosentino, and Pedro J. Depetris

Abstract Patagonia’s Santa Cruz River exhibits the second largest discharge in the
region (i.e. ~23 km3 y−1) and an outstanding runoff (i.e. ~1500 mm y−1). Several
glaciers with accumulation zones in the Southern Patagonia Ice field calve into two
large proglacial lakes, Argentino (~1400 km2) and Viedma (~1100 km2), which are
themain Santa Cruz River water sources. Trend analyses of the 1955–2020 discharge
series have shown a previously undetected positive trend, possibly established during
the last decade. The months with significantly increased discharge (i.e. August–
December) suggest that the augmented water volume is supplied by snow/ice melt
determined by the current global climate change. Harmonic analysis led to discard
the previously suggested connectionwith the SouthernAnnularMode, but reinforced
the earlier evidence of an operating remote connection with El Niño Southern Oscil-
lation, which possibly influences river discharge by promoting the ice-dam rupture
mechanism which periodically operates in the Perito Moreno glacier.
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1 Introduction

Abundant water supplied by glaciers, proglacial-glacial lakes, and plentiful atmo-
spheric precipitations in the upper catchments, turns the Santa Cruz into one of
Patagonia’s main high-runoff rivers. The headwaters, directly connected with the
SouthernPatagonia Icefield (SPI) through several glaciers, constitute a clearmanifes-
tation of Nature’s wonder. Since the beginning of the twentieth century, the unusual
characteristics of the Perito Moreno glacier, which calves into Lake Argentino (i.e.
one of Santa Cruz River’s main water sources), have been a major focus of attention.
Moreover, the Santa Cruz is one of the world’s few rivers flowing south of 36° S
and, hence, probing into its hydrology supplies valuable climatic information on that
particular part of the globe.

The ongoing climate crisis has triggered scientific interest, seeking to identify
hydrological changes connected with all the intervening features (e.g. glaciers’
dynamics, climate change, discharge time series evolution). Some years ago, the
hydrological behavior of the Santa Cruz River was examined, inferring through
its discharge variability the occasional quasi harmonic periodicity of the Perito
Moreno glacier’s closure-rupture sequence (Depetris and Pasquini 2000; Pasquini
and Depetris 2011). The analysis showed that the discernible sequence suggested a
coherent teleconnection between discharge deviations from the monthly means, with
the El Niño Southern Oscillation (ENSO) phenomena in the Pacific and, possibly,
with the location of the Pacific anticyclone. Moreover, it was also documented that
several other Patagonian lakes located north of 50° S showed an ENSO signature in
their seasonally adjusted or deseasonalized1 water level fluctuations (Pasquini et al.
2008).

The purpose of this chapter is to revisit the main hydrological features of Patag-
onia’s Santa Cruz River, updating previous data and findings, particularly probing
into low frequency processes.

2 Geographical Features

Patagonia lies between the semi-permanent subtropical high pressure and subpolar
low pressure zones. Surface air moving towards the pole from the subtropical high
zone results in strongwesterlywindswhich, in the south shift poleward in summer and
equatorward in winter. The drainage basin of the eastward-flowing Colorado River
(~38° S) defines a transition zone between the subtropical summer rain regime (in the
north) and the mid-latitude winter rain regime that dominates in Patagonia (Mancini
et al. 2005). The main characteristics of the Holocene climate for such region were
described byMancini (1998, 2002). Glaciers, which are reliable long-term indicators
of climate change, generally show a significant recession in Patagonia, which has
commonly been associated with the combined effect of decreasing precipitation

1 i.e. stripping data time series of its seasonality.
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and increasing temperatures (Masiokas et al. 2008; Pabón-Caicedo et al. 2020 and
references therein).

The SPI (i.e. 49° to 51° S) occupies 12,200 km2 along theChile-ArgentinaAndean
border and has about 139 outlet glaciers that calve into fjords in the Pacific side, and
into lakes on the eastern side of the Andes (Masiokas 2020). Several glaciers calve
in the Argentino and Viedma lakes, both in the headwaters of the Santa Cruz River
basin (Fig. 1a): e.g. Perito Moreno, Viedma, Ameghino, Uppsala, Mayo, and Onelli.
Although it is not the largest, the Perito Moreno owes its notoriety to the damming-
rupture sequence which, with uneven regularity, exhibits its terminus. It clearly is a
major feature in the Santa Cruz River drainage basin. According to several authors
(e.g. Stuefer et al. 2007, and references therein), the Perito Moreno glacier (Fig. 1b,
c) is about 30 km-long, reaches a width of about 4 km in the valley, covers an area of
259 km2, and extends from the continental divide (Pietrobelli peak, ~2950 m a.s.l.)
down to Lake Argentino (~187 m a.s.l.). The snout ends in calving cliffs with heights
of 50–80 m (Rott et al. 1998).

The climate in the Andean headwaters is cold and humid, subjected to strong
westerlies which supply abundant Pacific humidity. At Lake Argentino location the
mean temperature in (austral) summer is 12.7 ◦C (i.e. in January) and 1.2 ◦C in July.
The lake modulates the temperatures (i.e. recorded maximum andminimum ambient

Fig. 1 The Santa Cruz River drainage basin. a Image of the Santa Cruz River drainage basin;
b Amplified image depicting the location of the Perito Moreno Glacier and Lake Argentino; c
Photograph of the Perito Moreno glacier terminus
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temperatures are ~28.5 ◦C, −10 ◦C, respectively). In the mountainous region—but
outside the SPI—, atmospheric precipitations fluctuate in the 900–2000 mm y−1,
whereas they reach 500 mm in the pre-Andean territory. Less than 100 km east
of the Andes and governed by a pronounced rain-shadow, precipitations decrease
to 200 mm y−1. The average specific annual net accumulation of the Perito Moreno
glacier (i.e. over the SPI) was established in 5540± 500mmwater equivalent, which
is deemed one of the highest accumulations worldwide. Considering that part of the
precipitation is surely lost as runoff, the average annual precipitation could be of the
order of 7000–8000 mm (Rott et al. 1998).

Unlike the Perito Moreno which, up to now, seems in a stable situation (e.g.
Minowa et al. 2015), the Viedma (i.e. 70 km-long, and a surface area of ~1100 km2)
is a retreating glacier, like the Ameghino, Uppsala, and all the other main glaciers in
the area.

LakeArgentino (Fig. 1) is a prominent attribute in the SantaCruzRiver hydrologic
system (i.e. ~50° S 73° W, 187 m a.s.l.). The ultra-oligotrophic lake is among the
largest lakes in Patagonia and it is, as well, the southernmost lake of the extended
chain of Patagonian glacial/proglacial lakes (i.e. the geomorphologic result of 26
glacial-interglacial cycles that occurred during the Quaternary (Pasquini et al. 2008
and references therein), bordering the austral Andes along the eastern seaboard. It has
a mean depth of 150 m although it reaches about 500 m in certain areas. Its surface
area is close to 1400 km2 and its volume has been estimated in about 220 hm3. Fed
by several streams and rivers (e.g. La Leona, Centinela, Mitre), the lake’s drainage
basin is ~17,000 km2. The Santa Cruz River is the only exit of Lake Argentino,
after receiving the discharge of La Leona River, the outlet of Lake Viedma (1100
km2), which in this manner is connected with the Argentino (Fig. 1a). In an earlier
contribution, it was shown that deseasonalized discharge anomalies of La Leona
and Santa Cruz rivers, are not significantly correlated (Depetris and Pasquini 2000).
Other smaller lakes, included in the drainage basin, are Burmeister, Quiroga, and del
Desierto.

The Santa Cruz River2 (Fig. 2) is the lowermost member of the SPI-Lake
Argentino-Lake Viedma-Santa Cruz River hydrological network3 (Fig. 1a). It is
385 km long, crosses eastward the Patagonian plateau, and delivers its noteworthy
mean discharge (i.e. mean of 727 m3 s−1 for the period 1956–2020 at the Charles
Fuhr gauging station)4 into a 2 km-wide estuary (i.e. shared with Chico River),
in the SW Atlantic Ocean. According to Argentina’s Subsecretaría de Recursos
Hídricos, its drainage basin has a surface area of ~29,686 km2; its mean water-
surface slope is about 0.48 m km−1; the mean maximum water discharge (~1200
m3 s−1) occurs in March and the mean minimum flow (~300 m3 s−1) in September.
Its mean annual water yield is about 46.8 L s−1 km−2 of deep-blue water, whereas
its mean total suspended sediment concentration is about 23 mg L−1 (i.e. roughly
fluctuating between ~ 10 and ~ 35 mg L−1). Finally, its mean total dissolved solids

2 http://www.hidricosargentina.gov.ar/Indice-argentino.html.
3 48°56′–50°50′ S, and 68°33′–73°35′ W.
4 The drainage basin upstream Charles Fuhr is 15,550 km2, and runoff is 1474 mm y−1.

http://www.hidricosargentina.gov.ar/Indice-argentino.html
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Fig. 2 Photograph of the Santa Cruz River, downstream from the Lake Argentino inflow. In the
background, facing west, the Andes Cordillera

concentration is about 100 mg L−1 (i.e. near the mouth, oscillating between ~75 and
~140 mg L−1) (Depetris et al. 2005).

2.1 ENSO and SAM

Several workers have researched into the significance of ENSO and/or Southern
Annular Mode (SAM) in the southern latitudes, in general, or particularly in Patag-
onia (e.g. Jones andWidmann 2003; Fitzharris et al. 2007;Kastner et al. 2010;Ohlen-
dorf et al. 2013; Masiokas et al. 2019). The broad characteristics of each event-type
and, what appears to be, their mutual relationship are herein briefly reviewed.

There are changes in the Pacific Ocean and its overlying atmosphere that occur in
an oceanic-atmospheric cycle known as the ENSO. This periodic event is the Earth’s
most important source of interannual climate variability, exerting deep worldwide
effects. It refers to variations in the temperature of the surface of the tropical eastern
Pacific Ocean (i.e. El Niño and La Niña) and in air surface pressure in the tropical
western Pacific. The two variations are coupled: the warm oceanic phase (i.e. El
Niño) goes together with high air surface pressure in the western Pacific, whereas
the cold phase (i.e. La Niña) accompanies low air surface pressure in the western
Pacific. (e.g. Philander 1990). ENSO references are numerous (e.g. McPhaden et al.
2020 and references therein).

The SAM or Antarctic Oscillation (AAO) is a high-frequency mode of atmo-
spheric variability of the southern hemisphere. In contrast with ENSO, which owes
its existence to coupled ocean/atmosphere interactions in the tropical Pacific, the
annular modes are controlled by internal atmospheric dynamics in the middle lati-
tudes. SAMmay be defined as the normalized difference in the zonal mean sea-level
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pressure between 40° S and 65° S. The sea level pressure pattern associated with
SAM is a nearly annular pattern with a large low pressure anomaly centered on the
South Pole and a ring of high pressure anomalies at mid-latitudes. In a positive SAM
event the belt of strong westerly winds contracts towards Antarctica; this results in a
significant cooling over Antarctica and much of Australia, and a significant warming
over the Antarctic Peninsula, Argentina, Tasmania and the South of New Zealand.
Due to the southward shift of the storm track, the positive phase of AAO is also asso-
ciated with anomalously dry conditions over southern South America, New Zealand
and Tasmania. Anomalously wet conditions occur over much of Australia and South
Africa (Gillett et al. 2006). In contrast, a negative SAM event reflects an expansion of
the belt of strong westerly winds towards the equator (e.g. Gillet et al. 2006; Silvestri
and Vera 2009).

It has been argued that ENSO and AAO appear to have some degree of correla-
tion which may eventually complicate the possibility of distinguishing the effect
of each mechanism (Bertler et al. 2006). Climate research in southern latitudes
(e.g. Fogt and Bromwich 2006) supplied valuable information to understand the
ENSO/SAM connection. Fogt et al. (2011a, b) established that ENSO impact in the
South Pacific is strongly dependent on the SAM phase: significant South Pacific
teleconnections are recognized when ENSO events occur with a weak SAM or when
El Niño (La Niña) occurs with a negative (positive) SAM phase. A direct linkage
was found between this modulation in the South Pacific ENSO teleconnection and
the interaction of the anomalous ENSO and AAO transient eddy momentum fluxes.
During El Niño/SAM(−) and La Niña/SAM(+) combinations, the anomalous tran-
sient momentum fluxes in the Pacific operate to strengthen the circulation anomalies
in middle latitudes, altering the circulation in such a way so as to maintain the ENSO
teleconnections. In El Niño/SAM(+) and La Niña/SAM(−) cases, the anomalous
transient eddies oppose each other at mid latitudes and reduce the magnitude of the
high latitude ENSO teleconnection (Fogt et al. 2011a, b).

3 Data and Methods

The Santa Cruz River discharge time series (record period 1955–2020) at Charles
Fuhr gauging station (Fig. 1a) and Brazo Rico gauge height time series (record
period 1992–2020) were obtained from the web page of Argentina’s Subsecretaría
de Recursos Hídricos.5 Data series were deseasonalized ([xd]) by subtracting each
monthly mean ([xi]) from the overall mean for that specific month [xn]: [xd] = [xi]
− [xn].

Data time series of the Southern Annular Mode, AAO, or Southern Hemisphere
Annular Mode (SHAM) was downloaded from http://www.jisao.washington.edu/
aao/#data. Similarly, ENSO’s Multivariate Index (MEI, v. 1) was obtained from

5 http://www.hidricosargentina.gov.ar/sistema_sistema.php.

http://www.jisao.washington.edu/aao/%23data
http://www.hidricosargentina.gov.ar/sistema_sistema.php
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the corresponding National Oceanic and Atmospheric Administration (NOAA) web
page.6

The significance of river dischargemonthly trends was assessed with the seasonal
Kendall test (Hirsch et al. 1982). The seasonal Kendall test has been accepted as
one of the most robust techniques available to disclose and estimate linear trends
in environmental data (Hess et al. 2001). Like the Mann–Kendall test (Mann 1945;
Kendall 1975), it is a non-parametric tool that detects monotone trends in time series
(e.g. Burn and Hag Elnur 2002; Yue et al. 2002).

Natural periodicities of multi-decadal climatological and river discharge time
series were assessed by auto spectral analysis, while possible governing factors of
river discharge were analyzed through cross-spectral analysis. To improve the spec-
trum’s signal-to-noise ratio, the Blackman-Tukey method was employed, based on
dividing the time series into eight segments with 50% overlap (Blackman and Tukey
1958;Welch 1967). Preceding spectral analysis, all-time series were detrended based
on a least-squares linear fit to the data. The specialized literature offers numerous
contributions on the theoretical aspects of Fourier harmonic analysis, and examples
of their use to examine the structure underlying time-series (e.g. Cosentino et al.
2020; Labat 2005; Lau and Weng 1995; Torrence and Compo 1998).

4 River Discharge Dynamics

4.1 Mean Hydrograph and Discharge Time Series

The Santa Cruz River reaches maximum mean discharge in March (i.e. over 1300
m3 s−1), which results of atmospheric precipitations and snow/ice-melt. The largest
lakes in the basin (i.e. Argentino and Viedma) probably have a modulating effect,
delaying peak discharges. Lowest mean discharges occur in September–October,
exceeding 300 m3 s−1 (Fig. 3).

The Santa Cruz River currently discharges 22.9 km3 y−1 (i.e. mean discharge 727
m3 s−1) into theSWAtlanticOcean.The available discharge time series (1955–2020),
at the Charles Fuhr gauging station, shows a remarkable seasonality (Fig. 4a). Some
departures from the regular pattern are mostly determined by the floods occurring
as a consequence of the sporadic rupture of the ice dam, which the Perito Moreno’s
terminus produces with some regularity.

The uppermost drainage basin lies upstream the Charles Fuhr gauging station.
It includes ~52% of the total drainage basin area (i.e. the active basin). There are
no significant tributaries downstream the gauging station. The specific discharge
at the Charles Fuhr gauging is ~47 L s−1 km−2 whereas its runoff, 1474 mm y−1,
is among the highest in Patagonia. Figure 4b shows the deseasonalized Santa Cruz

6 https://psl.noaa.gov/enso/mei/.

https://psl.noaa.gov/enso/mei/
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Fig. 3 Santa Cruz River mean annual hydrograph for the 1955–2020 record period. Total annual
water discharge is ~23 km3

River discharge time series. The most pronounced positive and negative departures
from the historical mean are evident since 1955 until 1990.

4.2 Trends

The Mann–Kendall test is a distribution-free (i.e. non-parametric) test which seeks
to statistically assess if there is a monotonic upward or downward trend (i.e. the trend
may or may not be linear) of the variable of interest over time. A monotonic upward
(downward) trend means that the variable consistently increases (decreases) through
time.

The test (Fig. 5a) shows a statistically significant upward trend (p < 0.05) for
the 1955–2020 discharge series. Earlier investigations (Pasquini and Depetris 2007;
Depetris and Pasquini 2008) did not show a statistically significant trend for the
1955–2003 series. It must be concluded, then, that the significant positive trend has
developed during the last decades. Undoubtedly, Fig. 5b shows a noticeable positive
trend for the last two decades (2000–2020), exhibiting larger statistical confidence
(p < 0.001) than the 1955–2020 series.

The hydrological data was also scrutinized by means of the seasonal Kendall
test. The purpose of the seasonal Kendall test is to check for a monotonic trend of
the variable of interest when the data collected over time are presumed to change
in the same direction (i.e. up or down) for one or more seasons/months. The results
(Table 1) show that during several months (i.e. July–November) of an average year,
mean monthly discharges have increased significantly in the Santa Cruz River at the
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Fig. 4 a Santa Cruz River mean monthly discharge time series at Charles Fuhr gauging station.
Mean monthly discharge has increased ~16% since 1955; b Sixty-five-year-long deseasonalized
discharge series of the Santa Cruz River at the Charles Fuhr gauging station. Positive departures
are usually associated with glacier’s ice dam collapses

Charles Fuhr gauging station. This means that flow increases appreciably during low
discharge months, probably due to the amplified contribution of snow-/ice melt and
groundwater supply.

4.3 The Connection Between Glacier’s Collapse and River
Discharge

The Perito Moreno glacier flows towards the Peninsula Magallanes and, periodi-
cally, the ice terminus reaches the ground (Fig. 1b), separating Brazo Rico from
the main lake. Hence, the water level rises several meters during many months.
The ice dam eventually collapses spectacularly, frequently in March (i.e. end of
austral summer and month of maximum precipitation), thus producing a jökulh-
laup (i.e. outburst flood). Although this flooding is moderated by the size of Lake
Argentino, it nonetheless produces a discernible signal in the Santa Cruz River
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Fig. 5 aMann–Kendall trend test of the 1955–2020 Santa Cruz River discharge time series; b The
same treatment for the 2000–2020 discharge time series. The trend is significant (p < 0.001)

discharge series. Probing into Perito Moreno’s closure-rupture dynamics, Fig. 6a
shows the damming-rupture events that occurred during the last sixteen years at
Brazo Rico; its gauge level shows a seasonal variability when its connection with
Canal de los Témpanos and Lake Argentino is open (i.e. it mostly fluctuates between
1 and 3 m). Gauge readings show that when the ice-blocking takes place, the water
level increases markedly until seepage underneath the ice dam begins, the breach
enlarges and, subsequently, the remnants of the ice dam collapse. Figure 6b shows
the detail of a typical damming-rupture event, with the gauge increase at Brazo Rico,
the commencement of its drainage underneath the glacier’s terminus, and the final
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Table 1 Santa Cruz River
seasonal Kendall
non-parametric trend analysis

N Kendall t p value

January 65 1.908 0.028201

February 65 1.404 0.080156

March 65 1.438 0.075212

April 65 1.059 0.144861

May 65 1.313 0.094517

June 65 1.665 0.048006

July 65 3.448 0.000283

August 65 3.895 0.000049

September 65 4.722 0.000001

October 65 4.173 0.000015

November 65 1.880 0.030079

December 65 1.806 0.035454

All 780 3.587 0.000167

Numbers in italic are statistically significant

moment of ice dam collapse, about four days afterwards. Figure 6b also shows the
Santa Cruz River discharge response. Damming-rupture events are clearly visible in
the deseasonalized Santa Cruz River discharge time series (Fig. 4b). Most damming-
rupture events triggered significant jökulhlaups although a few produced a much
less obvious discharge increase. Moreover, during the last decades, most collapsing
events have been coincidental with El Niño events.

PeritoMoreno’s process is similar to the one observed at the sea-reachingHubbard
glacier, in Alaska, where ice has blocked Russell Fjord repeatedly (e.g. Calkin et al.
2001). Such events were followed by glacial outburst floods that have left discernible
evidence in the adjacent marine sedimentary record (Willems et al. 2011).

4.4 Harmonic Analysis

In an early investigation of the Perito Moreno glacier-Lake Argentino—Santa Cruz
River system, and in subsequent revisits to the subject matter (Depetris and Pasquini
2000, 2008; Pasquini and Depetris 2007, 2011; Pasquini et al. 2008) the harmonic
behavior of the Santa Cruz River discharge series was explored, understanding that
the glacier’s damming-rupture sequence shows its hydrological impact on the river’s
deseasonalized discharge time series. Indirectly, it was pursued the exploration of
the role of climate in the short term, high-frequency glacial dynamics.

The initial investigation (Depetris and Pasquini 2000) showed that the apparent
sequence determined by periodic terminus collapses suggested a coherent telecon-
nectionwithENSOand, possibly,with the variable location of thePacific anticyclone.
Moreover, subsequent research found out that several other glacial lakes located
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Fig. 6 a Lake Argentino’s Brazo Rico gauge height variability showing the Perito Moreno’s last
recorded snout collapses; b Detailed example of the snout collapse recorded in 2004. It took about
four days for the completion of the ice dam collapse, estimating the water volume delivered during
one month in ~0.4 km3. About thirty days after the ice dam collapse the river returned to its usual
seasonal discharge

north of 50º S, in the Patagonian Andes, showed a significant ENSO signature in
their deseasonalized water level fluctuations (Pasquini et al. 2008).

The subject matter was revisited about ten years later (Pasquini and Depetris
2011), using a longer discharge time-series.More significant statistical corroboration
became evident in support of the teleconnection existing between ENSO and the
Santa Cruz River hydrological dynamics. Moreover, results hinted that SAM could
play a role in an ENSO/SAM combined mechanism.

In this opportunity, an expanded SantaCruzRiver discharge time series (i.e. 1955–
2020) is herein explored by means of harmonic analysis. The squared coherency
between SAM and the Santa Cruz River discharge series presented the difficulty
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Fig. 7 Squared coherence (Fourier harmonic analysis) between the Santa Cruz River deseasonal-
ized discharge time series and the MEI. The line of 95% confidence level is shown in the figure.
The colored box corresponds to a significant frequency of 0.05–0.06 month−1 (i.e. ENSO-like
periodicity of 20–18 month)

that the spectral density estimates in both series are small or intermediate resulting,
therefore, in spurious coherency values.

The square coherence estimate between the selected ENSO index (i.e.MEI, v.1)
and the deseasonalized SantaCruzRiver discharge time series resulted in a significant
(p < 0.05) peak, in the vicinity of the 0.05 month−1 frequency (Fig. 7). This anal-
ysis, then, corroborates previous findings in the sense that there is a strong cyclical
component in the neighborhood of the 20-month period, which is coherent with
ENSO oscillations. It is important to underline here that the damming-collapsing
sequence recorded at the Perito Moreno glacier’s terminus has followed a two-year
periodicity during the last decades.

5 Concluding Comments

TheSantaCruzRiver has the second largestmean discharge amongPatagonia’s rivers
(i.e. ~23 km3 y−1). The analysis of its flow dynamics by means of the Mann–Kendall
trend test shows that, in contrast with previous findings (e.g. Pasquini and Depetris
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2011), the river is now evidencing a statistically significant (p< 0.05) increasing trend
meaning, therefore, that discharges began exhibiting a positive trend during the last
decade. Furthermore, digging deeper into the characteristics of the process by means
of the seasonal Kendall test showed that the discharge increase is determined by
enhanced flow recorded during the months of snow-/ice melt. Clearly, this is distinct
evidence of the effect of global climate change.

Previous investigations hinted that the Santa Cruz River deseasonalized discharge
might be connected simultaneously with SAM and ENSO, in a type of oscilla-
tion, which impacted on the river discharge dynamics (Pasquini and Depetris 2011).
Harmonic analysis did not show at this time a substantial connection between SAM
and the Santa Cruz River discharge series, probably because SAMhas shown a robust
long-term trend towards a more positive state over recent decades (Sen Gupta and
McNeil 2012). Fourier’s squared coherence, however, proved significant at ENSO-
like frequencies, thus reinforcing further earlier findings (Pasquini and Depetris
2011).

It seems clear that the dynamics of the glacier plays a role in the harmonic behavior
of the Santa Cruz River. Moreover, the Perito Moreno glacier is not openly retreating
when most of the other glaciers in the region show clear signs of such behavior in a
climate change scenario. It follows, then, that the discussion on the factors affecting
the Perito Moreno glacier’s peculiar behavior appears to be still open.
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Abstract Among the processes of anthropogenic contamination of aquatic envi-
ronments, eutrophication is one of the most studied. Phosphorus is a key nutrient
in eutrophication and, in many cases, the limiting nutrient in various water bodies.
Furthermore, sediments from an aquatic environment can be considered as an “envi-
ronmental information bank”. They play an important role in the nutrient cycle in
lakes since nutrients are transported to the bottom by sedimentation and can return to
the water column by various mechanisms which are sometimes extremely complex.
The aim of this chapter is to summarize 30 years of research carried out by theWater
Quality Group (INIBIOMA, CONICET-UNComahue) on sediments from several
lake environments in Argentinian Patagonia and their role in aquatic resource assess-
ment. A total of 11 water bodies in the region were analyzed, considering different
physical and chemical parameters, always applying the same methodology (in field
and laboratory). The results show that (1) pH is one of the main parameters that influ-
ence the P exchange between sediments and the water column; (2) texture, chem-
ical composition, and mineralogy are essential to understand sediment genesis and
transport mechanisms; (3) three gradients determine the distribution of the studied
environments: (a) North–South geographic gradient, (b) pH gradient and (c) trophic
gradient; (4) the use of sediment bioassays with native algae is a particularly useful
tool for rapidly evaluating the anthropic impact on water bodies; and (5) sediment
studies allow obtaining information on, for example, contaminated and uncontam-
inated areas and distribution patterns of contaminants, and should be included in
monitoring programs.
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1 Introduction

For more than 80 years, since the first works by Einsele (1936, 1938) and Mortimer
(1941, 1942), lake sediments have been considered in limnology studies. The growing
interest in sediment studies has clearly been triggered by the problems caused by
anthropogenic contamination of water bodies.

In aquatic systems, sediments are made of organic and inorganic substances,
including particulate material washed from the basin (allochthonous material), as
well as material originated from the same water body (autochthonous material). In
this sense, sediment composition is highly influenced and controlled by the compo-
sition of the rocks from which they derive either by erosion and/or weathering
processes, and the type of basin (Golterman 2004). These processes are affected by
many factors, such as climate, relief, biota, time, and anthropic factors like land-use
conditions.

Sediments from an aquatic environment can be considered as an “environmental
information bank” (Håkanson and Jansson 1983) because they provide much infor-
mation regarding, for example, which areas are contaminated, as well as the disper-
sion patterns of different polluting substances, supplying relevant data at different
levels (e.g. local and regional). Eutrophication is one of the most studied processes
of contamination in aquatic environments (Wetzel 2001; Golterman 2004). It is
defined as the excess of nutrients (mainly phosphorus (P) and nitrogen (N)), and
organic matter that causes an increase in biological production (Sinke 1992; Wetzel
2001). The effects of this process on water bodies are numerous, among which are
worth highlighting the decrease in water column transparency and dissolved oxygen
concentration, the appearance of toxic algal species and, in very severe cases, fish
mortality (Smith et al. 2006b).

Phosphorus is a key nutrient in eutrophication processes, and frequently the
limiting nutrient in various water bodies (Elser et al. 2007; Zhongyao et al. 2020).
Moreover, water column nutrient concentration is the main parameter considered
for the trophic classification of water bodies (OECD 1982; Horne and Goldman
1994; Wetzel 2001; Schindler et al. 2008). The trophic state of aquatic environments
is determined using physical (e.g. transparency) and chemical parameters [e.g. total
phosphorus concentration (PT), soluble reactive phosphorus (PRS), and chlorophyll a
(Chl-a)] (OECD1982; Horne andGoldman 1994; Cunha et al. 2013). However, these
parameters usually present seasonal fluctuations, hindering the trophic classification
of water bodies (Maasen et al. 2005).

Several studies have related the P concentration in surface sediments with its
concentration in the water column (Lee-Hyung et al. 2003; Smith et al. 2006a;
McDaniel et al. 2009), supported by the concept that trophic state can be substan-
tially influenced by P release from sediments (Carey and Rydin 2011). In this sense,
sediments play an important role in the nutrient cycle in lakes since nutrients are trans-
ported to the bottom by sedimentation and can be returned into the water column
by various (physical, chemical and biological) mechanisms, sometimes extremely
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complex (Forsberg 1989). Håkanson and Jansson (1983) proposed that this recircula-
tion can be very important when the involved elements are essential nutrients such as
P and N, a phenomenon known as internal load in the specialized literature (Ryding
and Forsberg 1976; Larsen et al. 1981; Boström et al. 1982; Golterman et al. 1983;
Håkanson and Jansson 1983; Søndergaard et al. 2003; Jeppesen et al. 2005). This
load represents a problem in the lake restoration process, even when the pollutant
source has been eliminated (Boström et al. 1982; Carpenter 2005). Consequently,
the knowledge of the sediment state and function is essential to predict the effects
of different nutrient loads released to the environment and is necessary to plan the
restoration of impacted water bodies.

Argentinian Patagonia comprises the southern portion of the Province of
Mendoza, parts of the provinces of La Pampa and Buenos Aires, and the provinces
of Chubut, Neuquén, Río Negro, Santa Cruz, Tierra del Fuego, Argentinian Antarc-
tica, and Southern Atlantic Islands. This region is the largest in Argentina, with an
area of 930,638 km2. It can be divided into two sub-regions (Matteucci 2012b): (a)
Patagonian Andes, with poorly developed soils, derived mainly from volcanic ash,
and rich in allophones. This sub-region contains the largest and deepest glacial lakes
of South America (over 300 lakes of different sizes), many of which are the sources
of the longest Patagonian rivers that feed large reservoirs located on the Patago-
nian plateau (Quirós and Drago 1999). The vast majority of these water bodies are
chemically poor (low ions and nutrients concentration) and, in general, dominated
by silica (Pedrozo et al. 1993). (b) Patagonian steppe, with typically alkaline soils
with high salt content, negative water balances and evaporation dominance. It is
a complex landscape, mainly characterized by a basaltic plateau and tectonically
uplifted pebble fans (Iriondo 1989). The allochthonous-exoreic rivers originating in
the Andes can cross this arid region and feed large artificial lakes. Furthermore, some
large depressions in Patagonia contain permanent natural and artificial lakes, while
others have temporary waters with evaporitic deposits in central areas (Quirós and
Drago 1999).

The first studies on lake sediments in the Patagonian region date back to 1990,
when phosphorus retention in sediments from different lentic water bodies in the
Nahuel Huapi National Park and in the Patagonian plateau was studied in response
to the anthropic influence (Temporetti 1990). Since then, the number of studies on
lake sediments in this region has increased considerably, addressing different aspects
of the effect of anthropic activities on the aquatic environments (Temporetti 1998;
Temporetti and Pedrozo 2000; Diaz et al. 2001, 2015; Temporetti et al. 2013, 2014a,
b, 2019; Ribeiro Guevara et al. 2003, 2005a, b, 2009, 2010; Cabrera et al. 2016,
2020; León et al. 2017; Juncos et al. 2017; Williams et al. 2017).

The aim of this chapter is to summarize 30 years of research carried out by the
WaterQualityGroup (INIBIOMA,CONICET-UNComahue) on sediments from lake
environments in the Patagonian region and their role in aquatic resource assessment.
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1.1 Study Area

The studied water bodies are located between 33° and 50° S and 68° and 72° W
(Fig. 1). According to Quirós and Drago (1999), the aquatic environments of this
region have been classified as warm monomictic, with a stratification period during
summer. The climate in the Patagonian region is continental, classified as humid cold
temperate in themountains to arid in the steppe (Speck et al. 1982;Matteucci 2012a).
Rain periods occur mainly between late winter and early spring. Due to moisture loss
from the prevailing western winds, a strong annual west–east precipitation gradient
is observed, ranging from 2700 mm y−1 on the Argentina/Chile border (altitude
1020 m a.s.l.) to 500 mm y−1 in the Patagonian steppe (800 m a.s.l.) in a distance
of only 100 km. The annual average temperature varies between 8.0 °C at high
altitudes (above 2000 m a.s.l.) and 20.0 °C in protected valleys, and between 7.5
and 12.5 °C in the Patagonian steppe. The studied environments are seven lakes,
five reservoirs and two shallow lakes. Table 1 shows the geographic coordinates,
morphometric data, physical and chemical parameters, and the trophic classification
of the 14 environments. These environments include two very marked gradients: (a)
pH, ranging from 2.5 in Lake Caviahue, a naturally acidic environment, to 9.2 in

Fig. 1 Study area: EC = Reservoir El Carrizal; EN = Reservoir El Nihuil; LC = Lake Caviahue;
EB =Reservoir LosBarreales;LL =LakeLacar;EA =ReservoirAlicura;EPA =Reservoir Piedra
del Aguila; LM = Lake Moreno; LCChica = Lagoon Cari-Laufquen Chica; LÑe = Lagoon Ñe-
Luan; LNH = Lake Nahuel Huapi; LBS = Lake Buenos Aires; LP = Lake Pueyrredón; LCardiel
= Lake Cardiel; LA = Lake Argentino
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Lake Cardiel, an alkaline environment; and (b) altitude, ranging from 1650 m a.s.l.
(Lake Caviahue) up to 112 m a.s.l. (Lake Pueyrredón).

1.2 Methodology

Sediment coreswere collected between 1990 and 2019, at least once at each sampling
site using a 6 cm diameter Uwitec-type extractor or an Ekman-Birge dredger in most
cases. All samples were extracted at depths ranging from 5 to 20 m except for Lake
Caviahue (90 m). The first 10 cm of the sediment column were considered in the
analysis of all samples. In situ, pH and redox potential (Eh) were measured with
specific and temperature-adjusted electrodes. The storage and conservation of the
sampleswere carried out in accordancewithAPHA(1999). In the laboratory, samples
were oven-dried at 60 °C, homogenized in a ceramic mortar, and sieved through
a 500 µm mesh (Newark, ASTM Nº 36 USA Standard Series Sieves) to remove
the least reactive coarse fraction. All performed analyses followed standardized
analytical recommendations: (a) Texture: sieving method (2.00, 1.00 and 0.25 mm
USA Standard Series Sieves) and densimeter (0.05 to 0.002 mm and < 0.002 mm)
according to Forsythe (1985). (b)Nutrients: TP (Total Phosphorus): a sediment frac-
tion was digested with SO4H2 and 30% hydrogen peroxide (H2O2) (Carter 1993).
After digestion, the dissolved P was determined by the Murphy and Riley method
(1962) and Total Nitrogen (TN) and Total Carbon (TC) by automatic Thermo-Flash
1112 analyzer. (c) Elemental composition: by SEM–EDX microanalysis (Philips
515-EDAX Genesis 2000) (Last 2001b; Saarinen and Petterson 2001). (d) Miner-
alogy: by X-ray diffraction (PANalycal Empyrean Diffractometer). (e) Phosphorus
fractionation: following the recommendations by Hieltjes and Lijklema (1980),
discriminating the labile fraction (P-Labile) (extracted with 1 M NH4Cl), the frac-
tion bound to Al/Fe oxy-hydroxides (P-Al/Fe) (extracted with 0.1 M NaOH), the
fraction bound to calcium compounds (P-Ca) (extracted with 0.5 M HCl) and the
organic fraction (P-OM) (calculated as the difference between the sediment TP and
the sum of the previous mentioned fractions). (f) Phosphorous fixing isotherms:
Batch experiments were performed by measuring dissolved P in a mixture of dried
sediment and a set of increasing P concentration solutions (0.0, 1.7, 2.7, 3.7, 4.5,
5.5, 8.5, 10.0 mg P L−1 prepared from a 1000 mg L−1 PO4

3− Merck Certipur®

solution). Sediment aliquots (ca. 0.2 g) were put in centrifuge tubes (50 mL), filled
with PO4

3− solution (10 mL), and placed in the dark at room temperature (20 °C)
for 48 h with periodic mixing (2 h in orbital shaker). The supernatant was filtered
(through a 0.45 µm pore size) and analyzed for P (Murphy and Riley 1962). The
maximumP adsorption capacity of the sediment (Pmax,mg g−1) was estimated using
the linearized Langmuir equation (Langmuir 1997):

1/Pads = 1/(KL · Pmax) Pdis + (1/Pmax)
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where Pads (mg g−1) is the net P adsorbed to sediment estimated by mass difference
of dissolved P between initial and final solutions after 48 h, KL (mg L−1) is a
constant related to the binding energy of P to the sediment, and Pdis (mg L−1) is the
P concentration remaining in solution after 48 h (Sposito 2008). Furthermore, the
phosphorus retention coefficient (PRC) by sediments for each site was calculated as
a percentage of the Pmax difference, estimated from the Langmuir equation, and the
TP in sediments.

2 Effect of pH in P Adsorption Dynamics in Sediments

The factors that influence P exchange between sediments and the water column
can be physical (temperature, wind action, etc.), chemical (pH, dissolved oxygen,
nitrates, sulfates, etc.) and biological (bioturbation, bacterial activity, etc.) (Boström
et al. 1982; Golterman 2004). In any of the compartments of the waterbody (water,
sediment, water–sediment interface, interstitial water), pH is one of the factors that
affect P release, and it has been one of the most studied (Jin et al. 2006; Wang
et al. 2005; Wu et al. 2014). An increase in pH can release P bound to Fe and Al
complexes due to site-specific competition between hydroxyl ions and P bound to
these metal (hydro)oxides (Anderson 1974; Kim et al. 2003; Li et al. 2016). In this
sense, pH is an important parameter in controlling P availability in sediments. The
pH in lake sediments often varies because of specific microbial processes or changes
in environmental conditions (Wang et al. 2005). Most of the studies to demonstrate
the relationship between pH and P release/retention in lake sediments were carried
out in laboratory tests, where a pH gradient is simulated by adding solutions of
hydrochloric acid or sodium hydroxide. However, there are very few studies on the
adsorption of phosphate by sediments with different pH values in natural systems
(Ding et al. 2016). In a recent contribution, Temporetti et al. (2019) evaluated the
pH effect on P dynamics (release/adsorption) in sediments in a river system with
a natural pH gradient (from 1.5 to 6.7): the Agrio River, Neuquén province. The
authors observed that, while TP concentration in water decreased with increasing
pH, an inverse relationship occurred in sediments. On the other hand, the results
also indicated that the phosphorus retention capacity was greater at low pH and
decreased with increasing pH (Fig. 2), affecting the retention capacity of sediments
from the upper part of the river, where the pH was more acidic. This P retention
capacity varied according to the time of year, possibly due to several factors such as
variations in river water level, temperature gradient, oxide precipitation (mainly as
Fe and Al oxyhydroxides), the presence of algae and bacteria that consume dissolved
nutrients and the formation of complexes with organic matter in sediments. Although
the results of the different fractions of P in sediments showed the existence of an
alternation in P control in relation to the variation in pH (Fe/Al at pH < 5.5 and Ca at
pH > 5.7). According to Golterman (2004), increase in pH causes a change towards
the co-precipitation of CaCO3-P and a decrease in Fe(OOH)-P, while the decrease in
pH produces the opposite effect. It was demonstrated that sediment P control of all
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Fig. 2 Variation of phosphorus retention coefficient (PRC) with the pH gradient in sediments of
Agrio River. Modified from Temporetti et al. (2019)

the system was regulated by Fe/Al oxyhydroxides and, to a lesser extent, by organic
matter (OM) and not by Ca, as it occurs in alkaline pH sediments.

3 Texture, Chemical Characterization and Mineralogy

According to Lewis (1984), the three basic descriptors of sediments are texture,
structure, and composition. The first involves the general physical appearance of
sediments or rocks (Last 2001a) Besides, texture can provide information about sedi-
ments such as origin, transport mechanisms and environmental conditions within the
basin. Knowing the textures of lake sediments is necessary because it enables us
to understand their capacity to fix pollutants, among other things. Sediment struc-
ture enables us to comprehend their chemical properties and the behavior of the
chemical substances inside them (Boyle 2001) by describing the elemental compo-
sition and understanding the interactions between different parts of the environment.
Finally, like texture and structures, sediment mineralogical analysis is essential to
adequately describe the material (Lewis 1984), in order to comprehend the genesis of
sediments in a lake basin, to decipher transport mechanisms, and to infer limnolog-
ical, hydrological and climate conditions (Last 2001b). According to Last (2001b),
from a mineral origin perspective, there are three different types of minerals in
most water bodies: (a) Allochthonous or detrital minerals, those which are intro-
duced into the environment through surface currents, erosion from the coast, sheet
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flooding, mass movement, or wind activity; (b) Autochthonous minerals, which are
those inorganic components that originate within the water column, either by inor-
ganic or biologically induced chemical precipitation; and (c) Autigenic minerals,
those which originate from the diagenetic alteration of the sediment that is already
deposited (secondary minerals) or by chemical reactions within the interstitial water
of the sediment (primary or secondary minerals). According to Xiao et al. (2013),
minerals are often important as very effective absorbents of environmental pollu-
tants. Consequently, in order to better understand the interaction of phosphorus with
sediments, it is necessary to study the characteristics of phosphorus adsorption by
the sediment mineral matrix.

The sediments of the studied Patagonian environments were dominated (average
= 69%) by a sand fraction (2 > sand > 0.05 mm), the reservoirs located at the
south of Mendoza (El Carrizal and El Nihuil) and the lagoons of the Patagonian
plateau (Carrilafquen Chica and Ñe-Luan) being the environments with the lowest
percentages. The silt fraction (0.05 > silt > 0.002 mm) was 24.5% on average for all
the environments, turning out to be the main fraction in the environments mentioned
above. The clay fraction (< 0.002mm) represented 19.3%on average in the sediments
from El Carrizal and El Nihuil, and 13.2% on average in those from Carrilafquen
Chica and Ñe-Luan lagoons, while it was present in a very low proportion (1.0%
on average) in sediments from the rest of the environments. Following the textural
classification established by the USDA (United States Department of Agriculture
1999), the sediments of the studied environments can be classified as: (a) Loam-Silt
Loam, at southern Mendoza and the Patagonian Plateau and (b) Sand-Loamy Sand,
at the Andean Patagonian region and southern Patagonia (Fig. 3a). The multivariate
Principal Component Analysis (PCA) was used to display a graphical ordination
of textural data, in order to highlight similarities or differences between the water
bodies, and to verify an environmental gradient (Fig. 3b). The PCA showed that

Fig. 3 a Textural classification triangle of the sediments from the studied environments. b PCA of
textural variables performed on sediment samples from the studied environments. Both axes explain
98% of the total variance of the data
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the more alkaline environments presented a higher percentage of silt and clay than
the acid and neutral pH environments, which correlated significantly (p < 0.05).
Both axes explained 85% of the total variance of the data. The sands presented
a negative correlation (r = −0.62) while the silts and clays presented a positive
correlation (r = 0.67 and r = 0.72, respectively). According to Wang et al. (2005),
the finer textures have greater pollutant adsorption capacity and suspension potential.
Therefore, the sediment with a higher proportion of clay and silty textures could be
more contaminated. On the other hand, Wang et al. (2020) studied the adsorption of
two pollutants in the sediments of a river in China, evaluating the effect of particle
size, humic acids, pH and temperature. The authors found a significant interaction
between particle size and pH, observing that the adsorption capacity of pollutants
increased with the interaction between these two variables, arguing that pH can
change the configuration of the deposited particles favoring adsorption. In this sense,
an increase of pH would cause an increase in negative charges on the surface of the
sediment.

The chemical composition of the sediments of all the studied environments (Table
2) was dominated by silicon oxides (SiO2) with an average content of 61.4% (73.3–
55.3%) followed by aluminum oxides (Al2O3) with concentrations ranging between
11.5% in Lake Caviahue and 22.5% in Lake Lácar. Overall, the mineralogy was
dominated by quartz (SiO2), a stable mineral and a main component of clays. In
general, from the performed PCA (Fig. 4), we can identify a first gradient (axis 1)
given by pH and SiO2 that clearly separates Lake Caviahue from the rest of the

Table 2 Average pH values in water and chemical composition of sediments of the analyzed water
bodies. The acronyms for each water body are defined in Table 1

Water SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2

pH (%) (%) (%) (%) (%) (%) (%) (%)

EC 8.1 58.9 17.9 4.8 9.5 3.3 2.9 2.2 0.6

EN 8.3 59.0 17.9 4.9 9.9 3.0 2.6 2.1 0.5

LC 2.5 73.3 11.5 2.4 1.1 0.7 2.6 0.9 1.3

EB 8.0 55.3 18.4 8.9 5.3 2.9 2.8 3.2 1.2

LL 7.7 57.0 22.5 9.0 3.7 2.5 3.4 1.1 0.8

EA 7.4 – – – – – – – –

EPA 7.0 – – – – – – – –

LM 7.0 63.5 15.1 10.3 2.9 1.6 2.0 1.7 0.7

LCChica 8.4 56.6 17.4 7.0 7.4 4.0 1.4 1.4 0.8

LÑe 8.2 62.3 20.7 7.5 3.2 3.1 0.7 1.4 0.8

LNH 7.3 – – – – – – – –

LBS 7.8 62.6 19.7 6.3 2.2 2.4 3.2 2.3 0.8

LP 8.3 60.0 20.9 6.6 0.6 1.2 1.5 3.9 0.7

LCardiel 9.2 65.4 17.3 5.7 2.7 3.3 3.2 1.7 0.8

LA 7.5 62.6 19.7 6.3 2.2 2.4 3.2 2.3 0.8
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Fig. 4 PCA of chemical variables performed on sediment samples from the studied environments.
Both axes explain 61.06% of the total variance of the data. The acronyms for each water body are
defined in Table 1

studied environments, while a second gradient (axis 2) was linked to pH with the
oxides of Fe, Al, Ca, K and Mg. Both axes explained 61.1% of the total variance of
the data.

Certain distinctive peculiarities could be observed in some of the studied
environments:

(a) The environments of Southern Mendoza (El Carrizal and El Nihuil reservoirs)
were characterized by the presence of CaO as the third most important compo-
nent of sediments with an average concentration of 9.7%. In this sense, León
et al. (2017) found that the chemical composition of sediments from these
two environments was characterized by calcium enrichment compared to the
chemical composition of the Earth’s continental crust and suspended mate-
rial transported by rivers of South America, North America, Africa, Asia, and
Europe. This was in accordancewith the basin lithology, which is characterized
by deposits rich in gypsum and calcite (Sruoga et al. 2005; Ramos et al. 2010),
suggesting an endogenous formation of calcium minerals (León and Pedrozo
2015).

(b) For the rest of thewater bodies located in theNorth–South geographic gradient,
iron oxides (Fe2O3) were the third most important component of the sediments
with an average concentration of 7.0% (between 5.7 and 10.3%).
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(c) For the acidic environment Lake Caviahue, Temporetti et al. (2013) found
that SO3 was important in the chemical composition of lake sediments, with
concentrations varying between 3.4 and 6.1%.

Regarding the mineralogical composition, the analysis of Lake Caviahue sedi-
ments showed that the predominant minerals were andesite ((Na, Ca)(Si,Al)4O8),
albite (Na(Si3Al)O8), anorthite (Na(Al2Si2O8) and cristobalite (SiO2), indicating
the volcanic origin of this sediments (Temporetti et al. 2013). According to Pesce
(1989), the predominant rocks in this area are andesitic and pyroclastic lavas related
to the dynamics of Andean volcanism. Furthermore,Murad andRojík (2003) showed
the relationship of pH with the mineralogy by studying the effect on drainage water
of abandoned mines in the Czech Republic. These authors found a direct relation-
ship between pH variation and mineral precipitation. In this sense, Temporetti et al.
(2019) studied the Agrio River sediments in a natural pH gradient ranging from
1.7 to 6.7 from the river headwaters to 50 km downstream. They found a greater
mineral diversity in this gradient. In sites where the pH varied between 2.8 and 4.9,
the minerals associated with Fe such as magnetite, pigeonite, and iron and calcium
silicates were predominant. On the other hand, minerals associated with aluminum
compounds, such as anorthite and Al and Na silicates, predominated in sites from
AgrioRiverwhere the pHvaried between 5.4 and 6.7, although, in this case, pHwould
not control the crystallization of these minerals. These results were reflected in the
formation of coatings found along this gradient (Fig. 5) and coincided with those
reported by Parker et al. (2008), who observed orange coatings of hydrated ferric
oxide (Fe2O3.xH2O; HFO) and others of white hydrated aluminum oxide (Al2H2O4;
HAO) on rocks along the pH gradient of the Agrio River.

Fig. 5 Photographs of the rocks coatings taken at three different sites of Agrio River. a Sulfur
coatings in the river headwater (water pH = 1.77); b iron coating downstream Agrio River Cascade
(water pH = 4.11), and c aluminum coating in the confluence of Agrio (water pH = 5.30) and
Ñorquín (water pH = 7.00) rivers
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Moreover, for El Carrizal and El Nihuil reservoirs, León et al. (2017) observed
that sediment mineralogy reflected the richness of calcium in the system, and the
most abundant identified minerals (14%) were calcium carbonates and phosphates.
Furthermore, these authors found that the amount of P-containing minerals was
relatively high, mainly Ca phosphates and hydrated Al and Fe phosphates (11% and
3%, respectively).

4 Phosphorus and Its Fractions

In most of the aquatic environments of the Patagonian region, the main contamina-
tion problem is linked to eutrophication. It is an environmental issue of great global
concern. In this sense, it is necessary to know not only the total amount of nutrients
in the sediment, mainly P, but also the main sediment phases to which this nutrient is
associated. Data on phosphorus fractionation enables the evaluation of the bioavail-
able fraction, which can contribute to the trophic state of the system (Pardo et al.
2003). On the other hand, in aquatic systems, the highest amount of P associated
with sediments can be found linked to Fe/Al(OOH) or CaCO3 (Golterman 2004). In
addition, a considerable amount of phosphate is present as organic P, most of which
is in the solid phase and a little portion in solution like inorganic P.

The analysis of TP concentration and its fractions in sediments of the studied
water bodies can be carried out by considering three approaches: (a) North–South
geographic gradient: TP concentration decreases southwards (Fig. 6a). From the
data analysis, a negative (r = -0.56) and significant (p < 0.05) correlation was found
between the latitude and TP concentration in sediments. This is probably related
to the fact that the studied environments located south of 42º S have a very low
anthropogenic pressure. (b) pH gradient: when analyzing P fractions, we observed
that in environments with acidic and neutral pH, P control was associated with P
bound to Fe/Al oxyhydroxides (Fig. 6b). However, this control begins to reverse
when pH exceeds 7.0. As pH increases, P control is associated with bonding to Ca
compounds (Fig. 6c). Although correlation analysis only showed a negative (r =
−0.95) and significant (p < 0.05) correlation between the environments and the P
bound to Fe/Al oxyhydroxides, the PCA indicated the existence of a gradient linked
to the pH in the studied environments. Similar results were observed by Temporetti
et al. (2019) when they analyzed the sediments of The Agrio River which shows a
natural pH gradient. (c) Trophic gradient: when analyzing the content of P-labile
(Fig. 6d), which is the one that is released more quickly into the water column
(internal load) and is readily available for algal growth, it is observed that oligotrophic
water bodies present lower P-labile concentrations than mesotrophic and eutrophic
water bodies. In this case, the effect of the geographic gradient is less noticeable for
the oligotrophic water bodies than for the mesotrophic and eutrophic studied water
bodies. The performed PCA showed this gradient, and a negative (r = -0.83) and
significant (p < 0.05) correlation was found between the studied water bodies and
their meso-eutrophic condition.
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Fig. 6 a Variation of TP
concentration in sediment
samples from the studied
environments. b Variation of
P concentrations bound to
iron and aluminum
oxyhydroxides (P-Fe/Al) and
calcium compounds (P-Ca)
in sediments from acidic and
neutral studied
environments. c Variation of
P concentrations bound to
iron and aluminum
oxyhydroxides (P-Fe/Al) and
calcium compounds (P-Ca)
in sediments from alkaline
studied environments. d
Variation of the P-labile
concentration in relation to
the trophic state of the
studied environments. The
acronyms for each water
body are defined in Table 1
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In an aquatic environment, P distribution in the sediment profile may indicate
that the potentially mobile P may be represented by the difference between TP
concentration in sediment surface and TP concentration at the stabilization depth
(Carey and Rydin 2011). This potentially mobile P will eventually be released into
the water column (Boström et al. 1982; Rydin 2000) and is mainly associated with
iron and organic matter (Rydin 2000). According to Carey and Rydin (2011), the
depth pattern of TP distribution in lake sediments can vary significantly between
oligotrophic and eutrophic systems, which may explain the differences between low
and high levels of nutrients in environments of different trophic states. Temporetti
et al. (2014b) evaluated this hypothesis in the sediments of eight Patagonian envi-
ronments such as lakes, lagoons and reservoirs. The results showed that oligotrophic
lakes tend to accumulate P, whereas eutrophic lakes tend to release this nutrient into
the water column. On the other hand, they observed that certain parameters of inter-
stitial water and sediments were significantly correlated with the trophic state of the
studied environments; in particular: (a) soluble reactive phosphorus (SRP) concen-
tration in pore water, (b) P-labile fraction concentration, (c) TP depth distribution
pattern, and (d) metal/P ratio (MPS). In the study mentioned above, only reservoir
El Nihuil was classified as mesotrophic, presenting a homogeneous sediment TP
distribution pattern that was intermediate between oligotrophic and eutrophic envi-
ronments. In this case, sediments could be enriched with phosphorus, but they would
be close to saturation, showing a homogeneous pattern of TP depth distribution. On
the other hand, these authors observed that oligotrophic environments had a posi-
tive linear slope while eutrophic environments had a negative linear slope. However,
some exceptions to these patterns were detected: (a) Lake Lácar, an oligotrophic
environment which should have shown a positive linear slope but actually presented
a negative linear slope; and (b) Lake Caviahue, an eutrophic environment (according
to P concentration in water) presented a positive linear slope characteristic of olig-
otrophic environments. Finally, Temporetti et al. (2014b) concluded that, to define
the trophic state of aquatic environments both, sediments, and interstitial water, could
be considered more comprehensive parameters than the typical water column param-
eters. By considering the sediment TP distribution pattern, it is possible to determine
if P fixation or sediment release into the water column is occurring.

5 Phosphorus Fixation/Release Capacity

Sediment TP content in aquatic environments depends on factors such as physic-
ochemical conditions, chemical and textural composition, sedimentation rates, and
diagenetic processes (Anshumali and Ramanathan 2007; Li et al. 2007). The balance
between P fraction associated with sediments and that dissolved in the water column
is determined by redox conditions (Boström et al. 1982; Sinke 1992; Katsev et al.
2006), adsorption processes, solubility in the mineral phase and mineralization of
OM (Kaiserli et al. 2002), among other parameters.
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According to Li et al. (2007), particulate OM sedimentation, anaerobic bacteria
activity and dissolved oxygen decrease at the sediment surface produce reduced
compounds that cause a decrease in redox potential. In turn, this decrease triggers
the release of electrons that can be transferred to the oxidizing components (e.g.
iron, aluminum and manganese oxides). These reduced compounds dissolved in the
water column can decrease P adsorption capacity. Besides, the products of the reduc-
tion reactions [e.g. organic anions, ammonium (N-NH4

+) and elemental sulfur (S)]
compete with P for adsorption sites in sediments, generating phosphorus release into
thewater column (Koski-Vähälä et al. 2001). In sediments, P sorptionmechanisms are
generally studied through empirical models that describe the characteristics of these
processes, such as Freundlich and Langmuir isotherms (Langmuir 1997; Limousin
et al. 2007). Isotherm tests have been widely used to estimate P adsorption in soils
(Tunesi et al. 1999), in river sediments (Lin et al. 2009), lake and reservoir sediments
(Wang et al. 2009), and in purified solid media (Freeman and Rowell 1981; Yagi and
Fukushi 2012; Perassi and Borgnino 2014; Abdala et al. 2015).

León et al. (2017) studied two reservoirs with naturally high sulfate waters in
Southern Mendoza (El Nihuil and El Carrizal) to assess the effect of this anion
concentration on geochemical processes acting upon P bonding and speciation in
sediments. These authors observed that only El Carrizal sediments adjusted to a
typical Langmuir isotherm, while El Nihuil sediments adjusted to a steeper slope
that changed from positive to negative. These authors concluded that this last pattern
was established as a result of initial adsorption at low concentrations of dissolved
P and co-precipitation of P bound to carbonates at higher concentrations of P. The
percentage of dissolved P after the test carried out with El Nihuil sediments reservoir
was low (18%) compared to that of El Carrizal sediments (69%), which suggests that
the co-precipitation of P in the first reservoir may be occurring at higher rates than
in the second reservoir.

Furthermore, P fixation isotherms were used to determine the sorption capacity of
natural sediments and those affected by intensive salmonid farming in Lake Moreno
and reservoir Alicura (Temporetti et al. 1991; Temporetti 1998). The results of P
uptake kinetics by natural sediments from both environments confirmed that the
dominant processes were regulated by equilibrium reactions and that is the reason
why they could be described by the Freundlich and Langmuir isotherms. These sedi-
ments are receiving part of the phosphorus entering the basin. Phosphorus fixing
capacity was lower in Moreno sediments than in Alicura sediments; this could be
due to the fact that the dominant texture in Lake Moreno was sand, while the silty
fraction predominated in reservoir Alicura. The predominance of the Ca as a control
mechanism for P precipitation over the organic matter-iron mechanism agrees with
the results obtained by Shulka et al. (1971), who observed that calcareous sedi-
ments retained more phosphorus than non-calcareous sediments. On the other hand,
Temporetti (1998) observed in the reservoir Alicura, that the sediments in the area
affected by fish farming, compared with sites located upstream and downstream
of it, had a high P content that exceeded its fixation capacity, releasing P into the
water column (Fig. 7). Othaz Brida (2021) used P sorption experiments to estimate P
adsorption capacity in sediments from three reservoirs in Patagonia. In two of them
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Fig. 7 Decreasing pattern of TP concentration from sediments to epilimnion at three stations in
Reservoir Alicura: upstream of fish farm, fish farm and downstream fish farm
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(Alicura and Piedra del Águila), since the 1990s and promoted by the administrations
of Neuquén and Río Negro provinces, salmonid farms have been installed for inten-
sive farming. Currently, its production is concentrated mainly in reservoir Alicura,
where seven companies are operating with a total production of 1200 tons y−1, and in
Piedra del Águila there are operating three companies with a total production of 100
tons y−1. The results showed that: 1) although the two reservoirs have an adequate P
adsorption capacity, Alicura sediments (in the main body of the reservoir) presented
a lower P fixation capacity (1026µg g−1 d.w., 43%) than Piedra del Águila sediments
(1268 µg g−1 d.w., 57%). Additionally, evaluations carried out on sediments under
Alicura breeding cages showed, in all cases, that sediments are saturated or close to
saturation (CFI 2013), highlighting the impact generated by the higher aquaculture
production in this reservoir.

Antonuk (2010) and Temporetti et al. (2014a) used P adsorption capacity to deter-
mine the saturationdegree of sediments affected by sewagedischarge intoLakeLácar.
These authors evaluated the sediment quality (P contribution) of the eastern bay of
the lake, affected by the discharge of residual waters. They compared sites within
the bay with a control site located in the center of the lake and away from the bay.
For all the evaluated sites, the results of the performed isotherms adjusted for both,
Freundlich and Langmuir isotherms. From this last equation, the authors estimated
that the maximum P fixation capacity to the sediment was 17% within the bay and
36% for the control site. These percentages indicated that the sediments within the
bay are almost saturated, which may cause a release of nutrients from sediments into
the water column.

6 Bioassays with Sediments

By definition, a bioindicator is any species or group of species whose function, popu-
lation, or condition can reveal the qualitative state of the environment (OspinaÁlvarez
and Peña 2004). In the case of biological indicators, the presence or absence of certain
species constitutes a unit of measurement for the qualitative conditions of a water
body.Once an aquatic ecosystem is characterized, the presence andquantity of certain
species could directly and accurately indicate the concentrations of specific pollutants
(Ptacnik et al. 2008). The most widely used techniques to assess the bioavailability
of nutrients and the toxicity of contaminated sediments are phytoplankton bioas-
says (Aksmann and Tukaj 2004; Ramadass et al. 2016). Due to short generation
times, the use of planktonic algae as indicators is useful given its rapid response to a
contamination process. Quantitative variation in phytoplankton communities is the
first response to aquatic environmental changes, and an increase or decrease in algae
abundance can be observed depending on the type of damage. Furthermore, qualita-
tive changes can also be observed in phytoplankton communities since new species
can colonize the environment while others can decrease and occasionally disappear
(Ptacnik et al. 2008). Autochthonous phytoplankton populations are widely used
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as bioassays to determine nutrient limitation and resource competition (Tilman and
Kilham 1976; Goldman 1978; Tilman et al. 1986; Reynolds 1992).

Diaz et al. (2001) used bioassays with native phytoplankton to assess the response
of this communities to the addition of nutrients generated by the intensive production
of cage trout in reservoir Alicura. Bioassays were carried out by using sediments
affected and unaffected by fish farming, with water and phytoplankton from the
environment. These authors found that both, algal biomass, and fresh weight, as
well as chlorophyll-a content showed the highest concentrations in bioassays with
contaminated fish farming sediments, increasing biomass up to 700% compared to
bioassays with uncontaminated sediments. On the other hand, they also observed
that nutrient concentrations released from the contaminated sediments to the water
in the bioassays increased considerably after 15 days of incubation. These authors
concluded that the main consequences of aquaculture activities in the reservoir are
an increase in nutrient concentrations, algae density, and phytoplankton biomass due
to the release of nutrients from the sediments into the water column. Similar results
were obtained by Temporetti (1998), who used algal bioassays to evaluate the effect
of contaminated sediments by fish farms in Lake Moreno.

Rotondo et al. (2021) worked in reservoir Los Barreales, located in the most
important oil basin of Argentinian Patagonia, Vaca Muerta, and they used bioas-
says to evaluate the response of phytoplankton and the nutrient availability from
contaminated sediments with increasing doses of polycyclic aromatic hydrocarbons
(PAHs). On the other hand, they determined the use of native algae from this envi-
ronment as bioindicators of PAH contamination in sediments. These authors carried
out four different bioassays that allowed them to evaluate: (a) the effect of sedi-
ment contamination on nutrient availability in solution; (b) the effect of sediment
contamination on phytoplankton to highlight the presence of one or more indicator
species; (c) the response of an algae species as a potential indicator of sediment
contamination; and (d) the response of an algae species to water contamination. To
carry out these bioassays, they used water, algae, and sediment from the reservoir,
and contaminated the sediments with increasing concentrations (0 (basal), 50, 100,
250, 500, and 1000 ppm) of Phenanthrene (Ph), Anthracene (An), Pyrene (Py) or
Benzo(a)anthracene (Ba). Themain obtained results showed that PAH contamination
of sediments from reservoir Los Barreales modified the release of nutrients into the
water column, and also affected the growth of the dominant species of phytoplankton
Scenedesmus quadricauda at concentrations of at least 50 ppm Ba, 250 ppm Ph, and
1000 ppm Py. The results indicated that bioassays with native algae species from the
reservoir were useful in detecting the effect of PAH contamination on sediments and
constitute the first approach to create a rapid monitoring tool for assessing the effect
of oil spills on the hydrocarbon formation of Vaca Muerta.
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7 Conclusions

In this chapter, we evaluated different parameters related to the sediments of eleven
aquatic environments of Argentinian Patagonia with different characteristics and
degrees of anthropic impact. The main conclusions are:

(1) pH is one of the main parameters that influence P exchange between sediments
and the water column. It was demonstrated that the P adsorption capacity in
sediments decreases with increasing pH.

(2) Parameters such as texture, chemical composition and mineralogy are essen-
tial to understand sediment genesis and transport mechanisms, and to infer
limnological, hydrological and climatic conditions from past events.

(3) Three gradients determine different degrees of approach to the distribution
of the studied environments: (a) North–South geographic gradient, with a
tendency to decrease the TP concentration in sediments. (b) pH gradient,
which determined that, in general, sediment P control in environments with
acidic and neutral pH is by Fe/Al oxyhydroxides, while in environments with
slightly alkaline to alkaline pH, sediment P control is by Ca compounds. (c)
Trophic gradient, which determined that P more readily available for algal
growth (P-labile) is lower in oligotrophic environments than in mesotrophic
and eutrophic environments.

(4) The study of different P fractions, as well as P adsorption/release capaci-
ties from sediments, was essential to define the control mechanisms of this
nutrient in sediments. Furthermore, understanding thesemechanismswillmake
it possible to evaluate their internal load, necessary when assessing the degree
of eutrophication of a water body and/or the carrying capacity of water bodies.
This information is important to carry out any productive activity in any aquatic
environment.

(5) The use of sediment bioassays with native algae is a particularly useful tool for
rapidly evaluating the anthropic impact on water bodies, enabling the detection
of algal species sensitive to the presence of specific contaminants.

(6) Sediment studies are a tool for obtaining information on, for example, contam-
inated and uncontaminated areas, and contaminant distribution patterns. In this
sense, these studies should be included when defining monitoring programs
since, in many cases, sediment parameters are usually more stable than those
measured in thewater column,which can present daily or seasonal fluctuations.
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A Hydrological and Biogeochemical
Appraisal of Patagonia’s Río Gallegos

Pedro J. Depetris, Diego M. Gaiero, and Nicolás J. Cosentino

Abstract The Gallegos is the southernmost river of continental Patagonia. It has
the smallest drainage basin of all the main rivers in the region. Moderate atmo-
spheric precipitations (~500 mm y−1 in the uppermost catchments) determine
discharge maxima in austral winter (rainfall/snowfall) and spring (snowmelt), deliv-
ering ~0.573 km3 y−1 of freshwater (i.e. ~57 L m2 y−1) into an ample estuary in
the SW Atlantic Ocean. The Gallegos stands out among the remaining Patago-
nian rivers for its connection (~18-month significant squared coherency) with the
Southern Annular Mode, and due to its biogeochemistry, which appears affected by
groundwater and debris, both associated to some degreewith Eocene bituminous coal
beds. The relevant factors seem to be: (a) the marked prevalence of NO3

−–N among
nutrients (N:P = 50:1–60:1); (b) the mean DOC concentration (~500 μmol L−1),
higher than all remaining Patagonian rivers (mean of ~300 μmol L−1), and linked
to river discharge; (c) high DIC, correlated with high pCO2 (probably groundwater-
supplied); (d) mean POC/PN molar ratio of ~8:1 (the highest in Patagonia’s rivers),
leading to infer a terrigenous source with some planktonic contribution. High DOC
concentrations (~1000 μmol L−1) are associated with low δ13CDIC (~−11 per mil),
probably controlled by carbonate dissolution. Mean TOC in the Gallegos River is
~700 μmol L−1, 70% of which is accounted for by DOC.
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1 Introduction

Without taking into account the main rivers draining the island of Tierra del Fuego
(i.e. Grande, San Martín, Cullen, Chico, Fuego, and Ewan), the Gallegos is the
Patagonia’s southernmost river. It owes its name to Blasco Gallegos, a member of
Ferdinand Magellan’s expedition, which sailed the southern seas in the sixteenth
century.

In terms of drainage basin area, the east-flowing Gallegos River is the smallest
Patagonian river, ranking behind the Coyle (or Coig) River, its neighbor to the
north. However, the Gallegos stands out among other Patagonian rivers due to a
harmonic connection with the Southern Annular Mode (SAM), and to the presence
in its drainage basin of subbituminous/bituminous coal-bearing beds of presumed
Eocene age (i.e. 51º32′ S, 72º19′ W, Río Turbio Fm.). This chapter seeks primarily
to explore a set of characteristics, probing into the impact which, apparently, they
force on the main hydrological and biogeochemical features of the Gallegos River.

1.1 Geographic Characteristics

The binational Gallegos River (Fig. 1) drainage basin (51º17′–52º09′ S, 68º56′–
72º22′ W), along with the less noticeable Chico River (i.e. inflowing from the south-
east, with which the Gallegos shares the wide Atlantic estuary), drain the southern-
most portion ofArgentina’s SantaCruzProvince aswell as a portion ofChile’sRegión
de Magallanes y de la Antártica Chilena. It has a drainage basin area of ~9554 km2

(SSRH 2002). Climate in the region is temperate-cold; mean annual temperature is
~6 ºC. Annual atmospheric precipitations (i.e. rain and snowfall) reach ~500 mm in
the upper catchments and ~300 mm in the central and eastern reaches. Atmospheric
precipitations are concentrated in (austral) autumn and winter. Relative humidity in
July (austral winter) reaches 80% in the entire drainage basin, and oscillates between
60 and 70% in January (in the western and eastern regions), and between 50 and 60%
in the central area. Strongwestern and southwesternwinds sweep the region, affecting
evapotranspiration. High river flow occurs between August and November, triggered
by high atmospheric precipitations occurring in the wintertime, and snow/ice melt
for the duration of springtime.

The Turbio River (i.e. Spanish for turbid, murky) is the main headwater tributary.
It flows initially to the south, bordered by the Andes (to the west) and the Cordillera
Chica to the north and east. Several Chilean rivers join themain stem in the upper and
middle stretch (e.g. Rubens, Penitente, and El Zurdo rivers). The Gallegos is 300 km
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Fig. 1 Southernmost portion of Argentina’s Santa Cruz Province, at the southern extreme of conti-
nental Patagonia. The city of Río Gallegos is the provincial capital. Themap is framed between ~50º
to ~53º S, and ~69º to ~73º W. Yacimientos Río Turbio situates the coal mine operation. Gauging
stations: A Puente Blanco; B Toma de Agua

long; the lower 45 km are impacted by large oceanic tides, which reach variations of
up to 13 m at the estuary.

In thewestern region, theAndeanCordillera exhibits a decreasing altitude towards
the south. The dominant forest is typical of the Strait of Magellan region, where
guindo (Nothofagus betuloides) predominates among deciduous species, as well as
lenga (Nothofagus pumilio) and ñire (Nothofagus antartica), among the perennial
trees. A steppe of low bushes and grasses prevail in the extra-Andean eastern slope.
Most representative soils belong in the mollisols order.

The geology of Gallego’s upper catchments is dominated by Pliocene-Recent
basaltic rocks and glacial and glacial/fluvial sediments with a predominant basaltic
mineral signature, and Quaternary sediments of varied grain-size. Water samples
from the Gallegos River exhibited a mean 87Sr/86Sr composition of 0.704863 ±
0.000129, which is slightly higher than the mean composition found in local basaltic
rocks (87Sr/86Sr= 0.703267± 0.000091) (Brunet et al. 2005 and references therein).

The Rio Turbio coal deposit, currently mined (51º32 S, 72º19W) (Río Tubio Fm.,
Eocene), is deemed an extension of the Loreto Fm. (i.e. Magellan Basin). Its reserves
are estimated in 750 million tons of low-sulfur subbituminous-bituminous coal (e.g.
Brooks et al. 2006).

1.2 Methodology

The field and laboratory techniques employed to analyze river water and sedi-
ment samples obtained during the European Commission-funded PARAT Project
(Contract CI1*-CT94-0030) were described in Depetris et al. (2005).
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The hydrological information was obtained from the data base operated by
Argentina’s Secretaría de Infraestructura y Política Hídrica,1 and processed with
standard statistical software.

Natural periodicities of multi-decadal river flow time series were evaluated by
auto spectral analysis, while possible controlling factors of river discharge were
analyzed through cross-spectral analysis. To improve the signal-to-noise ratio of the
spectrum, the Blackman-Tukey method was used, based on dividing the time series
into eight segments with 50% overlap (Blackman and Tukey 1958; Welch 1967).
Prior to spectral analysis, all series were detrended based on a least-squares linear
fit to the data.

2 Hydrological Features

Constrained by the Andean mountainous chain, the shallow Turbio River (i.e. with
sources at 51°20′ S, Dorotea mountain range) is the main tributary in the uppermost
headwaters of the Gallegos River drainage basin (Díaz et al. 2016). To the best of our
knowledge, there are no extended and continuous discharge records along its course.
In the Gallegos, the uppermost gauging station with a recent continuous record is
located at Puente Blanco (51º53′39′′ S, 71º35′46.6′′ W),2 about 190 km upstream
the estuary.

Figure 2 shows a markedly asymmetrical statistical discharge distribution that fits
to a log-normal model (Chi-square= 8.72, d.f.= 2; p < 0.01). The geometric mean±
standard deviation is 19.1 ± 2.35 m3 s−1 (1993–2021), whereas the arithmetic mean
discharge is 28.2 m3 s−1 for the same period. Earlier discharge measurements for
1993–2000 exhibited a higher mean discharge: 34.2 m3 s−1. The estimated runoff3

at Puente Blanco is ~160 mm y−1 and the specific water yield is ~140 L m2 y−1.
Figure 3 shows the synthetic hydrograph of Gallegos River at Puente Blanco

gauging station. Maximum discharge is coherent with maximum rainfall/snowfall
(Jul.–Aug.) and with snow-ice spring melting (Sep.–Oct.).

The graph in Fig. 4 shows the Gallegos discharge time series as well as the corre-
sponding deseasonalized data series (1993–2020) determined for the upper reaches.
Discharge data (Q) stripped from its seasonal components (i.e. deseasonalized) shows
a significant (p < 0.05) negative trend: its mean annual discharge has decreased about
15 m3 s−1 over the last ~27 years, whereas its mean deseasonalized discharge has
reached about−8.3m3 s−1 during the same period (i.e. ~40% of its current geometric
mean discharge).

River discharge is generally influenced by cyclic trends and changing atmospheric
circulation patterns, such asEl Niño-Southern Oscillation (ENSO) (e.g. Yang et al.

1 http://bdhi.hidricosargentina.gob.ar.
2 https://snih.hidricosargentina.gob.ar/.
3 Also known as overland flow.

http://bdhi.hidricosargentina.gob.ar
https://snih.hidricosargentina.gob.ar/
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Fig. 2 Log-normal distribution of instantaneous discharges (N= 166) of Gallegos River, measured
at Puente Blanco gauging station (3.02.1993–29.01.2021)

Fig. 3 Gallegos River synthetic hydrograph determined at the upstream Puente Blanco gauging
station (station 2818). Highest discharges in the upper reaches (~60 m3 s−1) are controlled by
snow/ice melt (i.e. spring)
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Fig. 4 The Gallegos River at Puente Blanco. The graph shows the mean monthly discharge, along
with the corresponding deseasonalized Q time series (1993–2020). The slope of the regression line
(y = −0.0486x + 7.8587) is significantly different from cero (p < 0.05)

2018) or the SouthernAnnularMode (SAM)4 (e.g.Marshall 2003;Gillett et al. 2006).
As a climate driver, the SAM affects southern latitudes (i.e. south of ~50º–60º S).
When in positive phase, the westerly wind belt driving the Antarctic Circumpolar
Current intensifies and contracts towards Antarctica. In its negative phase, SAM
expands towards the Equator. The negative phase will usually be more frequent if
coincidental with El Niño events.

Contrastingwith Patagonia,—where the impact of SAM is insufficiently known—
its effect on Australian climate has been thoroughly researched5 (e.g. Hendon et al.
2007). It refers to the (non-seasonal) N–S displacement of westerlies that almost
constantly blow in the mid- to high-latitudes of the southern hemisphere. The time
frame separating positive and negative events is fairly random, usually ranging
between a week and a few months. The effect that the SAM has on rainfall varies
greatly depending on season and region.

Figure 5 compares, for the period 1994–2020, the variability of SAM with the
deseasonalized Gallegos River time series. A cursory inspection of the graph shows
that some—but not all—positive or negative SAM departures coincide with corre-
sponding positive or negative departures in the deseasonalized discharge time series.
Clearly, both series do not exhibit a significant correlation and, hence, it is not possible
to infer a consistent effect of SAMon precipitations bymeans of parametric statistics.

Spectrum analysis is related with the exploration of cyclical patterns of data,
and may prove fruitful in the exploration of deseasonalized Gallegos discharges and
SAM variability. The aim of the analysis is to decompose a complex time series
with cyclical components into a few underlying sinusoidal functions of particular
wavelengths. Performing spectrum analysis on a time series allows to identify the

4 SAM is also known as the Antarctic Oscillation (AAO). It is defined as a low-pressure belt
surrounding Antarctica.
5 http://www.bom.gov.au/climate/sam/.

http://www.bom.gov.au/climate/sam/
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Fig. 5 Comparison of SAM and Gallegos River mean monthly deseasonalized discharge series (at
Puente Blanco). Some positive (negative) SAM departures are coherent with positive (negative)
deseasonalized discharges. Broken lines are fitted moving averages (period = 5)

wave lengths and importance of underlying cyclical components. As a result, a few
recurring cycles of different lengths in the time series may become evident, which
at first looked like random noise (e.g. Figure 5).

Fourier harmonic analysis is helpful in exploring the relationship that is likely
to exist between both time series in the 1994–2020-time interval. The first step
was to explore the harmonic characteristics of SAM by means of its auto spectral
analysis (Fig. 6). The power spectral density is high and significant (p < 0.05) in the
neighborhood of the 20-month period. This is a key feature when probing into the
coherency with Gallegos’ deseasonalized discharge.

Cross-spectrum analysis is an expansion of the auto spectral analysis to the simul-
taneous analysis of two series. The purpose of cross-spectrum analysis is to uncover
the correlations between two series at different frequencies. The result is the squared
coherency, which can be interpreted similarly to the squared correlation coefficient
(i.e. the coherency value is the squared correlation between the cyclical components
in the two series at the respective frequency).

Fourier’s square coherency was employed to analyze the association existing
between SAM and the Gallegos River deseasonalized discharge time series for the
interval 1994–2020. Figure 7 shows the square coherence spectrum between both
variables. A significant (p < 0.05) peak is identifiable for the ~18-months period.
It is coincidental with the peak identified in SAM’s auto spectral analysis, meaning
that in the Gallegos’ discharge time series, there are recurring hydrological features,
stripped from the seasonal component, which correlate with SAM, with ~18months’
time periodicity (i.e. ~0.05 frequency).

As mentioned above, the time frame separating SAM’s positive and negative
events is quite random, and it may reach high-frequency values, which may range
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Fig. 6 The auto spectral analysis of SAM shows a 95%-significant periodicity of ~20months (light
brown box). The power spectral density best estimate is shown in black, while the 95%-confidence
interval is shown in dashed red lines

between a week and a few months. It might occur, then, that both variables are asso-
ciated with short-period or high-frequency (i.e. ~0.33–0.34) deseasonalized hydro-
logical events. It may be a seasonal-like signal that persists in deseasonalized data. It
is difficult, however, to assign a physical meaning to the 2.9–3.0-month period peak
observable in Fig. 7.

The Gallegos’ water discharge shows a significant flow variation, at Toma de
Agua, near the city of Río Gallegos (Fig. 8). The geometric mean discharge ±
standard deviation = 15.5 ± 1.71 m3 s−1. The river flow displays a decrease (i.e.
with respect to Puente Blanco), replicated in the hydrograph, that can be attributed to
several causes, including strong evapotranspiration and the consumptive use of the
resource. The current mean (arithmetic) discharge at Toma de Agua is 18.2 m3 s−1

(2016–2020); the specific water yield at the Gallegos’ mouth is 57 L m2 y−1.
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Fig. 7 Gallegos River at Puente Blanco. The squared coherence calculated with Fourier harmonic
analysis shows the relationship between the time series of SAM and deseasonalized Q, with two
95%-significant periodicities of 2.9–3.0 and ~18 months (light brown boxes), that also show strong
relative peaks in the cross power spectral density estimate (not shown). The 95% significance level
for the magnitude-squared coherence estimates was computed using a bootstrap method

3 Biogeochemical Evaluation

The Gallegos’ main physicochemical parameters portray an Andean river subjected
to a weathering-limited denudation (Carson and Kirkby 1972), basically governed
by physical processes, with chemical weathering playing a subordinate role. The
geochemical aspects of the Gallegos River were surveyed by the PARAT Project,
between September 1985 and April 1998. The main physicochemical characteristics
can be summarized as follows: pH frequently drops below neutrality (7.07 ± 0.54),
and water conductivity is low (112.2 ± 4.67 μS cm−1), with �Z+ (i.e. �Z+ =
2Ca2+ + 2Mg2+ + Na+ + K+) fitting in the medium dilute category (0.75 > �Z+ >
1.5 meq L−1) (Meybeck 2005). The most frequent order of decreasing abundance
among cations is Na+ > Ca2+ > Mg2+ > K+, whereas among anions is HCO3

− > Cl−
> SO4

2−. Lee et al. (2013) investigated a set of southern Patagonian rivers, including
one sample from the Gallegos. Recent studies have shown that glacial sediments
(Quaternary), prevailing in the drainage basin, regulate the material contribution to
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Fig. 8 Gallegos River mean synthetic hydrograph (2016–2020) determined near the estuary, at
Toma de Agua (station 2838). High discharges are determined by winter precipitations (August)
and snow/ice melt (September–October)

the dissolved and particulate load, balancing the output between silicates, evaporitic
and carbonate rocks (Gaiero et al. submitted).

3.1 Dissolved Components

Nutrients are chemical elements essential for the development of plant and animal
life. In oceans, rivers and lakes, nutrients are needed for the growth of algae that
form the basis of an intricate food web sustaining the entire aquatic ecosystem.
Nitrogen and phosphorous are the most conspicuous nutrients in rivers and lakes,
whereas silicon and several othermicronutrients also play a role in primary biological
production.

Nitrogen is released during organic matter decomposition, largely as ammonium
(NH4

+). It can be adsorbed onto negatively charged organic coatings on soil particles
or clay mineral surfaces. Ammonium is also taken up by algae or plants, or converted
to nitrite (NO2

−) through nitrification, which is oxidized further to nitrate (NO3
−),

a process usually catalyzed by bacteria. Nitrate is soluble and it is not retained in
soils. Consequently, NO3

− supplied by rainwater, or derived from the oxidation of
soil organic matter and animal wastes, will wash out of sediment or regolith/soils
into rivers.
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In natural waters, dissolved inorganic phosphorous (DIP) exists largely as a
number of dissociation products of H3PO4. Phosphorous is usually retained in soils
(e.g. by adsorption onto soil particles) or regolith. Phosphate is usually in sediments as
insoluble FePO4 (i.e. under reducing conditions) and, therefore, DIP can be returned
to the water column associated with Fe(III) reduction to Fe(II). Phosphorous may be
supplied, as well, by the dissolution/hydrolysis of phosphate minerals, such as the
apatite group (i.e. Ca5(PO4)3(F,Cl,OH)).

The Gallegos River showed a wide-ranging concentration variability in NO3
−–N.

Between Sep. 1995 and Apr. 1998 the river was sampled sporadically at the Güer
Aike site (i.e. near the outfall into the estuary). During the sampling period, high and
low concentrations fluctuated 100-fold, between ~92 and 0.97 μmol L−1, whereas
NO2

−–N exhibited, as expected, much lower concentrations (12.80–1.16μmol L−1)
during the same period. The markedly low concentrations of DIP (1.69–0.02 μmol
L−1) reflected themeagerDIP supply received either frompoint or non-point sources.
Hence, the approximate N:P dissolved ratio in the Gallegos apparently remained in
the 50:1–60:1 range throughout the hydrological year, regardless of the water flow
level. The high NO3

−–N concentrations and the resulting, equally high N:P ratio, can
only be explained by the contribution of groundwater, which dissolved phases may
be supplied by coal-bearing beds and mudstones, containing nitrogen but only traces
of phosphorous.6 It must be added that, in comparison with the remaining Patagonian
Rivers, the Gallegos is the river that showed the highest nitrogen concentrations in
the set (Depetris et al. 2005).

Table 1 shows the concentrations of several chemical variables (i.e. also sampled
at Güer Aike) of significance in biogeochemical reactions. Silicon, also a nutrient,
is used—for example—by diatoms and radiolarian to build their exoskeletons and
hence, also plays a significant biogeochemical role. The mean silicon oxide (SiO2)
concentration found was 243.2 μmol L−1 (i.e. 14.6 mg L−1) and also exhibited
a constrained variability (i.e. the coefficient of variation is ~10%). Silicon origi-
nates solely from weathering reactions, and its inherently low concentrations may
be modulated further by biological consumption.

Figure 9 shows the variability of dissolved organic carbon (DOC) and δ13CDIC

against Gallegos River discharge. In contrast with other examples, where DOC is
diluted by swelling river flow, DOC concentrations in the Gallegos increase signifi-
cantly, thus suggesting an allochthonous source for the dissolved organic carbon: a
four-fold increase in discharge, from 20 to 80 m3 s−1, generates an almost three-fold
increase in DOC concentration.

In contrast, δ13CDIC decreases with increasing discharge and DOC. The latter
could contribute to decrease δ13CDIC, as shown for the St. Lawrence River (Barth
and Veizer 1999). Moreover, high discharge determines a more negative δ13CDIC,
which could mean a change in the supplying source.

DICconcentrations in freshwater bodies are controlled by lithology,water temper-
ature, flow variations, and biogeochemical processes (e.g. organic matter oxidation).

6 Río Turbio subbituminous-bituminous coal (geometric)mean composition on a dry, ash-free basis,
is ~56.6% carbon, ~0.97%nitrogen, ~0.68% sulphur, and ~0.02%phosphorous (Brooks et al. 2006).



252 P. J. Depetris et al.

Ta
bl
e
1

D
is
so
lv
ed

bi
og

eo
ch
em

ic
al
pa
ra
m
et
er
s
de
te
rm

in
ed

in
th
e
G
al
le
go

s
R
iv
er

at
G
üe
r
A
ik
e

D
at
e

pH
Q
(m

3
s−

1
)

T
D
S
(m

g
L

−1
)

Si
O
2
(μ

m
ol

L
−1

)
Fe

di
ss
.
(μ

m
ol

L
−1

)
D
O
C
(m

m
ol

L
−1

)
D
IC

(m
m
ol

L
−1

)
pC

O
2
(μ

at
m
)

δ1
3
C
D
IC

(p
er

m
il)

Se
p.

19
95

6.
96

10
5

98
.3

18
5

n.
d

1.
06

1.
10

69
07

−1
1.
1

M
ay

19
96

6.
90

54
76
.4

26
6

0.
23

0.
57

0.
85

63
95

n.
d

Se
p.

19
96

6.
65

53
80
.4

25
8

0.
23

0.
59

1.
23

13
,0
51

−5
.5

D
ec
.1
99
6

7.
44

14
10

6.
1

24
8

0.
09

0.
22

1.
00

22
99

−5
.7

D
ec
.1
99
7

6.
41

18
85
.5

25
2

0.
27

0.
59

1.
47

18
,4
27

−6
.2

A
pr
.1

99
8

8.
05

25
13

7.
3

26
1

0.
17

0.
30

1.
25

76
3

−6
.4

G
.M

7.
05

35
95
.4

24
3.
2

0.
19

0.
49

1.
13

51
53

−7
.0

G
.M

.g
eo
m
et
ri
c
m
ea
n

n.
d.

no
td

et
er
m
in
ed



A Hydrological and Biogeochemical Appraisal of Patagonia’s … 253

Fig. 9 Scatter graph showingDOCand δ13CDIC variation as a function ofGallegosRiver discharge.
Significant correlations support a cause-effect relationship between the variables and river flow.
Error bars are the standard error of the mean. Data from Brunet et al. (2005)

Brunet et al. (2005) studied the provenance of dissolved inorganic carbon (DIC) in
Patagonian rivers. Their data, included in Fig. 10, points to an interesting aspect.

Fig. 10 Variability of DIC and pCO2 in the Gallegos River. Error bars are the standard error of the
mean. Data from Brunet et al. (2005)
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One feature in which the Gallegos diverges from most Patagonian rivers is that a
significant proportion of DIC is accounted for by H2CO3 (i.e. high pCO2). Hence,
high DIC may be linked to a significant groundwater supply or to waters circulating
under snow/ice, in the mountainous upper reaches.

Iron is an indispensable micronutrient of phytoplankton. Iron plays an impor-
tant role in many biological processes such as nitrogen assimilation, N2 fixation,
photosynthetic and respiratory electron transport, and porphyrin biosynthesis. Conse-
quently, the regulation effects of Fe should be considered besides nitrogen and phos-
phorus when dealing with the processes of river and lake eutrophication. There are
several sources of Fe, including the above mentioned reduction of Fe(III) to Fe(II).
Among them, pyrite (FeS2) is themost common sulfidemineral on theEarth’s surface,
and it plays an important part in geochemistry, as well as in biology and environ-
mental processes. The maximum SO4

2− concentration that can be attained by sulfide
oxidation in surface waters saturated with O2 is ~400 μeq L−1 although subglacial
waters may increase three-fold this concentration (Tranter 2005).

The Río Turbio coal has a mean of 0.3 ± 0.31% pyritic sulfur, and 0.5 ± 0.23%
organic sulfur (Brooks et al. 2006). When exposed to air, pyrite is oxidized, whether
by natural processes or anthropogenic activities, forming sulfuric acid in the presence
of humidity (e.g. Campos dos Santos et al. 2016):

FeS2(s) + 7/2O2 + H2O = Fe2+ + 2SO2−
4 + 2H+

Stumm and Morgan (1996) described the following reactions: Fe2+ endures
oxygenation to Fe3+, which is subsequently hydrolyzed to Fe(OH)3(s), liberating
more acidity and coating mineral grains in the streambed.

Fe3+ + 3H2O = Fe(OH)3(s) + 3H+

Pyrite can reduce Fe3+ and FeS2(s) is again oxidized. Acidity is released along
with additional Fe2+, which can again reenter the reaction cycle and drive it further:

FeS2(s) + 14Fe3+ + 8H2O = 15Fe+2 + 2SO2−
4 + 16H+

Fe2+ + 1/4O2 + H+ = Fe3+ + 1/2H2O

This set of reactions can explain Fig. 11, where increasing SO4
2− concentrations

are accompaniedbydecreasingFe concentrations due to a series of feedback chemical
mechanisms—described above—which tend to precipitate Fe3(OH)(s), removing Fe
from the solution.
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Fig. 11 Decreasing concentrations trends of SO4
2− and Fe in the Gallegos River. See text for

explanations. Error bars are the standard error of the mean

3.2 Particulate Organic Constituents

Particulate organic debris transported by rivers supplies important information on a
series of important biogeochemical processes taking place within drainage basins.
Depetris et al. (2005) have probed into the biogeochemical typology and output of all
the main Patagonian rivers and the information collated in that particular project for
the Gallegos Rivers is examined here in more detail. Figure 12 shows an illustrating
image of a typical sample of the dark Gallegos’ bed load sediment.

Table 2 shows mean values and fluxes, expressed in molar masses, as determined
in the Gallegos River within the framework of the PARAT Project. The geometric
mean of total suspended solids (TSS) was 25 mg L−1, whereas its concentrations
varied between 5 and 60 mg L−1 during the period of sampling. Between 6.5 and
9% of TSS was accounted for by organic matter.

It is clear from Table 2 that most of the carbon transported in suspension by
the river was organic, in as much the difference between the mean total particulate
carbon (PC) and themean organic fraction (POC) is about 120mol L−1 (~35%). Such
proportion of the particulate phases is probably accounted for by carbonates, which
have been identified as significant in the carbon-bearing Río Turbio beds (Brooks
et al. 2006).

The concentration of POC (Table 2) is among the noteworthy concentrations in
Patagonian rivers and the Gallegos’ mean concentration is only exceeded by the
Deseado and Chico rivers, with mean POC concentrations in the neighborhood of
380 μmol L−1. The nearby Coyle River, draining marshes and peat bogs, showed a
mean POC concentration of ~50 μmol L−1 (Depetris et al. 2005).
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Fig. 12 Image of a typical bed sediment sample of the Gallegos River collected at a point bar. The
mostly silt and sand grain-size sample includes large coal fragments (i.e. ~0.5–1.0 cm)

Table 2 Gallegos River
organic particulate matter:
means and fluxes

Variables G.M. (μmol
L−1)

Mass (Kmol
y−1)

Yield (mol
km−2 y−1)

PC 332 10.5 1.10

POC 215 6.8 0.71

PN 28 0.9 0.09

DOC 491 15.5 1.62

G.M. geometric mean

C/N ratios in the range 4:1–10:1 are typically from marine (i.e. phytoplankton)
sources, whereas higher ratios are to be expected to come from a terrestrial source
because vascular plants from land-dwelling sources tend to have C/N ratios greater
than 20. The mean POC/PN molar ratio in the Gallegos River is ~8:1, which leads
to interpret a terrigenous source with some planktonic contribution. The Gallegos
has the largest mean POC/PN ratio of all the Patagonian rivers, most of which point
to a dominating autochthonous source (i.e. 4:1–5:1) (Depetris et al. 2005). It is
worthwhile to highlight the significance of DOC over all the other forms of carbon
(i.e. mean DOC/POC ≈ 2.3), which stands out among all the other Patagonian water
bodies. The largest rivers in Patagonia (e.g. Negro, Santa Cruz, Chubut) exhibit
DOC/POC < 2.0 (Depetris et al. 2005).

The world average total organic carbon (i.e. TOC=DOC+ POC) concentrations
in rivers fluctuates in the range of 730–880 μmol L−1. On a global scale, the mean
concentrations of DOC and POC are 400–480 μmol L−1 and 330–400 μmol L−1,
respectively (Perdue and Ritchie 2005). In the Gallegos, mean TOC is 706μmol L−1,
below the global range. On the other hand, average DOC concentration in the



A Hydrological and Biogeochemical Appraisal of Patagonia’s … 257

Fig. 13 Mass transport rates of POC and DOC in Patagonian rivers. The Negro and Santa Cruz
have the highest discharges in Patagonia’s riverine set (Depetris et al. 2005)

Gallegos is somewhat higher than the most frequent global values. Mean POC, in
contrast, is lower.

Patagonian rivers export to the SW Atlantic Ocean about 47.4 Gg y−1 of POC
and about 67.8 Gg y−1 of DOC. The Gallegos River supplies about 11% of POC and
about 18% of DOC supplied to the Patagonian coastal zone. Figure 13 shows the
high covariance of both transport rates as well as the significance of high discharge
(Depetris et al. 2005). Clearly, the relevance of both, the Negro and Santa Cruz
rivers, is mainly determined by their high discharge, even though the Gallegos River
exhibits higher organic carbon concentrations.

4 Final Observations

The Gallegos is the southernmost river of continental Patagonia. It delivers
~0.573 km3 y−1 of freshwater into an ample estuary in the SW Atlantic Ocean.
The water specific yield at the mouth is 57 L m2 y−1 and discharge peaks occur in
August due to (austral) winter precipitations, and in September–October owing to
snow/ice-melt occurring in the southern spring. Annual atmospheric precipitations
are moderate and climate change is seemingly affecting the Gallegos River mean
discharge: deseasonalized discharge data shows a significant (p < 0.05) negative
trend. Its mean monthly discharge has decreased ~15 m3 s−1 over the last ~27 years,



258 P. J. Depetris et al.

whereas its deseasonalized monthly discharge also shows a significant decrease of
about −8.3 m3 s−1 during the same period (i.e. ~40% of its current mean discharge).

TheGallegosRiver discharge time series at PuenteBlanco appears to be connected
with the southern atmospheric pressure variability. Fourier harmonic analysis shows
that the deseasonalized flow series is coherent with the SAM (a.k.a. Antarctic Oscil-
lation, AAO) with significant peaks at 18 and 3 months. It is interesting to point
out that the negative discharge trend exhibited by Gallegos’ discharge trend does
not appear to be associated with SAM’s variability although there is a significant
coherency between both variables.

Nutrients do not reach high concentrations in the Gallegos, as it happens in most
Patagonian rivers. Several factors, however, suggest that the coal-bearing beds, which
are being mined at Río Turbio, play a significant role in supplying dissolved and
particulate matter to the river, thus affecting its biogeochemical characteristics.

Nitrogen, which is the factor limiting biological productivity in most Patagonian
water bodies, is the most conspicuous nutrient in the Gallegos River. NO3

−–N may
reach almost 100 μmol L−1 and the N:P ratio may be in the 50:1–60:1 range. This
is an indication that dissolved nitrogen is likely supplied by N-rich groundwater,
in contact with coal strata or with organic-rich mudstones. Likewise, the Gallegos
has the highest DOC concentrations in Patagonian waters (e.g. mean concentrations
of 500 μmol L−1), which tend to increase with increasing discharge and shows
an inverse relationship with δ13C (i.e. δ13C is possibly connected with the alkalinity
supplied by carbonate dissolution). Additionally, DIC is significantly correlated with
pCO2, which concentration is possibly governed by groundwater. All these aspects
reinforce the scenario of Río Turbio coal as a factor to consider in the riverine
biogeochemistry.

Another interesting aspect is the dynamics of SO4
2−. Río Turbio’s is a low-sulfur

bituminous coal but, according to Brooks et al. (2006), it has some pyritic sulfur (i.e.
0.1–0.8%) and organic sulfur (i.e. 0.3–0.8%). The opposite correlation of SO4

2−
with dissolved Fe, is probably governed by the precipitation of (oxy)hydroxides and
further suggests the partial significance of a coal-related source for dissolved phases
of biogeochemical meaning.

Themean POC/PNmolar ratio in the Gallegos River (i.e. ~8:1), is the highest C/N
in Patagonia’s riverine TSS, most of which exhibit a prevailing autochthonous source
(i.e. ~4:1–5:1) (Depetris et al. 2005). This feature leads to infer for the Gallegos a
phytoplankton source with some terrigenous contribution.

Mean TOC in the Gallegos River is ~700 μmol L−1. This figure falls in the lower
end of the riverine TOC global scenario (Perdue and Ritchie 2005). The DOC/POC
mean ratio is ~2.3, because DOC supplies ~70% of TOC and its mean concentration
in the Gallegos is higher than the most frequent DOC concentrations, on a global
basis (e.g. Perdue and Ritchie 2005). This further supports the image that the coal-
bearing beds supplies, likely via groundwater, the important DOC concentrations
exhibited by the Gallegos River.
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Patagonian rivers export to the SW Atlantic Ocean ~115 Gg y−1 of TOC, with an
average DOC/POC ratio 1.4:1. The Gallegos River supplies about 11% of POC and
about 18% of the DOC contributed by rivers to the Patagonian coastal zone (Depetris
et al. 2005).
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Vertical Electrical Sounding Applied
to Hydrolithological Interpretations
in the Fuegian Steppe, Argentina
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Abstract The aim of this chapter is to present the main hydrolithological features
of an area of the northern region of Tierra del Fuego province, based on geoelec-
trical analyses. The surface geology is dominated by the Carmen Silva Formation
(middle Miocene), composed by two members deposited on marine environments,
from marginal to deltaic, and sands and gravels corresponding to Middle Pleis-
tocene glaciofluvial fans. The geomorphological characteristics are represented by
strongly-dissected low hills, plateaus, valleys and closed depressions which host
semi-permanent shallow lakes. The geoelectrical prospecting allowed us to differ-
entiate several layers based on resistivity. The shallow ones would agree with the
upper member of the Carmen Silva Formation as well as the glaciofluvial deposits,
and would be the unconfined aquifer. The deeper ones would correspond to the lower
member of such formation and would form an aquitard.
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1 Introduction

The geoelectrical methods are based on electrical conductivity or resistivity of rocks
and sediments, and they allow to determine the thickness of a strata sequence. They
are used for groundwater exploration, due to this property in the presence of water.
TheVertical Electrical Sounding (VES) is a simple and relatively accessible geophys-
ical prospecting method that allows to obtain a distribution curve of resistivity vs.
depth.

Although this geoelectrical methods are used in different regions for groundwater
prospecting (e.g. López Vazques 2011; Mársico et al. 2013; Perdomo et al. 2011,
2013a, b), they have not been applied in the studied area in order to survey the
characteristics and behavior of the groundwater systems. The available information
on groundwater close to the study area is scarce, where the work of Kruse et al.
(2017) on Río Grande city (Fig. 1) stands out. Most previous works refer to the
characteristics of the surface catchment areas, either lacustrine or fluvial (Iturraspe
and Urciuolo 2000, 2002; Quiroga et al. 2014, 2017; Quiroga et al. 2014; Villarreal
et al. 2014; Villarreal and Coronato 2015, 2017; among others).

The Fuegian steppe represents the main livestock area of Tierra del Fuego, Antár-
tida e Islas del Atlántico Sur province. Although there are shallow lakes, most of
them contain salty waters, not suitable for animal consumption (Mariazzi et al. 1987;
Crosta et al. 2014). The surface catchment areas of the region have numerous streams,
but with a very low flow, and in many cases, only functional in spring (Quiroga
et al. 2014). Therefore, there is a need to have alternative water sources to facilitate
livestock activity.

The aim of this chapter is to present the hydrolithological features of an area in
the Fuegian steppe, based mainly on a series of VES. The information presented here
is expected to contribute with the understanding of the hydrogeological system of an
area of northern Tierra del Fuego.

Fig. 1 a Location of the studied area in the northern of Tierra del Fuego province, Argentina, b
Location map of the transects and water samples. VES: Vertical Electrical Sounding
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2 Study Area

The study area is located in the province of Tierra del Fuego, Antártida e Islas del
Atlántico Sur, Argentina, at 34 km northwest of Río Grande city (Fig. 1a). It has an
area of approximately 700 km2, and is largely included in the area of Estancias (Ea),
Los Flamencos (LF) and San Julio (SJ).

The climate for this region was defined by Coronato et al. (2008) as sub-humid
oceanic cold with an aridity index of 0.75. Its main feature is the intensity and
permanence of wind prevailing from the NW-W-SW. The mean temperature during
austral summer is 10 °C (January) and −1 °C in austral winter (July). Such annual
variation determines one of the highest continentality indices for the Isla Grande de
Tierra del Fuego (Tukhanen 1992). The mean annual precipitation of the region was
pointed out to be below 400 mm (Tukhanen 1992), including snowfalls from April
to September. Seasonal ground freezing occurs in the upper 30 cm betweenMay and
August. At a regional scale, the southwest sector receives 410 mm per year, whereas
the northeast is the least rainy area with 320 mm per year. Such progressive decrease
in the rainfall data defines a diminishing southwest-northeast gradient at a rate of
2 mm km−1 (Quiroga 2018).

The dominant vegetation in the steppe is represented by Festuca gracillima
(coirón), Empetrum rubrum (murtilla), Chiliotrichium diffusum (mata negra),
Hordeumcomosum (cola de zorro) aswell as different species ofPoa. In grazing areas,
endemic plant species of cold environments and nutrient-lacking soils such as Bolax
gummifera and Azorella trifurcata are found (Moore 1983; Collantes et al. 1989).
Hieracium pilosella represents the most conspicuous and disseminated invasive
species in the study area (Villarreal et al. 2014).

The geology of the area (Fig. 2) is dominated by marine sediments from the
Carmen Silva Formation (middle Miocene) (Codignotto and Malumián 1981). Most
of the outcrops are found in the west of the study area. It is formed by two members:
the lower one made of claystones and sandy limestones from marginal marine envi-
ronments, and the upper one made of limestones and sandstones with conglomerate
banks, of a deltaic origin (Malumián and Olivero 2006). Above these sediments,
a gravel level of varied thickness, covered by aeolian deposits composed by fine
sands and silty clays occurs (Coronato 2014). In the Ea. SJ settlement nearby area
and above Carmen Silva Formation, outcrops of Castillo Formation (De Ferrariis
1938) of middle Miocene age (Codignotto and Malumián 1981) are found. They are
composedof conglomerates and conglomeratic sandstones fromfluvial environments
(Malumián and Olivero 2006). Several levels of sands and gravels of glaciofluvial
fans (middle Pleistocene) (Bujalesky et al. 2001) are found in the northern area,
which form smooth slope lands to the east. The rest of the area is covered by fluvial,
lacustrine and aeolian deposits (late Pleistocene-Holocene).

The topography is represented by deeply dissected hills, low round-shaped and
plateau-like whose maximum heights reach 320 m a.s.l. (Coronato 2007) (Fig. 3).
The lower areas are characterized by abundant pans or deflation basins where semi-
permanent shallow lakes are formed seasonally (Villarreal andCoronato2017). These
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Fig. 2 Distribution of the main lithology units

shallow and ephemeral lakes are the center of endorheic basins and have no perma-
nent superficial affluents or discharge runoff (Iturraspe and Urciuolo 2002), however
they gather the runoff from precipitation. The pans which contain the shallow lakes
vary in size from 3 to 207 km2 (Villarreal and Coronato 2015), according to their
development on glaciofluvial deposits, marine deltaic sediments or marine-proximal
continental sediments (Fig. 3). Their water content depends on the soil-vegetation
association and is highly sensitive to evaporation, mainly during summer when
temperatures are the highest and winds blow frequently and intensively (Iturraspe
and Urciuolo 2000). The water saline content, together with the turbidity, make these
shallow lakes not suitable for human or cattle consumption. Mariazzi et al. (1987)
carried out limnological studies in one of these lakes where the dissolved contents
of sodium, phosphorus, manganese and iron stand out, whereas Crosta et al. (2014)
observed halite superficial crystallization on the dry bottom of Escondida Lake along
periods of water deficiency (October–November). In general, the valleys dissecting
the hills are wide and flat-bottomed, with narrow and shallow streams. Most of the
streams are ephemeral and of a pluvio-nival regime and form the endorheic drainage
basins network where several shallow lakes are found (Coronato 2014). Although
their mean low discharge, Avilés (0.035 m3 s−1; Quiroga et al. 2014) and Chico
(3 m3 s−1; Urciuolo and Iturraspe 2010) rivers are the main surface water courses
in the region. Their headwaters are located in the western Chilean area of Tierra del
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Fig. 3 Hydrographic basins and topographic map

Fuego and they flow with a W-E direction, being part of an exorheic basin including
the Avilés River as a tributary branch of the Chico River (Fig. 1a).

3 Methodology

Fieldwork consisting in hydrological and geophysical surveys was carried out in
order to determine the main units and hydrolithological features of the study area
during spring–summer seasons from 2017 to 2019. In April 2018, two surface water
samples from themiddle and lower sections of theAvilés River; and two groundwater
samples, one from springwater collected in a tank in theEa. SJ settlement and another
one from a drilling well in the Ea. LF settlements were collected (Fig. 1b) using PVC
bottles and stored at 4° C. They were analyzed in laboratory (LANAQUI-CERZOS-
CONICET) in order to determine the major and some minor ions concentrations
(Na+, Mg2+, K+, Ca2+, Cl−, SO4

2−, HCO3
−, CO3

2−, N–NO3
− and As), as well as
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pH and electrical conductivity (EC). Besides this, a groundwater level measurement
was carried out in a second drilling well.

The geophysical surveywas carried out throughVES in seven transects. TheVES
is an indirect geoelectrical method based on the rocks and sediments conductivity
or resistivity, which allows to determine thickness of layers, as long as the sequence
is horizontal and the contrast between layers is noticeable enough. The employed
equipmentwas aDigitalGeometerResistivimeterMPX-400 formedby a transmitting
module which sends direct current, a receptor module which operates resistivity and
spontaneous potential, together with a 12V battery. Bothmodules must be connected
to each other and to the battery (Fig. 4). Two current electrodes (AB, iron made) to
inject electricity into the ground and two potential electrodes (MN, copper made)
for potential difference measurements complete the equipment. The electrodes are
buried along a straight line according to the Schlumberger configuration where the
further from each other, the deeper. The difference in the measured potential leads
to the apparent resistivity value (ohm.m), which allows to build a new curve in
agreement with the distance of the current electrodes (AB).

Every sounding was geographically referenced using a Trimble R8s Global Posi-
tioning System, including the height measurement. The VES were strategically
located on the ground according to the geological, geomorphological and acces-
sibility characteristics, making transects which allowed us to correlate data and
generate geoelectrical sections.

Fig. 4 Vertical Electrical Sounding fieldwork and its operation scheme
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The methodology proposed by Zohdy (1989) was used for the inversion process.
The field apparent resistivity data are digitized in a rate of 6 dots per logarithmic
decade, then processed with Zohdy (1973) software. Such geoelectric cuts resis-
tivity values were gathered in groups to define layers that may be geologically and
hydrolithologically correlated.

The geoelectric cuts for each VES were gathered in transects (Fig. 1b), which
allowed the construction of geoelectric sections. A first correlation was carried out
according to the resistivity rangeswhich allowedgathering the layers in different units
on the basis of the available geological data. The units may be outlined in transects
that represent geoelectrical sections, where the geology and geomorphology of the
sector are both correlated.

4 Results and Analysis

4.1 Geoelectrical Resistivity

Transect 1: It is located in the north of the study area and it is 13.5 km long (Fig. 5a).
From west to east the VES are 58, 57, 56, 20, 12, 11, 55 and 54. The geoelectric
section shows a series of layers with resistivity over 30 �.m (Units 3a and 4a), west
of Escondida Lake. These layers define a deposit of a maximum thickness of 35 m

Fig. 5 a Transect 1, b Transect 2, c Transect 3
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(VES 12). Another layer is defined below this one, with resistivity between 6 and
30 �.m (Unit 2).

Finally, the lowest layer is identified, with a low resistivity (below 5�.m). In VES
58 and 20 small lenses interspersed with Unit 2 may be observed.

Transect 2: It is located in the west of the study area, between Amalia and O´Connor
lakes and it is 14.8 km long (Fig. 5b). From south-southwest to north-northeast the
VES are 48, 61, 60, 13, 59, 25 and 57. In VES 48, 61, 60 and 13 only two layers
are defined: the upper one, 30 to 50 m thick, with resistivity up to 30 �.m (Unit 2);
below a layer with resistivity lower than 5 �.m (Unit 1).

To the north-northwest, in VES 59, 25 and 57, Units 3a and 4a are observed over
those previously described. They present resistivity over 30 �.m. They both express
their maximum thickness in VES 25 (15 and 30 m, respectively).

Transect 3: It is a southwest-northeast oriented transect, south of Amalia and
O´Connor lakes with a length of 14.8 km (Fig. 5c). It is represented by VES 46,
47, 48, 49, 51, 41 and 40. The transect presents an upper layer whose thickness
varies from 90 m to almost 5 m, from southwest to northeast. The resistivity ranges
from 6 to 30 �.m (Unit 2). Below, another layer with resistivity lower than 5 �.m is
found all along the transect (Unit 1).

Between VES 51 and 40, to the northeast of the section, a lens with up to 30 �.m
resistivity intersperses with the previous layer. The maximum thickness recorded is
37 m at 30 m depth. Finally, in the northeast tip of the transect, between VES 41
and 40, a 1 to 2 m thick superficial layer from Unit 3b is observed, whose resistivity
ranges from 40 to 60 �.m.

Transect 4: It is located east of the study area, with a north–south orientation, and is
15.9 km long (Fig. 6a). It is represented by VES 53, 52, 3, 24, 10, 9, 8 and 22. This
transect mostly presents two layers: the lower one, with resistivity lower than 5 �.m

Fig. 6 a Transect 4, b Transect 5
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at around 35–40 m deep (Unit 1), and the upper one with resistivity up to 30 �.m
and 20 to 40 m thick (Unit 2).

Other two units overlying the previous ones are found to the north. The surface
layer presents a maximum thickness of 5 m and resistivity up to 230 �.m (Unit 4a),
whereas Unit 3a is below this one, with a thickness ranging from 4 to 13 m and
resistivity between 37 and 68 �.m.

Finally, VES 24 presents resistivity higher than 30 �.m in the layers of the upper
20 m (Units 3b and 4b). They do not occur in the adjacent VES, except for VES
8 where a small lens is observed at 3 m depth, with a resistivity of 42 �.m which
represents Unit 3b.

Transect 5: It is located in the center of the study area, west–east oriented and crosses
O´Connor Lake (Fig. 6b). It is 7.7 km long and lies along VES 18, 13, 17, 6, 7 and
21. It is mainly formed by three layers. The lower one is at 50 m deep, corresponding
to Unit 1, with resistivity below 5 �.m. Right over is Unit 2 with resistivity between
6 and 30 �.m, from 5 to 20 m depth. Unit 3b emerges in a layer from 5 to 20 m thick
with resistivity ranging from 31 to 100 �.m.

VES 7 and 21 are east of the transect, where a lens from Unit 4b is observed at
1 m depth, interspersed in Unit 3b. It presents resistivity higher than 101 �.m and
has a thickness from 1 to 8 m. Finally, in VES 7, a 10 m thick lens from Unit 1 is
found at 13 m depth, within Unit 2.

Transect 6: It is located in the center of the study area; it is 21 km long and is west–
east oriented (Fig. 7a). It is formed by VES 61, 51, 37, 36, 35, 34, 33, 32, 1, 2 and
3.

An interspersed series of layers of Units 1 and 2 repeats four times to the west,
with thicknesses from 10 to 30 m, whereas only two appear to the east: the upper
one with a thickness of 30 m and resistivity between 6 and 30 �.m, and the lower

Fig. 7 a Transect 6, b Transect 7
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one with resistivity below 5 �.m at 30 m depth. A layer of around 15 m thickness,
with resistivity ranging from 31 to 100 �.m is found in VES 32 and corresponds to
Unit 3b.

Transect 7: It is located on Provincial Route C, in the southwest of the study area
and is 15 km long (Fig. 7b). It is formed by VES 45, 46, 47, 48, 49, 50, 44, 43 and
42.

Two layers occur all along, the lowest one with resistivity below 5 �.m (Unit
1), between 20 and 75 m depth, and the upper one with resistivity between 6 and
30 �.m (Unit 2) and a thickness between 20 and 75 m.

4.2 Hydrochemistry

According to Table 1, in the highest area (sample SJ03), groundwater presents an EC
of 460 µS cm−1 (Ea. SJ) and corresponds to the sodium bicarbonate type, whereas
in the topographically lowest sectors (Ea. LF—LF02), groundwater presents higher
EC values that reach 1110 µS cm−1, and is classified as sodium chloride.

Moreover, sampling carried out in the middle (SJ04) and lower (LF05) catch-
ment sections of Avilés River resulted in sodium bicarbonate and sodium bicar-
bonate/chloride water types respectively, with EC values of 330 and 370 µS cm−1

respectively, and pH 8.

Table 1 Water samples analyses results

Samples LF02 SJ03 SJ04 LF05

pH 8.2 7.6 8.0 8.1

EC (µS cm−1) 1110 460 330 370

Na+ (mg L−1) 225.0 59.5 46.6 55.4

Mg2+ (mg L−1) 0.8 6.5 10.1 6.4

K+ (mg L−1) 9.6 7.4 6.7 5.9

Ca2+ (mg L−1) 2.5 21.0 27.1 13.9

Cl− (mg L−1) 195.0 40.4 33.6 63.9

SO4
2− (mg L−1) 30.9 10.2 24.2 15.0

HCO3
− (mg L−1) 288 190 140 115

CO3
2− (mg L−1) Free Free Free Free

N–NO3− (mg L−1) 0.59 0.45 0.41 0.32

As (mg L−1) <0.01 <0.01 <0.01 <0.01
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5 Discussion: Lithological and Hydrolithological
Interpretations

A synthesis of the lithological interpretation of the SEVs transects is shown in
Table 2.

The geoelectrical prospecting by VES allowed to get indirect information of the
subsoil down to 100 m depth. The superficial geological, hydrological and geomor-
phological information led to the elaboration of the conceptual model of a system
with two different hydrolithological units: the lowest one identified in depths varying
from 5 to 90 m, of an aquiclude or aquitard (Unit 1), and the top one formed by
the unconfined aquifer, an aquitard and the non-saturated portion zone (Units 2, 3a,
3b, 4a, 4b).

The lithological characteristics and the low resistivity recorded (0 to 5 �.m) in
the lowest hydrolithological unit (LHU) allow us to infer layers of low (aquitard) to
null (aquiclude) water transmission, as well as high salinity waters.

The upper hydrolithological unit (UHU) would be formed by both aquitards and
aquifer layers. The first ones would be represented by themiddle-hydraulic conduc-
tivity deposits (limestones) which belong to the upper member of the Carmen Silva
Formation. On the other hand, the aquifers would be formed by sandstones with
conglomerate banks from the same formation, as well as the quaternary sand and
gravel sediments corresponding to different levels of glaciofluvial fans, both with
resistivity recorded from 31 to above 100 �.m.

Table 2 Resistivity and lithology of the proposed units

Unit Resistivity (ohm.m) Lithology Possible
geological
formation

Hydrolithological
assumptions

1 <5 Claystones/sandy-limestones Lower member
of Carmen Silva
Formation

Lowest
hydrolithological
unit (LHU)

2 6–30 Limestones Upper member
of Carmen Silva
Formation

Upper
hydrolithological
unit (UHU)

3a 31–100 Sands Quaternary
glaciofluvial fan

3b 31–100 Sandstones Undifferentiated
quaternary
sediments

4a >101 Gravels Quaternary
glaciofluvial fan

4b >101 Conglomerates Undifferentiated
quaternary
sediments
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Although the UHU presents resistivity values above 100 �.m, they are still low
according to its lithology, which could be due to the presence of high salinity
groundwater.

In general terms it may be stated that the water table is found at a shallow depth
in the topographically depressed sectors. This is confirmed by the geoelectric results
and the measurement of the water table in Ea. LF.

This preliminary hydrolithological model coincides partially with the one
presented by Kruse et al. (2017) for the city of Río Grande (15 m a.s.l.), where
the top unit is characterized as a shallow aquifer with high hydraulic conductivity,
related with marine pleistocene and holocene gravels and sands. On the contrary, for
the deepest hydrolithological unit, the authors recognize certain levels corresponding
to a semi-confined aquifer with interspersion of high and low hydraulic conductivity
layers.

6 Conclusions

The geoelectrical survey provided indirect information which reaches approximately
100 m depth and allowed to elaborate a conceptual model based on the correlation
between layers of a similar resistivity and geological formations that occur in the
area. The altimetric location and geomorphology of the outcrops allowed to adjust
the conceptual model as a system composed by interspersions of sediments of low,
middle and high hydraulic conductivity. The shallow ones would agree with the
upper member of the Carmen Silva Formation as well as the glaciofluvial deposits,
and would be the unconfined aquifer identified as the upper hydrolithological unit.
The deeper ones would correspond to the lowermember of such formation andwould
form an aquitard identified as the lowest hydrolithological unit.

The regional groundwater flow direction is inferred from west to east given
by the topographic relationship with rivers and shallow lakes, some water table
measurements and the groundwater samples analyses.

The fragility of the hydrolithological system, mainly conditioned by the litholog-
ical and climatic characteristics of the area,makes the exploitation of the groundwater
resources a matter that must be properly planned in order to grant its sustainability,
for which it is essential to deepen several aspects of the hydrogeological studies
in the region, such as exploration drilling wells, hydraulic pumping tests and more
groundwater samples analysis.
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Water Quality Assessment in Urban
Watersheds of Tierra del Fuego:
A Perspective from the Integrated Water
Resources Management

Soledad Diodato, Yamila Nohra, Gerardo Noir, Julio Escobar,
Romina Mansilla, and Alicia Moretto

Abstract Water quality deterioration is one of the most challenging environmental
problems in the world. Land use change like urbanization has several impacts on the
presence, utilization and management of water resources. The Province of Tierra del
Fuego, Southernmost Patagonia, Argentina, is not exempt from the challenges that
happen at a global scale. Several problems derived from the high pressure that natural
resources are subjected to are evident. Therefore, the generation of information is of
great relevance within the IntegratedWater Resources Management (IWRM) frame-
work with an Ecosystem Approach (EA). Water Quality of five relevant watersheds
of Tierra del Fuego from the Río Grande andUshuaia cities was systematicallymoni-
tored during the period 2008–2019, assessing physicochemical and microbiological
parameters. The Canadian Council of Ministers of the Environment Water Quality
Index was applied to simplify and facilitate the transmission of the generated infor-
mation to diverse actors. Although downstream sampling sites presented fair to poor
water quality, headwaters from water intakes remains of good quality. It is neces-
sary to implement IWRM with an EA as a way of preserving environmental and
population health.
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1 Introduction

Water, as a vital resource for the life and the development of the society, must be
managed for the benefit of the entire population, since it is a scarce resource in
time and space, it has low costs, sometimes does not have legal protection measures
and it is subjected to the vulnerability of pollution. This fact implies that the local
government authorities have to assume the responsibilities related to itsmanagement,
conservation, control and regulation of its appropriate use. If there is or will be a
water crisis there will also be a development crisis; therefore, water management has
to do with how this vital natural resource is managed (Al Radif 1999).

Worldwide, there is a competition for the multiple uses of water due to popula-
tion, energy and agricultural demands. As the population increases and the economy
grows, the need for water provision and the pressure on water resources increases
(Giri and Qiu 2016). In essence, water management is a conflict management, which
allows focusing on several interests related to the quantity and quality of water; and
involving the design and use of practical and effectivemechanisms to solve the future
conflicts (Martínez Valdes and Villalejo García 2018).

During the recent decades, river water quality and the different problems related
to the presence, utilization and management of water resources have been matter
of constant concern (Al Radif 1999; Zamparas and Zacharias 2014; Chittoor
Viswanathan and Schirmer 2015). Direct and indirect impacts of urbanization and
agricultural activities degrade water quality, as the consequence of land use change
(Yu et al. 2013; Giri and Qiu 2016;Miller and Hutchins 2017). Agricultural activities
involve the use of increasing amounts of fertilizers, pesticides, herbicides, and dairy
manures in croplands to fulfill the food demand of human population and some of
them enter into the nearest water bodies (Giri and Qiu 2016). Urbanization increases
impervious surfaces such as parking lots, roads, and sidewalks, resulting into an
increase in runoff which creates an additional pathway for the transportation of pollu-
tants from landscape into water bodies (Wilson and Weng 2010; Glińska-Lewczuk
et al. 2016).

As a consequence of urbanization, a great number of rivers and streams are
highly contaminated due to the anthropogenic activities such as industrial and sewage
disposal (Almeida et al. 2007; Zagarola et al. 2017;Granitto et al. 2021). The problem
increases when the depurating capacities of these aquatic systems are significantly
reduced in relation to the amount and kind of contaminating substances received
(Almeida et al. 2007; Oliva González et al. 2014). In this sense, river pollution endan-
gers water reserves and the ecosystem services related to it. Therefore, every problem
associated with the lack of water and the deterioration of its quality constitutes an
important issue for the twenty-first century.

The Integrated Water Resources Management (IWRM) is defined as “a process
which promotes the coordinated development and management of water, land and
related resources, in order to maximize the resultant economic and social welfare
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in an equitable manner, without compromising the sustainability of vital ecosys-
tems” (GWP 2000). This approach promotes moving from fragmentation to integra-
tion, from the mere exploitation of the resource to the conservation and rational use
of it, from the management of supply to the management of demand, from pater-
nalism to participation, from centralization to decentralization, from infrastructure
management to efficient administration (Martínez Valdes and Villalejo García 2018).

The Province of Tierra del Fuego (TDF), Southernmost Patagonia, Argentina
(Fig. 1a), is not exempt from the problems that happen at a global scale. For many
years, the Fuegian community has been concerned about local water resources,
which led in 2016 to the enactment of the Framework Law for the Integrated Water
Resources Management No 1126. The goal of this regulation is to build and promote
an IWRM, in order to overcome threats, and to reduce vulnerability to scarcity or
deterioration in water quality. These problems derive from the high pressure that
the basins’ natural resources are subjected due to the development of activities that
impact them. This holistic concept is developedworldwide and is used to explore new
forms of relationships between water and society within the Ecosystem Approach
(EA) (IPBES 2019; Noir 2019). In this context, the generation of information is of
great relevance within the framework of what is established by IWRM with an EA:
the forests, peatlands, glacial environments and wetlands of TDF play a fundamental
role due to the ecosystem services they provide for the conservation of the quantity
and quality of water (Zagarola et al. 2014; Mrotek et al. 2019).

InTDF, 97%of the total population (127,205 inhabitants, INDEC2010) is concen-
trated in the urban areas, in the cities of Río Grande, Ushuaia, and Tolhuin. The city
of Río Grande is crossed by the largest basin of TDF. The Grande River watershed
(GR) is a binational basin located in the southern portion of Argentina and Chile. Its
importance lies in its large size and the magnitude of its annual average flow (40 m3

seg−1), receiving important tributaries in the Argentine sector of TDF (Iturraspe and
Urciuolo 2000). Also, it is the basin with the greatest number of uses in the province
(drinking water, tourism, animal husbandry, fishing, oil activity, etc.), as well as the
one that involves several social actors related to the different water uses. The GR is
the drinkingwater source of RíoGrande city, with the water intake located a few kilo-
meters above the city. Also, the touristic and recreational use of water in the middle
and lower basins has acquired great importance since numerous ranches have diver-
sified their activities towards agrotourism and the establishment of fishing preserves
(Urciuolo et al. 2009). Given its characteristics and ecological importance, this sector
of 220 km of coast was incorporated into the Provincial System of Protected Natural
Areas through the creation of the “Atlantic Coast Reserve” (1992; https://whsrn.
org/es/whsrn_sites/costa-atlantica-de-tierra-del-fuego/), assigning it the category of
Coastal Natural Reserve. In addition, since 1992 it constitutes a site of the Western
Hemisphere Shorebird Reserve Network and a wetland of international importance
declared a RAMSAR site (SAyDS 2009). The GR flows into the protected marine
coastal zone constituting an estuary, where the city of Río Grande is located. The
significant urban and industrial expansion of the city based on economic promo-
tion laws of the 1970s, has caused changes in land use, as well as situations that
altered the water quality of the estuary such as human settlements in the riverside

https://whsrn.org/es/whsrn_sites/costa-atlantica-de-tierra-del-fuego/
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Fig. 1 Maps showing the location of the study area in Tierra del Fuego, Argentina (a), and the
sampling sites at Grande River basin (b; S1–S9), and at four watersheds in Ushuaia city (c): Buena
Esperanza Stream upstream (BES1) and downstream (BES2); Grande Stream upstream (GS1) and
downstream (GS2), Olivia River upstream (OR1) and downstream (OR2), and Pipo River upstream
(PR1) and downstream (PR2). Red triangles indicate drinking water treatment plants, and black
triangles indicate wastewater treatment plants
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and flooded areas, effluent dischargeswithout treatment, and presence of solidwastes
on the banks. In this way, the anthropogenic impact on the wetland has generated
severe changes in the landscape of this relevant site (Lofiego et al. 2009), which also
constitutes an environment of great importance for the inhabitants of Río Grande
city.

The city of Ushuaia is defined by four main watersheds: Buena Esperanza Stream
(BES), Grande Stream (GS), Olivia River (OR), and Pipo River (PR) (Iturraspe
and Urciuolo 2000). Although each water course presents particular characteristics
and defined uses, the major problem they have been subjected to is the negative
consequences of urbanization. The population has exponentially increased in the last
decades (from 7000 inhabitants in 1970 to approximately 60,000 in 2010; INDEC
2010). The main reason for this population growth was the promulgation of the
Argentinian National Law No 19,640 of industrial promotion and customs benefits,
which motivated immigration from the central and northern provinces of Argentina.
These facts led to substantial changes in land use, mainly due to the need for space
for urban and industrial settlements. The urban expansion was not largely accompa-
nied by the development of the necessary infrastructure to provide services such as
drinking water and sewers to all the population. Therefore, the degradation of fluvial
watersheds that cross the city and consequently, the coastal system of Ushuaia city
has been subjected to the impact of raw sewage effluents (Amin et al. 2011; Zagarola
et al. 2017; Diodato et al. 2018, 2020; Granitto et al. 2021).

Evaluation of limnological parameters can be considered an essential tool in
the study of environmental problems, contributing to the knowledge of the main
functioning mechanisms of aquatic ecosystems, assisting in water quality manage-
ment, with a substantial role in the monitoring and recovery of water bodies, mainly
regarding eutrophication control (Almeida et al. 2007; Akkoyunlu and Akiner 2012;
Poonam et al. 2013; Oliva González et al. 2014; Glińska-Lewczuk et al. 2016). The
information that provides the evaluation of limnological parameters are comprehen-
sible for scientists; however, this type of information should also be meaningful to
managers and decision makers who want to know about the state of their local water
bodies. For this reason, water quality indexes (WQI) were designed with the aim of
creating a mean of communicating water quality issues (CCME 2001).

One of the most commonly used indexes was developed in 2001 by the Cana-
dian Council of Ministers of the Environment (CCME): the CCME Water Quality
Index (CCME WQI). This index has been used widely worldwide to evaluate the
water quality in rivers and other water bodies (Akkoyunlu and Akiner 2012; Bilgin
2018; Gikas et al. 2020; Hossain and Patra 2020). The CCME WQI offers several
advantages over other methods, including compliance with different legal require-
ments and different water uses, eligibility for water quality assessment in specific
areas, flexibility in the selection criteria, and tolerance for missing data. On the other
hand, it does not require a huge number of different water quality parameters for its
development and validation (CCME 2001). The index incorporates three elements:
scope—the number of parameters not meeting water quality guidelines; frequency—
the number of times these guidelines are not met; and amplitude—the amount by
which the guidelines are not met (CCME 2017). The index produces a number
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between 0 (worst water quality) and 100 (best water quality) and is divided into
five descriptive categories to simplify its presentation: “poor”, “marginal”, “fair”,
“good”, and “excellent”.

The CCME WQI can be used to track changes at one site over time and compar-
isons among sites. If used for the latter purpose, care should be taken to ensure that
there is a valid basis for comparison. Sites should be comparedwhen the same param-
eters and guidelines, time periods and numbers of samples are used. Otherwise, each
site should be measured against its ability to meet relevant guidelines (CCME 2001,
2017; Hossain and Patra 2020).

In the present study, the hydrographic basin is the scale of study.Moreover, they are
the geographic spaces where groups and communities share activities, socialize and
work, based on the availability of renewable and non-renewable natural resources.
Based on the foregoing, we can conclude that in hydrographic basins it is possible to
identify real-scale solutions to problems to water situations and risks, which is why
they constitute the ideal territories to carry out IWRM (Noir 2019).

Although past and current uses of the watersheds differ among them, monitoring
physicochemical and microbiological parameters of water quality over time will
provide a better characterization of our natural resources. Therefore, the aim of this
studywas to assess thewater quality of five hydrological basins of TDFwith different
degrees of anthropogenic impact along each watershed and between watersheds. The
CCMEWQI was applied to compare upstream and downstream sites in each course,
providing simplified information to decision makers and stakeholders. On the other
hand, and related to water quality and different uses of the basins, a perspective from
the IWRM is also provided. These results may be useful for the development of
local and regional mitigation and remediation programs regarding the deterioration
of water quality with different uses along freshwater courses.

2 Study Area

Tierra del Fuego watersheds can be classified and characterized into four groups of
basins or water zones. In the present study, we evaluate water quality from two of
them: central or transition basins, and southern or mountain range basins (Iturraspe
and Urciuolo 2000).

The GR basin belongs to a transition basin located in the central steppe-forest
zone called ecotone (Fig. 1b; Iturraspe and Urciuolo 2000). The total area of the
basin is 8580 km2, but only 3780 km2 correspond to the Argentine territory (Table 1;
Iturraspe et al. 2007). The GR flows from west to east, receiving tributaries from the
south and from the north. Before discharging into theAtlantic Ocean and constituting
an estuary, the river makes a long bend to the south around gravel beach barriers on
which the GR is built (Isla and Bujalesky 2004). In GR’s outer estuary, the mean
tidal range is 4.16 m. The climate is semi-arid, and mean annual rainfall varies
from 600 mm in the southern springs of the basin to 330 mm in Río Grande city
at sea level. Strong winds prevail from the west, which are of great intensity in
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spring and summer. The floods appear in early spring, which mainly depend on
local precipitation, with the lowest water level in autumn and early winter due to
freezing temperatures in the soil and riverbeds (Koremblit and Forte Lay 1991). The
landscape is highly variable, undulating with low slopes and marked meanders in the
river course. Forests that grow in this zone are deciduous; they are representedmostly
byNothofagus antarctica (ñire), followed byN. pumilio (lenga). These forests take up
the hills and the highest places, whereas the low zones and the wide and not very deep
valleys are occupied by herbaceous vegetation, predominantly the gramineous one
(Iturraspe and Urciuolo 2005). The GR basin stands out for the extension, diversity
and uniqueness of its wetlands (Anchorena et al. 2009), which, outside the thaw
period, acquire importance as regulatory storages.

The southern or mountain range basins comprise the area delimited between the
northern part of the Fuegian Andes and the Beagle Channel. The orography responds
to structural features that have resisted the intense glacial activity, basically erosive.
The transversal and longitudinal valleys of the FuegianAndes (Andorra, Cañadón del
Toro, Pipo, Olivia, Carbajal-Tierra Mayor, and Beagle Channel) show the effect of
Pleistocene glacier erosion (Rabassa et al. 2000). The tributary valleyswere occupied
by multiple valley glaciers, ranging from 20 to 30 km in length, with smaller, single
valley glaciers (Rabassa et al. 2000). Forest is the absolutely dominant vegetation
in this mountainous landscape, covering the mountain hillsides until 500–600 m
a.s.l. Beyond that height, there are only peat bog patches and high mountain thin
vegetation adjacent to the forest, In higher altitudes, it’s only possible to find nude
rocks, glaciers, semi-permanent snows and little high lakes (Iturraspe and Urciuolo
2005; Strelin and Iturraspe 2007). The main watersheds that cross Ushuaia city are
BES, GS, OR and PR, which belong to southern or mountain range basins (Fig. 1c;
Table 1).

The BES basin springs in the Martial mountains at 1340 m a.s.l. and it flows
into the Encerrada Bay after a 7 km way in which it crosses the urban area of the
city (Urciuolo and Iturraspe 2005). Its waters are hyposaline, slightly bicarbonated,
of great transparency and with a moderately high Fe content; although its turbidity
increases during floods due to sediment drag (Iturraspe et al. 2007). There is no

Table 1 Hydrological characteristics of five watersheds of Tierra del Fuego (Argentina): Grande
River (GR), Buena Esperanza Stream (BES), Grande Stream (GS), Olivia River (OR) and Pipo
River (PR). Data from Iturraspe et al. (2009), Zagarola et al. (2017) and Granitto et al. (2021)

Watershed Area (Ha) Mean annual flow (m3

s−1)
River length (km) Urbanized area* (%)

GR 868,000 40.00 240.00 2.9

BES 1656 0.37 6.97 68.0

GS 12,538 3.20 18.31 18.1

OR 20,924 5.40 41.59 7.0

PR 15,900 3.70 11.60 28.3

*Percentage of the total river length



282 S. Diodato et al.

agricultural or livestock activity within this basin. A water treatment plant is located
at 110 m a.s.l., which contributes 20% of the raw water that is purified there (Huelin
Rueda 2008). Above that point, there are small water intakes for tourist settlements
such as hotels, cabins andmountain huts, and downflow the treatment plant begins the
densely urbanized area. Through the urban area, the stream crosses house settlements
with different degrees of consolidation. In its middle and lower sections, the stream
receives the majority of pluvial and sewage discharges, urban water runoff and water
from urban peat bogs, before draining into Encerrada Bay.

GS is located in the Andorra Valley, where peat bogs, lagoons and glaciers
compose the natural landscape (Urciuolo and Iturraspe 2011). In 2009, the middle
section of theAndorraValley basinwas declared aRAMSARsite called “Vinciguerra
Glacier and associated peatlands” (https://rsis.ramsar.org/es/ris/1886). This condi-
tion led to stop urbanization planning in the sector and the exploitation of peat. The
RAMSAR site, limits to the west with the Tierra del Fuego National Park where the
headwaters ofGS are located. These protected areas favor the preservation of the 72%
of the GS basin, which is relevant because this stream is the main source of drinking
water in the city providing approximately 80% of the raw water in the treatment
plants (Huelin Rueda 2008). Moreover, it is a direct water source that supplies some
of the precarious houses of the area and the irrigation of crops in small farms in the
valley (Urciuolo and Iturraspe 2005). Over the years, the urbanization in this sector
has been planned, building social neighborhoods and single-family homes, although
untreated domestic discharges have been detected (Amin et al. 2011; Diodato et al.
2018, 2020; Granitto et al. 2021). Crossing the urban area, GS flows into the eastern
part of Ushuaia city and discharges in Ushuaia Bay, Beagle Channel. In the lower
basin, GS crosses a zone occupied by different industries (plastic and electronic
manufactures), a petrol station, and the municipal slaughterhouse, whose spills have
been occasionally dumped into the stream during the last years. Close to the outlet,
a secondary sewage treatment plant is under construction and would begin operating
at the end of 2021.

The OR defines the East boundary of the urban area of Ushuaia city. It occupies
the Carbajal bottom Valley, where a large wetland of 672 ha is made up of peat bogs
and lagoons, and is influenced by allochthonous drainages (Urciuolo and Iturraspe
2011). There is an active peat extraction. The low slope of the catchment determines
a fair runoff regime and marked meanders in the river course, draining into the coast
of Ushuaia Bay. The capacity of self-purification of this stream is low, especially in
winter when the low temperatures and the reduction of flow rates are combined. In
addition, surface freezing hinderswater oxygenation during part of the year (Urciuolo
and Iturraspe 2005). In its middle section, this course is a possible source of drinking
water for the city. Moreover, this basin provides valuable environmental services,
especially in terms of hydrological regulation (Noir 2019). In its lower section, the
urbanization is reduced, but several economic and productive activities are settled: the
current sanitary landfill, a concrete plant, a quarry, a fish farming station, a hazardous
wastes treatment plant with a pyrolytic oven, and a small bottled water venture.

The upper section of the PR is away from the principal urban area and belongs
to a protected area under the preservation of the Tierra del Fuego National Park.

https://rsis.ramsar.org/es/ris/1886
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Leaving this restricted area, the newest drinking water treatment plant of the city is
located (recently opened in 2017), supplying drinking water to the western sector of
the city. In the 1990s, the middle section of this watershed was used as a quarry for
the extraction of solid material for the construction of the international airport and
a sanitary landfill operated there without any type of aquifer protection. In the last
10 years, large urbanization projects such as neighborhoods have been developed
in this sector, joining the already urban urbanization near the outlet of the PR into
Golondrina Bay.

3 Materials and Methods

3.1 Sampling Sites and Experimental Design

Nine sampling sites were selected along the GR (S1–S9; Fig. 1b; Table 2) taking into
account different characteristics such as the degree of occupation, the development of
socio-economic activities, and the presence of wastewater discharges, among others.
Most of the sites were located on the north riverside, because there is where most of
the pollutants could accumulate, according to river dynamics. InUshuaiawatersheds,
two sites were sampled for each watershed: one site upstream before urbanization
(labelled by adding number “1”) and the other site close to the outlet in the coast of
Beagle Channel (labelled by adding number “2”) (Fig. 1c; Table 2).

Water samples were collected between 2008 and 2014 in the GR, and between
2009 and 2019 in Ushuaia watersheds (BES, GS, OR and PR) with a frequency
between 2 and 4 months, and taking into account the tidal regime for downstream
sites, since salinity conditions could influence chemical determinations. In all cases,
subsurface water samples were taken and at a distance of about 1.5 m from the
river bank with a horizontal Niskin bottle. After collection, samples were kept
refrigerated (4 °C) and processed as quickly as possible. In all samples from the
GR, 12 parameters were registered to characterize the water quality: pH, electrical
conductivity (EC), salinity (SAL), total dissolved solids (TDS), 5-day biochem-
ical oxygen demand (BOD5), chemical oxygen demand (COD), turbidity (TURB),
orthophosphate (PO4

3−), nitrate (NO3
−), nitrite (NO2

−), total coliforms (TC) and
fecal coliforms (FC). Inwater samples fromUshuaia watersheds, 10 parameters were
evaluated: pH, EC, TDS, BOD5, PO4

3−, ammonium (NH4
+), NO3

−, NO2
−, TC and

FC. Determinations were performed using the procedures recommended in APHA
(2017). The list of the examined parameters with their units, used abbreviations and
applied analytical methods are shown in Table 3.
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Table 2 General characteristics of the studied sampling sites in Tierra del Fuego watersheds,
geographical locations and site descriptions

Watershed Sampling site Geographical coordinates Site description

Latitude (S) Longitude (W)

Grande River
(GR)

S1 −53.829605° −67.843270° 50 m upstream the
water intake

S2 −53.835158° −67.792277° Bridge of GR and
National route No 3

S3 −53.814860° −67.745440° Old channel from
industrial zone

S4 −53.809104° −67.741318° New channel from
industrial zone

S5 −53.804100° −67.730430° Pluvial discharge next
to industrial zone

S6 −53.797243° −67.709829° Direct discharges from
neighbourhoods

S7 −53.802862° −67.689083° Point in the bridge near
direct discharges

S8 −53.802041° −67.676338° Small dock in south
riverbank

S9 −53.793543° −67.685823° Dock located at the
mouth of the GR where
small ships moor

Buena Esperanza
Stream (BES)

BES1 −54.798361° −68.371000° Mountain area (800 m
a.s.l.) located before the
drinking water
treatment plant and
surrounded by
Nothofagus spp. forests

BES2 −54.819083° −68.324306° High degree of
urbanization including
direct sewage
discharges. It discharges
into Encerrada Bay

Grande Stream
(GS)

GS1 −54.759721° −68.304928° Natural area surrounded
by Nothofagus spp.
forests and peatlands;
upstream the
urbanization

GS2 −54.795701° −68.257813° Next to an industrial
area and influenced by
urban settlements along
its course. It discharges
into Ushuaia Bay

Olivia River (OR) OR1 −54.762667° −68.194444° Area surrounded by
Nothofagus spp. forests

(continued)
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Table 2 (continued)

Watershed Sampling site Geographical coordinates Site description

Latitude (S) Longitude (W)

OR2 −54.799194° −68.226611° Low degree of
urbanization. Area
receiving leaches from
the sanitary landfill, an
aggregate quarry and a
small fish farm. It
discharges into Ushuaia
Bay

Pipo River (PR) PR1 −54.829778° −68.427083° Area surrounded by
Nothofagus spp. forests,
outside the National
Park boundary

PR2 −54.836333° −68.352783° Middle degree of
urbanization. It
discharges into
Golondrina Bay

3.2 Legal Framework

The assessment of surface freshwater quality was based on standards established by
national and international guidelines. The implemented national normative derives
from the Water Quality Guidelines for the Protection of Aquatic Life in Surface
Freshwater established in the resolution No 1333/93 of the Environmental law No 55
from Tierra del Fuego province (https://desarrollosustentable.tierradelfuego.gob.ar/
wp-content/uploads/2017/04/Decreto-N%C2%BA1333-93.pdf). Two international
guidelines were applied when national regulations did not establish the standards
for some of the studied parameters. In this case, guidelines from the Chilean
National Commission for Environment (CONAMA-Chile) and theCanadianCouncil
of Ministers of the Environment (CCME) were applied (CONAMA Guide for the
Establishment of Secondary Environmental Standards for Surface Continental and
MarineWaters, and CanadianWater Quality Guidelines for the Protection of Aquatic
Life, respectively).

3.3 Data Analysis

All the data were processed in order to determine mean and median values, standard
deviations, and maximum and minimum values and were graphically displayed as
boxplots using the software Statistica 7.0.

https://desarrollosustentable.tierradelfuego.gob.ar/wp-content/uploads/2017/04/Decreto-N%25C2%25BA1333-93.pdf
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Table 3 List of physicochemical and microbiological parameters measured in the sampling sites,
their units, and the applied methodological techniques. For parameter´s abbreviations see the text

Watershed Parameter Unit Applied analytical techniques

Grande River (GR) pH – In situ measurements with
multiparametric probe
HORIBA W-23XD and
HANNA HI 9813-5

EC mS cm−1

SAL PSU

TDS mg L−1

TURB NTU

BOD5 mg L−1 SM 5210 D; incubation and
respirometric measurements
with BODTrak from HACH

COD mg L−1 SM5220 D; colorimetric
method

PO4
3− mg L−1 4500-P E; ascorbic acid

method

NO3
− mg L−1 4500-NO3 E; cadmium

reduction method

NO2
− mg L−1 4500-NO2 B; colorimetric

method

TC MPN 100 mL−1 9221 B/C/E; incubation and
multi-tube fermentation
technique

FC MPN 100 mL−1

Ushuaia watersheds (BES, GS,
OR and PR)

pH – In situ measurements with
multiparametric probes
HORIBA W-23XD and
HANNA HI 9813-5, and
conductivity meter HANNA
HI8733

EC mS cm−1

TDS mg L−1

BOD5 mg L−1 SM 5210 D; incubation and
respirometric measurements
with BODTrak from HACH

PO4
3− mg L−1 4500-P E; ascorbic acid

Method

NH4
+ mg L−1 SM 4500-NH3 F; phenate

method

NO3
− mg L−1 4500-NO3 E; cadmium

reduction method

NO2
− mg L−1 4500-NO2 B; colorimetric

method

TC MPN 100 mL−1 9221 B/C/F; incubation and
multi-tube fermentation
technique with
24 h-Colitag™ (CPI
International) substrate

FC MPN 100 mL−1
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3.4 Calculation of CCME WQI

CCME WQI was computed using the method of CCME (2001). This method was
developed to protect aquatic life and assess water quality by applying local or inter-
national guidelines in order to compare these standard permissible values with the
observed values. In this case, the selected guidelines for comparison purposes came
from the local and international normative (see Sect. 9.3.2).

The mathematical formulation of CCMEWQI is shown in (Eq. 1) (CCME 2001):

CCMEWQI = 100−
⎛
⎝

√
F2
1+F2

2+F2
3

1.732

⎞
⎠ (1)

where F1 represents the percentage of variables that do not meet their objectives at
least once during the time period under consideration (failed variables), relative to
the total number of measured variables (see Eq. 2); F2 represents the percentage of
failed individual tests that do not meet their objectives (see Eq. 3); F3 is an asymptotic
capping function that scales the normalized sum of the departures from objectives
(nse) to yield a range between 0 and 100, and the constant, 1.732, is a scaling factor
(see Eq. 4):

F1 =
(
Number of failed variables

Total number of variables

)
× 100 (2)

F2 =
(
Number of failed tests

Total number of tests

)
× 100 (3)

F3 =
(

nse

0.01 nse + 0.01

)
(4)

The nse variable is, expressed as:

nse =
∑n

i=1departurei
# of tests

(5)

The collective amount bywhich individual tests are out of compliance is calculated
by summing the departures of individual tests from their objectives and dividing by
the total number of tests (Eq. 5).

For the cases in which the test value must not exceed the objective:

departurei =
(
Failed Testi
Objectivej

)
− 1 (6a)
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For the cases in which the test value must not fall below the objective:

departurei =
(

Objectivej
Failed Testi

)
− 1 (6b)

For the cases in which the objective is zero:

departurei = Failed Testi (6c)

As a result of the calculations, CCME WQI was evaluated as “poor” (0–44),
“marginal” (45–64), “fair” (65–79), “good” (80–94), and “excellent” (95–100)
(CCME 2001).

4 Results and Discussions

4.1 Spatial Variation of Water Quality Parameters in Grande
River

The spatial variation of physicochemical and microbiological parameters in nine
sites from the GR is shown in Figs. 2 and 3. Mean pH values in all sites were
similar and near the neutrality (mean values between 7.25 and 7.67). Mean values
of EC, SAL and TDS showed a similar trend in each site due to its common origin:
lower values were found in S1 (means of 0.15 mS cm−1, 0.10 PSU and 87.24 mg
L−1, respectively), which were increasing towards the mouth of the river. Maximum
values were reached in S9, which corresponded to approximately 100 times those
found in S1 (means of 15.70 mS cm−1, 9.93 PSU and 8121.89 mg L−1, respectively).
This gradual increase in EC, SAL and TDS can be explained due to the dynamics
of the estuary and the intrusion of seawater in each tidal cycle. S9 is the closest site
near the coast where the GR inlet is controlled by macrotides and high-energy waves
(Bujalesky 2007). Despite the fact that precautions were taken during sampling to
avoid the influence of seawater, estuarine parameters fluctuate in relation to the tide.
The wind effect is very important during some days and during slack water (Isla and
Bujalesky 2004).

BOD5 mean values were consistently below 10mg L−1 in all sites, although some
extreme values were recorded in sites with industrial influence (S3–S5; up to 46 mg
L−1) and urban inputs (S6–S9; up to 39 mg L−1). COD mean values varied between
30mgL−1 (S2) and 128mgL−1 (S9), with intermediate values in sites with industrial
influence. Maximal COD values were registered in S9, according to the presence of
ships that moored in the dock. Extreme values registered in 2012 in almost all sites
were related to a devastating fire in the industrial park near the riverbank, where
approximately 2000 tanks with disused, highly flammable petroleum, degreasers and



Water Quality Assessment in Urban Watersheds … 289

Fig. 2 Boxplots representing the variation of pH, electrical conductivity (EC), total dissolved solids
(TDS), salinity (SAL), 5-day biochemical oxygen demand (BOD5) and chemical oxygen demand
(COD) in water samples collected in Grande River watershed (S1–S9)

other fuels burned. TURB mean values were higher in sites with urban influence,
ranging from 40 to 76 NTU.

The concentration of dissolved nutrients in water samples did not reflect severe
problems of N and P contamination. PO4

3− values were close to the detection limit
(0.5 mg L−1), although maximal values were registered in sites S5–S9 (2.0 to 2.7 mg
L−1), which are associated with urban influence and wastewater discharges. NO3

−
mean values were higher in those sites near the coast (up to 10.4 mg L−1) compared
to those sites located upstream with lower seawater influence. Nevertheless, they
did not exceed the values established by the international normative (13 mg L−1).
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Fig. 3 Boxplots representing the variation of turbidity (TURB), orthophosphate (PO4
3−), nitrate

(NO3
−), nitrite (NO2

−), total coliforms (TC) and fecal coliforms (FC) in water samples collected
in Grande River watershed (S1–S9). Note the different scale of the y-axis (log scale) in TC and FC

NO2
− values recorded in this study (from 0.01 to 0.06 mg L−1) were within the range

suggested by the literature (Chapman 1996) and they did not exceed the standard
values established by the national normative (0.06 mg L−1). Lower concentrations
of dissolved nutrients could be due to the tidal dynamics to which the estuary is
subjected. This fact allows the constant dilution of the pollutants that enter the river
through wastewater discharges.

The presence of coliform bacteria and especially fecal coliforms is widely used
as an indicator of contamination, particularly due to the contribution of human
and animal fecal matter (Chapman 1996; Pommepuy et al. 2006). By themselves,



Water Quality Assessment in Urban Watersheds … 291

coliform bacteria are not a threat to health; however, the detection ofEscherichia coli,
a fecal coliform, is used to indicate the potential presence of other possibly harmful
pathogens (viruses, bacteria, gastrointestinal parasites, among others) and transmit-
table by water (Haile et al. 1999; Pommepuy et al. 2006). In the present study, it was
observed that TC and FC concentrations were the lowest in S1 and S2. Those found
values (means below 100 and 60 MPN 100 mL−1 of TC and FC, respectively) allow
inferring the existence of diffuse contamination in the upper basin, probably due to
the presence of livestock. From S3 towards S9, TC and FC concentrations increased
in agreement with the urbanization gradient. In these sites, high concentrations of
Pseudomonas aeruginosa and Enterococcus spp. were also found in water samples
(data not shown).

4.2 Spatial Variation of Water Quality Parameters in Ushuaia
Watercourses

Water quality parameters registered in Ushuaia watersheds are shown in Figs. 4 and
5. Mean pH values ranged between 6.68 (PR1) and 7.34 (OR2); remaining near
neutrality in all sites. EC values were within the range established for most fresh-
waters (0.01 and 1 mS cm−1; Chapman 1996), but they were higher in downstream
sites respect to upstream sites, mainly in BES and GS. A similar trend was registered
in TDS. Both parameters increased as a function of increasing urbanization which
is in agreement with the findings of Zagarola et al. (2017), Albizzi et al. (2021) and
Granitto et al. (2021). BOD5 mean values were below 5 mg L−1 in all sites except
in BES2, where it was 54 mg L−1 with an extreme value of 112 mg L−1.

In Ushuaia watersheds, nutrient inputs fundamentally come from two sources: in
upstream sites, Nothofagus spp. forests contribute through litter-fall (Frangi et al.
2005; Amin et al. 2011); while in the downstream sections of the watercourses, the
main nutrient provision comes from untreated sewage discharges (Torres et al. 2009;
Gil et al. 2011; Diodato et al. 2018, 2020; Albizzi et al. 2021; Granitto et al. 2021).
In general, dissolved nutrients increased its concentrations from upstream to down-
stream sites, in agreement with the contribution of urban inputs to the watercourses.
PO4

−3 values ranged between 0.05 and 15.30 mg L−1 with the highest mean concen-
trations in BES2 (2.82 ± 2.23 mg L−1) and PR2 (3.23 ± 5.93 mg L−1), exceeding
the level established by the international normative (0.05 mg L−1; CCME). Among
N compounds, NH4

+ mean values exceeded the national normative (0.05 mg L−1)
only in BES2 (10.49 mg L−1) and GS2 (0.29 mg L−1). Respect to NO3

−, BES and
GS presented higher mean values than OR and PR watersheds, although they did
not exceed allowed values established by the international normative (13 mg L−1;
CCME). NO2

− was higher in BES2 (0.17 mg L−1) than in the other sites, exceeding
the national normative (0.06 mg L−1).

It is possible that TC andFCwere themost indicative parameters of urban inputs in
Ushuaia watersheds. The highest mean values of FC were observed in downstream
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Fig. 4 Boxplots representing the variation of pH, electrical conductivity (EC), total dissolved solids
(TDS) and 5-day biochemical oxygen demand (BOD5) in water samples collected in Ushuaia
watersheds: Buena Esperanza Stream upstream (BES1) and downstream (BES2); Grande Stream
upstream (GS1) and downstream (GS2), Olivia River upstream (OR1) and downstream (OR2), and
Pipo River upstream (PR1) and downstream (PR2)

sites of BES, GS and PR basins (BES2: 211,324 MPN 100 mL−1, GS2: 22,249
MPN 100 mL−1 and PR2: 38,506 MPN 100 mL−1), all of them above the national
legislation (2000 MPN 100 mL−1), and in agreement with Albizzi et al. (2021) and
Granitto et al. (2021). FC values found in upstream sites were detected in small
quantities and related to the presence of wild animals like beavers and horses. On the
other hand, the total coliform/Escherichia coli (TC/EC) ratio has been used to define
the origin of coliform bacteria (fecal or natural origin). As the ratio approaches 1,
the probability of a fecal origin is higher (Haile et al. 1999; Evanson and Ambrose
2006). In this study, the calculated TC/EC ratios in all sites, except at PR1, were near
1, which indicates an increased probability of human fecal contamination. At PR1,
this ratio was approximately 53, indicating a natural origin probably caused by the
proliferation of fecal indicator bacteria in sediments (Evanson and Ambrose 2006).

Taking into account all water quality parameters, the most notable differences
between upstream and downstream sites within each watershed were observed in the
BESbasin. The highest amounts of EC,TDS,BOD5, PO4

3−, NH4
+,NO3

−, NO2
−, TC

and FC were registered in BES2, the downstream site that flows into Encerrada Bay.
Moreover, the most marked differences in the analyzed chemical properties of fluvial
sediments of Ushuaia watersheds have been registered in the same site, which had the
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Fig. 5 Boxplots representing the variation of orthophosphate (PO4
3−), ammonium (NH4

+), nitrate
(NO3

−), nitrite (NO2
−), total coliforms (TC) and fecal coliforms (FC) in water samples collected in

Ushuaia watersheds: Buena Esperanza Stream upstream (BES1) and downstream (BES2); Grande
Stream upstream (GS1) and downstream (GS2), Olivia River upstream (OR1) and downstream
(OR2), and Pipo River upstream (PR1) and downstream (PR2). Note the different scale of the
y-axis (log scale) in TC and FC

lowest mean pH values and the highest mean concentrations of organic carbon, total
nitrogen, and soluble reactive phosphorous (Diodato et al. 2020). Several factors are
related to this fact: BES is the watershed most affected by urban discharges and has
the least mean water flow (0.37 m3 s−1), which is aggravated by the fact that it covers
a larger urbanized area in comparison to GS, OR, and PR (Table 1). The opposite
situation occurs in GS which presents 10 times more water flow and consequently,
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the dilution effect is more relevant (Diodato et al. 2018). Dilution is a physical
process directly related to water discharge, since with lower water discharge, the
dilution power of pollutants decreases. The relative influence of the hydrology and
morphology of the watersheds must be taken into account since they could explain
larger vulnerability to the impacts of urbanization (Granitto et al. 2021).

4.3 CCME WQI Results

The following nine parameters were used for the index calculation: pH, EC, TDS,
BOD5, COD, NO3

−, NO2
−, TC and FC for GR (n = 144 including all samplings

between 2008 and 2014), and pH, EC, TDS, BOD5, NH4
+, NO3

−, NO2
−, TC and FC

for Ushuaia watercourses (n = 98 including all samplings between 2009 and 2019).
The CCME WQI results are shown in Fig. 6. The water quality ranged between
“good” (WQI = 87) and “poor” (WQI = 33) in GR, and between “good” (WQI =
93) and “poor” (WQI = 22) in Ushuaia watersheds.

Specifically in GR, water quality decreased gradually from S1 to S9. S1 is located
upstream the water intake of the drinking water treatment plant and presented “good”
quality (WQI = 81). S2 is 3.5 km from S1 and also presented “good” quality (WQI
= 87). S3, S4 and S5 are sites with high industrial influence, and the estimated water
quality was “marginal” in S3 (WQI = 47) to “poor” quality in S4 and S5 (WQI =
40 and 33, respectively). S6–S9 presented “poor” water quality (mean WQI = 35),
mainly related to urban influence due to the presence of direct wastewater discharges
into the river and the presence of several neighbourhoods in the riverbank without
the provision of essential services (drinking water and sewers). Lofiego et al. (2009)
calculated for the same sites of GR the WQI proposed by the National Sanitation
Foundation (Brown et al. 1970), arriving to similar results in downstream sites of
GR. However, they found a worse water quality in S1 and S2, which reinforces the
idea of using a unique WQI for comparison purposes between sites and times.

TheCCMEWQI values estimated forUshuaiawatershedswere in agreementwith
the results obtained in the spatial variation of physicochemical and microbiological
parameters. All upstream sites (BES1, GS1, OR1, and PR1) presented “good” water
quality (mean WQI = 92.5), which is of great importance because they are the
sources of drinking water to the local population. However, “poor” water quality
was found in PR2 (WQI = 43), GS2 (WQI = 41) and BES2 (WQI = 22). OR2
presented “fair” water quality (WQI= 78) showing that there is no marked evidence
of degradation of the watercourse by organic inputs. This information is totally
relevant because the riverbanks of OR will soon be urbanized owing to the growth
need of the city. Granitto et al. (2021) calculated the Fuegian WQI (F_WQI), which
includes periphytic chlorophyll-a, and they found F_WQI values higher than 76 at all
sites of the PR basin, indicating a very good water quality during 2018–2019. This
could be due to the fact that PR only receives occasional contributions of wastewater
from the overflow of a near pumping station, and does not have a mixed sewage
system. Therefore, pluvial and sewage effluents are separated.On the other hand, they



Water Quality Assessment in Urban Watersheds … 295

Fig. 6 CCME water quality index results for Grande River (GR, S1–S9) and Ushuaia (USH)
watersheds: Buena Esperanza Stream upstream (BES1) and downstream (BES2); Grande Stream
upstream (GS1) and downstream (GS2), Olivia River upstream (OR1) and downstream (OR2),
and Pipo River upstream (PR1) and downstream (PR2). Classification table of CCMEWQI values
(CCME 2001) are also presented

found that at BES and GS the F_WQI showed broader variation between upstream
and downstream sites, in agreement with the present study.
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4.4 The Integrated Water Resources Management (IWRM)
in Tierra del Fuego Basins: Threats and Affected
Functions and Services

The hydrographic basins are the territorieswhere the hydrological cycle occurs, being
a natural and ideal unit of development planning. Watershed ecosystems provide
goods and services to human populations, including protecting water sources, miti-
gating the effects of natural disasters by regulating runoff, protecting other resources
such as fishing, protecting urbanized areas, among others. The quality and quantity of
these services are affected by both, natural phenomena and human activity. The actors
involved within the basin must adopt behavior in order to promote the conservation
andmanagement of ecosystems, improving life quality and their sustainability, trying
to have a positive attitude towards the environment, and without harming the activi-
ties they carry out in the basin. This balance is a goal that must be achieved, although
obstacles and difficulties are always present. The protection and good management
of the middle and upper basins will benefit the entire ecosystem (Noir 2019). Several
threats on the different ecosystems of the basins and the effects generated on their
functions and services were identified by Noir (2019), and are listed in Table 4.

In the analyzed watersheds, there is a great diversity of actors that operate in a
divided and uncoordinated way, primarily regarding the use of the different ecosys-
tems. Since most of the actors are linked to the political and institutional sphere,
the system is weakened, showing an evident lack of management policies for the
administration of provincial water resources.

The lower sectors of the basins are the most disturbed and present the greatest
environmental problems, where the most densely populated areas are concentrated
and several activities are carried out. These bad practices threaten the natural condi-
tions of the ecosystems. It is necessary to work on water and land use planning to
reduce risks, avoid conflicts, and promote activities within a social, economic and
environmental sustainability framework.

The hydro-environmental management must be based on the strategic guidelines
of each basin within the framework of IWRM with an EA. It must define urgent
actions aimed at generating information, education and dissemination, land use
planning, water risks management, inter-institutional coordination, and applicable
regulations.

Ecosystem management requires the coordination of the actors and depends on
the availability of scientific information generated for decision-making. It is essen-
tial to promote the strengthening of the technical structures of the local authorities
and academic institutions to create knowledge and to improve inter-institutional
coordination for the execution of public policies.
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5 Conclusions

The systematic and continuous study of the water quality of five watersheds of Tierra
del Fuego showed that unplanned urbanization and the lack of specific regulations
(or failure to comply) are the main problems that Rio Grande and Ushuaia cities are
facing today. The implementation of the CCMEWQI is an applicable and simple tool
to transmit the information to the different actors in order to improve the environ-
mental problems we are subjected to. Severe alterations of the studied watersheds
were also determined, which responded to changes in land use and to the devel-
opment of authorized and unauthorized anthropogenic activities. These activities,
carried out without urban planning and ignoring water management guidelines are
of environmental importance for the conservation of the ecosystems of Tierra del
Fuego. In this sense, it is necessary to implement short and medium-term measures
to solve these problems to preserve the health of this relevant environment and the
associated population.
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Disturbances in Freshwater
Environments of Patagonia: A Review
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Abstract Patagonia has the attraction of being a wild region, very sparsely popu-
lated that involves a great variety of pristine landscapes. However, the contrasting
social and environmental changes that this territory evidenced over the past century
are, likewise, distinctive features, as well as spontaneous devastating natural events.
Taking into account that rivers and lakes are demonstrative of the environmental
status resulting from shifts occurring in their respective drainage basins, the purpose
of this chapter is to present a review on the state of knowledge on several kinds
of changes and disturbances affecting freshwater environments in Patagonia and to
discuss their effects. The chapter structure consists of two axes: natural changes
caused by volcanism, and human-made changes: invasive species, climate change,
and land-use/land-cover changes. The extremely extensive scope of the focused
subject, due to the diversity of elements involved, and the great dimension of the
territory, does not allow this work to be of exhaustive character, but it represents a first
document consisting of a compendium on the effects of disturbances in Patagonian
freshwaters, rarely analyzed together. The results reflect a good recovery response
of aquatic ecosystems to severe disturbances of natural origin, and scattered changes
of human origin, many of them irreversible, whose effects tend to increase over still
healthy ecosystems.
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1 Introduction

Hydrological systems are critical for aquatic and terrestrial biota, as well as for the
population and the development of the region, notably in the wide and dry extra-
Andean steppe.

Patagonia is exposed to two oceans, is part of two countries, and includes high
mountains, wide plateaus dissected by long rivers, islands, and endless shores.
However, the major landscape component is the Andes, not in extent, but both in
function and dynamic. The great function of the Andes is the production of water,
and its dynamic is evident through its tectonic activity, volcanism, glacier behavior,
erosion, landslides, torrential floods, and other processes.

Freshwater environments are subjected to disturbances and permanent stressors,
those of natural origin, and those resulting from human activities.

Explosive volcanic eruptions represent the extrememanifestation of natural distur-
bances. Pyroclastic flows, tephra falls, lava flows, lahars and dense sediment flows
are destructive volcanic forms that may involve multiple mechanisms, such as the
impact force, abrasion, heating, and deposition of materials (Crisafully et al. 2015).

An important question in ecology is how ecosystems respond to and recover
from environmental stressors, such as volcanic eruptions (Bunbury 2008). Authors
such as Dorava and Milner (1999) asserted that these severe disturbances lead to
recovery through primary succession at affected sites. However, Crisafulli et al.
(2015) sustained that volcanic disturbances rarely result in the complete annihilation
of the biota, and survivorship is the general rule, ranging from most of the biota
persisting to only a few individuals surviving in isolated refugia. Several authors
described short-term biota recovery in highly impacted freshwater ecosystems, as
Dorava and Milner (1999), for the Drift River, where macroinvertebrates recovered
five years after powerful eruptions in the Cook Inlet region.

Alien species, non-native, non-indigenous, foreign, exotic, “means a species,
subspecies, or lower taxon occurring outside of its natural range (past or present) and
with dispersal potential and includes any part, gametes or propagule of such species
that might survive and subsequently reproduce” (IUCN 2000). A big majority of
exotic species are not capable of increasing and spreading outside of their native
range (Primack 2006).

An alien species becomes an invasive alien specieswhen it is established in natural
or semi-natural ecosystems or habitat, is an agent of change, and threatens native
biological diversity (IUCN 2000). Biological invasions can modify biogeochemical
cycles, and cause loss of biodiversity and the transmission of new diseases in the
ecosystem.

Changes in land use and land cover produce direct hydrological shifts. Land cover
alterations affect seepage and evapotranspiration (Mustard and Fisher 2005) that
modify the terms of the water balance. Increased rates in soil erosion and sediment
load are additional effects that alter biota and trophic chains. The expansion of
agricultural use in arid and semi arid areas generates the greatest extractive use of
water. The most striking effect of water diversion worldwide has been the almost
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total drying out of the Aral Sea, which until 1960 was the fourth-largest inland water
body (Micklin 2010).

Stream pollution by residual pesticides and fertilizers may result from agricultural
practices. The expansion of agriculture and urban growth has led to great losses of
wetlands worldwide (Lin and Yu 2018), inducing the increase of exotic species
and the reduction of native species. Cities are sources of contamination to nearby
freshwater environments. Pollutant potential of cities depends on the population
size and the industrial development, but the addition of factors such as poverty,
underdevelopment, and urban informality defines the most critical environmental
conditions for freshwaters linked to urban zones.

Climatic change projections reveal increasing temperatures under all scenarios.
Changes in rainfall present higher uncertainty levels, and it is assumed that they
will not be uniform (Barros et al. 2015). Freshwater environments fed by snow and
glaciers will be exposed to hydrological changes due to ice retreat and snowpack
storage reduction.

That is the global environmental context for freshwaters in Patagonia, where the
Andes is the major area of water recharge for main streams and lakes in the region.
The long rivers that cross the eastern slope to reach the Atlantic Ocean (Fig. 1)
constitute an oasis in the arid-semiarid steppes that allow the settlement of human
populations and their development.

The chapter aims to present a review of the effects on freshwater environments in
Patagonia related to volcanism, invasive species, climate change, and land-use/land-
cover changes, through a revision of the knowledge, and to discuss the suitability
of ecosystems for their recovery. While a disturbance is a relatively discrete event
in time that disrupts ecosystem, community, or population structure, and changes
resources, substrate availability, or physical environment (Crisafulli et al. 2015),
permanent environmental disruptions acting over ecosystems are those caused by
land-use changes or invasive species. These changes should be analyzed jointly to
the effects of disturbances when they represent common stressors acting on the same
ecosystem.

Major natural disturbances in water environments have their origin at the Andes,
where current freshwater ecosystems are the natural result of catastrophic events
that occurred in the past, as part of its gradual evolutionary process. On this basis,
the hypothesis to validate sustains that the effects of natural devastating events on
freshwater ecosystems in Patagonia generate transitory disturbances, which does not
determine the complete annihilation of the biota and that allow the recovery of the
aquatic ecosystem in the short or medium term. On the other hand, certain changes
of human origin can produce permanent shifts in freshwater ecosystems, which had
never occurred before, and they can lead to the extinction of species and profound
transformations.
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Fig. 1 Study area with detail of the Nahuel Huapí lake area

2 Impacts of Volcanic Eruptions on Freshwaters

In the last decades, volcanoes shocked the Patagonian landscape through eruptions
that caused alterations in the morphology, hydrology, water quality, and biology of
terrestrial and aquatic ecosystems. The Hudson in 1991, Chaitén in 2008, Cordón
Caulle-Puyehue in 2011, Copahue-Caviahue in 2000 and later manifestations, and
Calbuco in 2015, produced explosive events with severe widespread ashfalls and
serious damages in surrounding areas caused by pyroclastic fluxes and lahars.
Figure 1 shows their location, aswell as other active volcanoes.Chilean andArgentine
scientists had the opportunity to investigate the scope of the immediate disturbances
on ecosystems in the short term, as well as their evolution. For the mentioned cases,
physical, chemical, and biological changes focused on freshwater environments are
explained below.
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2.1 Physical Changes Produced by Volcanic Eruptions
Affecting Freshwaters

2.1.1 Hudson Eruption, 1991

In August 1991, the Hudson Volcano generated one of the largest Plinian explosive
eruptions of the twentieth century, producing 4.3 km3 bulk volume of tephra deposits
that reached theAtlantic coast.Ashes that fell into theBuenosAires-GeneralCarreras
Lake drifted to the shore changing the beach composition. Tephra filled small lakes,
depressions, and streambeds; winds remobilized them for several years (Inbar et al.
1995).

The Ibáñez River, at the foot of the Hudson volcano, was seriously affected. Ash
covered the valley floor, changing the fluvial morphology and the hydraulic flow.
Braided and parallel channels with ash banks replaced the main course covered by
ashes. Most biota temporarily disappeared in the bottom valley. The lower river
section still shows an unsteady channel system with erosive-cumulative behavior in
floods/mediumwaters (ChávezBarría 2016).At present, bottomoscillationsmaintain
a level up one meter above the pre-eruption bed level. The solid load, 30 years after
the eruption, remains over the original rate.

2.1.2 Copahue-Caviahue Volcanic Complex Eruption, 2000

Historical Copahue eruptions were characterized by their high frequency and low
magnitude; however, between July andOctober 2000, the largest and longest eruptive
cycle occurred, although it was of a lesser potency, concerning the other volcanic
activities explained in this chapter. The main related hazards were ash fall, acid rain,
scoriaceous bombs, and small-volume mudflows (Naranjo and Polanco 2004). The
more affected by tephra deposition were the Caviahue Lake and Village, as well as
the upper basin of the Agrio River, a tributary of the Neuquén River.

2.1.3 Chaitén Eruption, 2008

The Chaitén event evidences the heavy disastrous consequences of ash deposition
by reducing the drainage capacity in the fluvial area. The Chaitén Volcano (42.83º S,
72.65º W) and the homonymous town are connected by a steep valley of 10 km long.
The Blanco River is the main course, which joins the Chaitén River 6 km upstream
of the town (Fig. 2).

On May 2, 2008, it began a large and unexpected plinian eruption, consisting
of a two-week explosive phase with ash emission that generated 1 km3 bulk tephra
deposits (Major and Lara 2013). Tephra plumes were dispersed downwind across
Argentina, loading riverbeds and their respective basins. Ulloa et al. (2016) presented
details about strong morphologic changes in channels of the Blanco, Amarillo and
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Fig. 2 Chaitén town and Volcano. Left: image from 2001. Right: the same area after 2009, one
year after the eruption, where the impact of the eruption on the forest is evident, as well as ash
deposits on the Blanco, Amarillo and Rayas river valleys. Images from Google earth

Rayas rivers, close to the volcano (Fig. 2). The eruption devastated the vegetation
in the proximal areas and severely damaged at least 480 km2 of the forest. Tree
mortality is evident in the Amarillo River Valley, located 18 km SW of the crater
(personal observation 2015). Ten days after the fine ash accumulation in the Blanco
River basin, an intense, but not exceptional rainfall generated a flow of volcanic
sediments, which ran over the entire width of the valley floor, starting a lahar that
remobilized ashes. The alluvium reached the Chaitén town in the mudflow phase,
with 7 m aggradation over the original channel. Its avulsion towards the town largely
devastated it (Pierson et al. 2013). Fortunately, the authorities had evacuated the
population the previous days. The event destroyed the fluvial ecosystem, the riparian
vegetation, and a great forest extension; as well, it resulted in notable shifts in the
landscape and river hydrology.

2.1.4 Cordón Caulle-Puyehue Volcanic Complex Eruption, 2011

TheCordónCaulle-PuyehueVolcanicComplex (CCPVC), located at theheadwaters
of the Bueno River basin, is composed of multiple craters under different activity
patterns. The last large-scale eruption began on June 4, 2011, with a plinian explosive
phase that generated a column of 15 km height. Ash and gas emissions lasted eight
months, causing many disturbances in Chile and Argentina (Rovira et al. 2013).
Ashes circled the globe and interrupted the air traffic in the Southern Hemisphere.

TheNilahue stream,which runs through the north slope of theCCPVC (Fig. 1)was
affected by pyroclastic flows and lahars. The fluvial morphology changed severely,
and the water temperature raised to 45 °C, resulting in fish mortality, including
4.5 million fishes from a factory. Streams transported pumice to the lakes, where
they covered the banks, forming reservoirs over 100 m wide (Rovira et al. 2013).

The Nahuel Huapi Lake (NHL) is a deep and ultraoligotrophic water body, whose
branches extend to theWandNW, collecting the flowof the headwater network. From
the lake outlet starts the Limay River, affluent of the Negro River. The basin reaches
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the international limit, only 20 km leeward of the CCPVC. The Acantuco River is the
closest NHL tributary to the volcano. Just after the eruption, it showed deactivated
sections and extensive channel modifications by ash deposition (15–30 cm). Thirty
months after the eruption, dead riparian vegetation did not yet reestablish in several
sectors, and both turbidity and sediment load remained over the normal rates. Ash
remobilization by aeolian and fluvial agents increased habitat instability in the closest
streams (Lallement et al. 2016).

2.1.5 Calbuco Eruption, 2015

The basaltic andesitic eruption of Calbuco Volcano started suddenly in April 2015,
with a high-intensity explosive phase. Two main sub-plinian pulses deposited five
tephra layers, mostly northeast of the volcano, totalizing 0.28 km3 bulk tephra
(Romero et al. 2016). A pyroclastic flow took the course of the Blanco River, affluent
of the Petrohué River, along 7.5 km from the volcano, filling the bottom valley and
destroying the vegetation.

A previous eruption in 1961 reached a similar magnitude, producing a principal
lahar over the Tepú River (affluent of the Llanquihue Lake) and a secondary one in
the Blanco River.

Before 2015, the Blanco River had reached, a quasi-equilibrium state (Zingaretti
2019). The later eruption caused similar fluvial processes to those already described
for the Ibáñez River. Figure 3 shows the Blanco River in 2014 in a quasy-
equilibrium state, and successive changes after 2015 demonstrating the current
unsteady morphology of the riverbed.

2.2 Water Quality Changes

Large tephra amounts in rivers and lakes, by direct deposition during eruptions,
or by subsequent removal, modified physical and chemical conditions of waters.
The increase in total suspended solids (TSS) is the common effect, which leads
to increased turbidity and decreased luminosity. Chemical changes in freshwaters
produced by volcanic activity depend on the eruption characteristics and the compo-
sition of the emitted material. Changes in pH, increased concentration of silica,
metals, trace elements, and toxic elements linked to volcanism such as mercury and
arsenic, are frequent. Below is a brief overview of volcanic activity’s effects on the
chemistry of aquatic ecosystems based on evidence.

The Caviahue-Copahue Volcanic Complex (CCVC) presents a hydrothermal
magmatic system, which is composed of: a hot and acidic lake, located in the active
crater of the Copahue volcano, two hot acidic creeks that arise from the eastern
volcano’s flank to form the Agrio River, and nearby hydrothermal manifestations
(Agusto et al. 2012).
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Fig. 3 Morphological changes in the Blanco river valley caused by the 2015 Calbuco eruption

Chemical determinations of waters from the Lomín River, Agrio River, and Cavi-
ahue Lake during the eruption, indicated pH values from 2.5 to 4.4; 56–57%SiO2 and
high fluorine contents, from 3.3 mg L−1 to 8.4 mg L−1 (Naranjo and Polanco 2004).
Fluorine is a highly electronegative and reactive element, and the observed values
exceeded the limit for human consumption established by the Argentinian Alimen-
taryCode.Waters are of the calcic-sulfide andmagnesium-sulfide types.Geothermal
features dissipate along the Agrio River, downstream of Caviahue Lake.

The NH Lake basin exposition to the 2011 CCPVC eruption plume affected
surface water quality at varying intensities, depending on the distance to the crater.
Under normal conditions, the stream’s features of the NH basin are rushing flow,
oxygen saturated, low salinity, slightly alkaline, and transparent. Western streams
show greater flows, less bottom sediments, and higher total dissolved solids (TDS)
values compared to those of the eastern side. River’s features changed after the erup-
tion, notably in the western streams, showing TDS values 33 to 68% higher than
those measured pre-eruption (Lallement et al. 2016).

Immediately after theCCPVCevent, in lakes Espejo, Correntoso, andNH (Fig. 1),
TSS increased 28 fold, from about 0.5 to 14 mg L−1. Six months later, TSS levels
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were diminished but remained 2–8 times higher than pre-eruption values, and the
light extinction coefficient (Kpar) was 1.5 to 2.5 fold higher than the pre-eruption
values that were in the range 0.10–0.15 m−1 (Modenutti et al. 2013). For several
sites along the NH Lake, Pérez Catán et al. (2016) reported that element contents
between the water column and pore water evidenced the potential dissolution. Many
physicochemical transformations occurred after the pyroclastic material entered the
water body, such as pH changes from 3.2 to 8.1, the electrical conductivity increased
from 28.9 to 457 µs cm−1, and redox potential increased from 171 to 591 mV.
Maximum measured concentrations of F, Al, and Hg were 600, 40, and 0.038 µg
L−1 respectively, which were lower than the toxicity limit for aquatic life according
to EPA (2021).

Geochemical interactions promote the initial state recovery, thus the physico-
chemical parameters stabilized one year after the eruption.

Ashfall from the 2008 Chaitén eruption notably affected Los Alerces National
Park area and its surroundings, where rivers reached high TSS values in the water
column inMay–June 2008, which persisted high in the following months. In western
streams, TSS fluctuated between 20 and 236 fold higher than pre-eruption values.
Ash resuspension and remobilization continued even 20 months after. Glass was
the main ash constituent with minor amounts of andesine, quartz, and cristobalite.
Chemical elements that exhibited higher enrichment factors included As, Cs, Sb,
Bi, Th, U, Pb, Cd, Zn, and Sr. Some of these elements detected in leachates are
potentially toxic (Miserendino et al. 2012).

2.2.1 Arsenic

Arsenic (As) is a toxic element, whose presence is linked to Andean volcanism. In
Patagonia, highest As rates in water are registered close to geothermal processes
in volcanoes, thus decreasing from the Andes to the Atlantic coast. Domuyo and
Copahue volcanoes are the main As sources in Northern Patagonia. The highest As
concentration in water was found in the Domuyo Volcano (Colorado River basin),
which flows up from rocks as hot springs, in variable values, from no detectable to
950 µg L−1 and a mean value of 303 µg L−1 (Lamela et al. 2019).

Copahue volcano is also an important contributor of As. Total As levels decrease
significantly after the Caviahue Lake (50µg L−1 in the lake outlet to 25µg L−1 7 km
downstream). Cyanobacteria, algae, andmollusks havemajorAs rates than fishes and
birds. Surface waters in the Limay River basin do not present significant As concen-
trations, but Juncos et al. (2016) reported As increases in the NH Lake after the 2015
CCPCV eruption, as well as great As variations in phytoplankton (3.9–64.8 µg g−1

dry weight, d.w.) and small zooplankton (4.3–22.3 µg g−1 d.w.). The observed As
accumulation pattern was: primary producers (phytoplankton) > scrapper mollusks
(9.3–15.3 µg g−1 d.w.) > filter feeding mollusks (5.4–15.6 µg g−1 d.w.) > omnivo-
rous invertebrates (0.4–9.2 µg g−1 d.w.) > zooplankton (1.2–3.5 µg g−1 d.w.) > fish
(0.2–1.9 µg g−1 d.w.). Juncos et al. (2016) reported As biodilution in the whole food
web, and salmonids food chains, feeding on fish prey. Biomagnification resulted in
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the food chain of creole perch, feeding on benthic crayfish. Only in the short term,
the As increase in biota was more evident in zooplankton and planktivorous fish.

2.2.2 Mercury

Mercury (Hg) is a toxic element, present in rivers, lakes, soils, and groundwater.
Hg deposition from the atmosphere is the widespread global source of Hg in water,
mainly caused by human pollution. Wildfires release to the atmosphere the bioaccu-
mulated Hg in the forests by years, reactivating the cycle of transport and deposition.
Patagonian lakes and streams are far away from punctual Hg emissions of human
origin, but volcanic eruptions are frequently natural sources of Hg by tephra or gas
emanations. Chemical Hg forms in the water column and sediments are strongly
related to its effects on living organisms.

Soto Cárdenas et al. (2018) reported the highest Hg rates in Brazo Rincón, the
western branch of NH Lake, close to the CVPCC. Total Hg determined in November
2013 ranged from 17 to 363 ng L−1, with a very low MeHg:THg ratio. It was lower
in lakes (0.12%) than in streams (>0.21%). These levels were similar to those found
in typical highly human-contaminated areas.

Arcagni et al. (2017) detected high Hg inorganic rates in plankton of the NH
Lake, reaching 260 mg g−1 THg mostly inorganic, and very low MeHg values. In
contrast to MeHg, THg is inefficiently transferred and hence is not biomagnified.
Arcagni et al. (2017) remarked a differential THg bioaccumulation between benthic
and pelagic taxa. In the benthic-littoral zone, THg in native fish increased as the
trophic level increased, but salmonids presented lower THg rates than both, their
diet and native fish, which positioned in the lowest trophic levels.

Daga et al. (2016) reported a sequence of 1600 years Hg deposition in lacustrine
sediment layers of Futalaufquen Lake, located 75 km west of the Chaitén volcano.
The Lake received significant ashfalls from the Chaitén eruption in 2008. The Hg
peak on the top of the sediment core corresponds to the 2008 Chaitén event; showing
a Hg accumulation rate two times higher than that of the underlying layer. Volcanic
eruptions and irregular anthropogenic fire episodes explainedmostHg accumulations
in the last 300 years.

2.3 Biologic Effects

Due to the 2011 CCPVC event, phytoplankton biomass increased at least 4 times
its pre-eruption values in lakes of the NH National Park, due to the combination of
Phosphorus (P) increase with a lowering of light intensity caused by suspended ashes
(Modenutti et al. 2013).

In the same area, Balseiro et al. (2014) analyzed the effects over pelagicmicrocrus-
taceans. At the subcellular level, ash exposition reduced the performance because
organisms derived energy to compensate for cellular damages. At the organismic
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level, zooplankton reduced its survival and fecundity due to ash ingestion. At the
ecosystem level, shifts in the light-nutrient ratio in the water column were observed,
which reduced the photo-inhibition on producers by light decreasing. The increase
in P augments the producer level. Volcanic ashes caused a mismatch in the trophic
food web with an increase in the producers and a decrease in the herbivores. The
recovery of pre-eruption conditions demanded between one to three years.

In the nearest streams to the volcano, Chironomid densities were still high eight
months after the eruption, varying between 33 and 100% of total macroinvertebrate
densities (Lallement et al. 2016).

In the most impacted western streams, ash-choked channels from the initial ash
deposition killed numerous fishes. Immediately after the eruption, the absence of
both benthic and drift fauna was absolute, and after eighteen months, Trichoptera
was still absent. Exposed streams to moderate ash loads showed a drop of fish
densities due to the decrease of benthic fauna. Thirty months after the eruption,
environmental changes were still occurring due to ash remobilization and transport.
However, salmonidswere progressively recolonizing the affected streams (Lallement
et al. 2016).

The normal zooplankton composition in the nearby Chilean lakes to CCPVC,
dominated by larval forms of copepods, followed by adult stages of calanoids cope-
pods and to a lesser extent ciclopoids, evidenced, after the eruption, amarkeddecrease
of cladocerans in Ranco Lake and notably in Puyehue Lake, where they completely
disappeared.

After the 2008 Chaitén eruption, macroinvertebrate density and richness dimin-
ished rapidly in affected streams of the Upper Futaleufú River (Argentina) by the
eruptive plume, showing still low values in March 2010. At least 25 taxa resulted
significantly affected, being Trichoptera the order with a higher number of affected
taxa (Miserendino et al. 2012). Habitat deterioration, food quality diminution, and
interferences with breathingmechanismswere the causes of the increase inmortality.

3 Alien Invasive Species Disturbances

It is widely recognized that the introduction of species represents a major cause
of biodiversity loss and alteration of freshwater ecosystems. Established invasive
species are very difficult to control, and many times impossible to eradicate (Reid
et al. 2012).

Competition for habitat or food, and predation on local species are the main
and common related processes and eventually shared with habitat alteration or
disease transmission, even with negative consequences for the native species. The
issues related to invasive species in freshwater ecosystems, particularly salmonids,
“didymo”, and beavers, are below examined.
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Table 1 First introductions of salmonids in different zones of Patagonia

Location Date Specie References

North Patagonia, Arg. 1904–1905 Brook trout (Salvelinus
fontinalis), lake trout (S.
namaycush), rainbow
trout/steelhead
(Oncorhynchus mykiss),
landlocked salmon (Salmo
salar sebago)

Pascual et al. (2007)

Santa Cruz, Arg. 1906–1910 Brook trout, lake trout,
rainbow trout, landlocked
salmon chinook
(Oncorhynchus
tshawytscha), sockeye (O.
nerka), coho (O. kisutch),
sea trout (anadromous
brown trout, Salmo trutta)
Atlantic salmon (Salmo
salar)

Aysén region 1968 Rainbow trout, brown trout Correa and Hendry (2012)

Tierra del Fuego (TDF)
Chile
TDF (Argentina)

1927
1935–1937

Salmo trutta O’Neal (2008)

3.1 Salmonids

In the first decade of the twentieth century, Argentinean national authorities trusted
the initiative to establish feral salmonids, for sport fishing and aquaculture purposes.
Table 1 shows the initial introductions of the different species in Patagonia. They
succeedwithout having a baseline neither ecological studies that evaluated impacts on
ecosystems. There is practically no information related to the native fish community’s
composition before salmonid’s introduction, neither about its trophic relationships
(Pascual et al. 2007; Macchi et al. 1999).

From fifteen introduced species in Patagonia, eleven have established self-
sustaining populations. Of those, salmonids are dominant. Rainbow trout, brown
trout, and brook trout are widely distributed, being trout the most common species in
Patagonia. Anadromy is limited to rainbow trout, brown trout, and chinook salmon
(Pascual et al. 2007).

The native Patagonian freshwater fish fauna is composed of only 26 species
(Pascual et al. 2007) of which Galaxias platei (puyén1 grande) is the most widely
distributed.

Piscivorous salmonids, preying mainly on G. platei, are likely the main cause
of this species declining in Patagonia. It is hard to specify the real magnitude of
the effect of introduced fishes on native species since additional factors also have

1 Puyén in Argentina, Puye in Chile.
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negative incidence on them. However, consistent evidence explained below supports
the determinant role of alien fish on native fish declining.

In lakes and reservoirs of the Limay River basin, the same salmonids species
showed different levels of piscivory in differentwater bodies,with higher rates related
to the bottom organism reduction. G. maculatus was observed as the major prey
category among fishes, without strong effects over this species abundance (Macchi
et al. 1999).

Although trout and galaxiids can coexist in Patagonian lakes, the ecological niche
ofG. platei has been restricted through predation and competition. That could lead to
the collapse of local populations in the long-term, through the depletion of G. platei
recruits and juveniles (Ortiz Sandoval et al. 2016).

Samplings performed in 11 large lakes and 105 streams, from 13 main water
basins of Chile (39° to 52°S), evidenced that Salmo trutta and O. mykiss accounted
for more than 60% of total fish abundance and more than 80% of the total biomass,
while 40% of the sampled streams did not have native fish (Soto et al. 2006). In
the lakes, the authors verified a delay in changing to piscivory of G. platei in trout
environments. It is a negative impact on the G. platei trophic ecology, reflected in
their nitrogen signature and trophic level.

A survey on 25 lakes in the Aysén Region (Chile) revealed a strong negative
relationship between the abundance index of G. platei and salmonids (Correa and
Hendry 2012).

Frequent fish escapes from hatcheries involve negative consequences. Since the
1980s, the marine cage culture of salmonids in Chile has grown sharply. Chinook
salmon (O. tshawytscha), which was the last farmed species, had invaded almost
everymajor basin in Patagonia (Cussac et al. 2016). Fernández et al. (2010) informed
chinook salmon’s findings at the Lapataia estuary (Beagle Channel) of a different
parental source from that established for the population at theUpper Santa CruzRiver
Basin. Later, Nardi et al. (2019) confirmed the presumption of chinook invasion in
the main rivers of TDF, through a detection method based on environmental DNA.

Alien species sometimes also introduce parasites and diseases. Cyprinus carpio
is a globally distributed freshwater fish species, present in the Neuquén River
(Argentina).Waicheim et al. (2014) reported 6microparasites species in 33 examined
fishes captured in the Ingeniero Ballester dam, being three of them likely introduced
with the carp: Dactylogyrus extensus, Pseudacolpenteron sp. and Bothriocephalus
sp.

Moreover, fish introduction increased the phytoplankton similarity in lakes of the
Patagonian Plateau, from 39 to 49°S. Cyanobacteria dominates only in lakes with
introduced fishes. Daphnia spp. elimination likely favored cyanobacteria prolifer-
ation due to nutrient rebalance, inducing decreasing water quality (Reissig et al.
2006).
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3.2 Didymo

Didymosphenia geminata (DG) is a diatom native to the Northern Hemisphere that
in a short term invaded Patagonian rivers by intense blooms, mostly in oligotrophic
freshwater systems, covering rocks and gravels on the bottom of benthic and lotic
environments.

The first South American occurrence of a DG bloom occurred in April 2010, at
the Espolón River in Palena, Chile, followed by another event upstream, in Futaleufú
River, in Argentina (Sastre et al. 2010). However, the species have been already in
Chile since the 1960s, in the Sarmiento Lake, Magallanes, as well as in Los Cisnes
River, Aysén (Asprey et al. 1964), and in the Mejillones River (Rivera and Gebauer
1989).

Despite the efforts of the Chilean and Argentine authorities to control the expan-
sion, in less than 18 months after the first bloom, DG had spread in twenty rivers
of Los Lagos and Aysén Region (Chile), as well as in four rivers of the Chubut and
Neuquén provinces, in Argentina (Reid et al. 2012). In 2013, DG was detected in the
Grande River, TDF.

Didymo spreading is attributed to algal rests introduced through foreign fish-
erman’s equipment. Wildlife vectors may also play a role in DG dispersal. Neovison
vison is also an alien species that has semi-aquatic habits and high territorial mobility,
with the potential to facilitate DG dispersal across terrestrial barriers. Birds are also
possible vectors.

Patagonian rivers and lakes are widely recognized for their highly scenic and
pristine quality; however, DG presence degrades the visual landscape perception,
with negative implications in tourist and recreational activities.

Physical changes resulting from DG proliferation produced increased algal
biomass, fine sediment trapping, and hydrodynamic changes. DG induces biogeo-
chemical processes within its mats, as pH changes and Phosphorus uptake (Reid and
Torres 2014). Alterations in the habitat of benthic speciesmight cause shifting in food
chains, however, studies in the Upper Limay River indicate no evidence of modifi-
cations in the abundance of microcrustaceans such as Aegla sp. and Samastacus sp.
caused by DG proliferation (Añón Suárez and Albariño 2020).

3.3 Beaver Invasion in Tierra del Fuego

In 1946,when a fewbeavers (Castor canadensis) transported toTDF,Argentina, from
Canada, were released in the Fagnano Lake, nobody could imagine the magnitude of
the ecological impact that this act would imply a few years later. Indeed, the beaver
expansion in TDF was an extraordinarily successful biological invasion. Although
most papers referred to a precursor group of 25 couples, Pietrek and Fasola (2014)
demonstrated that only 20 individuals composed this group.
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C. canadensis is a big rodent with semi-aquatic habits. As a survival strategy,
they build dams using branches and trunks from the riparian vegetation, adding
mud as impervious material. In the lack of Nothofagus trees, beavers use shrubs
and reeds. Dams include a lodge, underwater accessible. The lack of predators and
competitors, food abundance, human absence, and stream density, were favorable
features for its naturalization and rapid expansion. Beavers invaded not only TDF
but also the adjacent islands, reaching many times the continent.

Molina et al. (2018) reported 56 beaver activity findings in the continent, south of
the Magallanes region, mainly in the San Juan River basin, where beavers reached
the headwaters. The oldest continental evidence was in 1968, near the mouth of this
river. Frequent findings have been reported since 1994. The northernmost sighting
was in the Hollemberg River, 19 km south of Puerto Natales. However, beavers have
not established populations in the continent.

Drainage systems shifts and destruction of riparian vegetation by cutting and
flooding are direct impacts of C. canadensis on freshwater environments. The
geomorphological features of the river valleys influence the dam extension which
tends to expand over time. Recent buildings show low height, raising the water level
in around 0.50 m, but sediment deposition by flow speed reduction forces beavers
to augment the water level in the dam. Elevated impoundments have also the func-
tion to extend the aquatic access to new riparian sectors. Some dikes can reach over
1.50 m height. Beaver buildings require continuous care and material supplying,
which means permanent local alterations.

In contrast with prevailing deep-oligotrophic lakes, beavers build shallow reser-
voirs rich in organic matter (OM). Beaver dam area in the Argentine side of TDF
represents 0.42% of the total area (Henn et al. 2016). The increase on the evaporation
and infiltration linked to the dam’s areas has low signification at a basin level, then
runoff decreasing is negligible.

Regarding dam’s effects on the drainage regime, the water volume kept by dams
during floods is in general insignificant, because of the lower relative dam area
and their low specific storage, since these buildings normally remain full. However,
flood attenuation by beavers might be more reliant on flood retard rather than on
water volume retention. Successive dam cascades (Fig. 4a) dissipate flow energy,
reducing the flow velocity along the stream, and mitigating the intensity of regular
flood peaks. The asynchronous flow peak convergence of goodly and poorly dam-
controlled streamsmight also contribute to ordinary peakfloodmitigation at the lower
river section. This mitigation is not effective in extreme events, which frequently
cause beaver dams to collapse.

Failures of a beaver’s reservoir with high positional energy may cause damage in
inhabited zones. In the Pipo River valley, nearby Ushuaia city, a beaver impound-
ment located near the top of the Susana Mount (400 m a.s.l.) failed, after heavy
rains occurred on November 1, 2002. It released abruptly water and sediments that
cascaded 300 m, resulting in a dangerous mud-trunks torrent. This happened again
in May 2007.

C. canadensis regularly colonized peatlands. Nothofagus trees can reach only
dwarf tall on them, except in gallery forests, along streams through these wetlands
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Fig. 4 Effects of beaver activity. a Successive dams dissipate flow energy in the upper streams. b
Gallery Forest (GF) in a natural state on peatlands in Península Mitre, eastern TDF, Argentina; c
GF degraded by C. canadensis. The forest disappeared, remaining only grasses. d Dead trees and
sediment accumulation in an empty beaver dam after its failure

(Fig. 4a). Riversides are differential environments in peatland landscapes,whose soils
include fluvial sediments and present deeper water table levels than the bog lawn.
These features favor contrasting riparian vegetation, which includes trees vulnerable
to beavers and proper grasses for the beaver’s diet (Fig. 4a, c).

The inundation of a bog sector kills vegetation, inhibits C accumulation, and
favors OM decomposition. Moreover, impoundments implicate unsteady changes in
the affected patches, since its local influence is transitory. Dam permanency depends
on the colony’s jobs. Great floods, colony relocation, and human interferences are
factors that lead to its ruin, and the beginning of new local shifts (Fig. 4d).

Sphagnum-raised bogs usually include natural ponds that play the surface-water
retention function. Most of these ponds are naturally unlinked, but beavers connect
them, through channels that they build tomove through the bog,modifying the hydro-
logical features. Moreover, such channels drain the peat-saturated layer, lowering the
water table level and shifting the anoxic condition that inhibits OM decomposition.
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Thus, beavers might induce peatland degradation processes. In contrast with dams,
which cause unsteady changes, channels can modify features of peatlands hydrology
for a long period of time.

C. canadensis transforms lotic in lentic systems by stream damming, resulting
in sediment and OM retention, which shifts the physic-chemical characteristics of
waters and the benthic fauna composition (Lizarralde et al. 1996; Vila et al. 1999).
Beaver ponds are sources of nutrients and C, with higher levels of organic than
inorganic nitrogen. The effects induced by these rodents aremajor factors influencing
the processes of nutrient transformation in TDF streams (Lizarralde et al. 1996).

Naturally, heterotrophic Fuegian rivers show intensification in the heterotrophy of
the periphytic community because of beavers activity, likely related to the increasing
water turbidity and OM retention (García and Rodríguez 2018).

The rapid water temperature increase during insolation hours, due to the shallow
depth of waters, dark hue, and stagnation, along with the OM abundance incorpo-
rated from the flooded riparian zone, are favorable conditions for the development of
invertebrates, which are the food base of many birds and fishes (Sielfeld and Venegas
1980). Vila et al. (1999) found a positive correlation between beaver activity and
benthic fauna abundance, and Arismendi et al. (2020) reported, higher macroinver-
tebrate densities in colonized streams, mainly of Diptera, followed by Amphipoda
taxas.

In the Cóndor River (western TDF), the presence of G. maculatus, which is the
most common TDF native species (Moorman et al. 2009), and beaver impoundment
abundance, link positively. However, the frequency of puye below dams suggests
that these barriers might be fragmenting these populations (Vila et al. 1999).

In beaver-influenced streams, trout has a wider dietary breadth with Diptera and
Amphipoda as the prey items provide most of the energy, whereas in no colonized
streams it is Trichoptera. The highest growth in trout populations occurs in sympatry
with C. canadensis. The trout growth rate was on average 14% higher in streams in
sympatry than in allopatry (Arismendi et al. 2020). Beavers enhanced puye trophic
web and thereby increased the abundance of that species, mitigating in this way the
salmonid’s impact (Moorman et al. 2009).

In streams of the Cabo de Hornos Archipelago, beaver environments increased
both, in abundance and secondary production, three to five-fold no colonized ones,
but richness, diversity, and the number of functional feeding groups dropped by half.
Thus, while a generally positive link between diversity and ecosystem function is
frequent in a variety of systems, this can be decoupled by responding to alternative
mechanisms (Anderson and Rosemond 2007).

4 Climate Change Effects on Freshwaters

The significant glacier recession occurring since the beginning of the twentieth
century, along the Andes, as well as in the main mountain systems of the world,
is the clearest signal of climate change (CC) at a global level.
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Negative CC impacts are evident in Patagonia. Linear trend data analyses reveal a
highly significant tendency towards drier and warmer conditions over the 1912–2002
period in NW of Patagonia (Masiokas et al. 2008) that persists in the present. Due
to the reduction in precipitation in the Northern Andes, rivers located north 42° S
registered a strong negative flow trend, which in some cases led to reductions by half
(Barros et al. 2015).

Multimodel-projections indicate for Patagonia higher temperatures and slightly
lower rainfall, both with increasing tendencies towards the end of this century; that
represents a trend towards greater aridity for all scenarios. The most affected area
corresponds to the upper basins of the Colorado and Neuquén rivers (Barros et al.
2015).

Seasonal snow accumulation, which depends on both precipitation and tempera-
ture, is also a proper CC indicator that shows a general negative trend. In the upper
basins of Northern Patagonia, the reduction in precipitation is indicated as the main
cause. For the Aysén River basin, Pérez et al. (2018) report a −20.01 km2 y−1 trend
in snow cover, related to both, a +0.07 °C y−1 temperature trend and a 8.66 mm y−1

decreasing precipitation. In Brunswick Peninsula (Magallanes Region), the average
snow extent decreased 19% in 1972–2016, compared to 1958–1972. It is attributed
to a + 0.71 °C warming registered in Punta Arenas, during April-September (austral
winter) for the same period (Aguirre et al. 2018).

Global warming implies the weakening of the snowpack stability, and the rise
of its altitudinal lower limit, resulting in water storage reduction at a basin level.
The shift from the combined nival-pluvial to a pluvial streamflow regime would be
a consequence of global warming. Winter floods might increase in frequency and
intensity, and summer water scarcity might increase in severity.

These problems are present in a framework of greater pressures onwater resources
due to population growth and productive development. Irrigation concentrates water
demands in spring–summer seasons when water availability becomes critical.

The PatagonianAndes contain the greatest glacier area of SouthAmerica.Glaciers
reach their largest development between 46° S and 52° S, in the Patagonian Icefields
that feed greater Patagonian rivers: the Baker and Pascua in Chile, and the Santa
Cruz in Argentina. Ice melting recharges many Patagonian rivers, but this water
contribution tends to decrease linked to the glacier area reduction.

Miserendino et al. (2018) assert that glacier-fed streams seem vulnerable to global
warming, and warned that the functioning of the related ecosystems could be altered.
Endemic elements could disappear at the upper segments being replaced by other
species.

4.1 Lake Changes

Glacier’s dynamics causes substantial physical changes in glacial lakes, such as the
new lake’s development and the ice-dammed lake emptying.
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Fig. 5 Emptying of Perdido Lake. a, c current state. b View from the west in 2001. Images from
Google earth

Glacier retreat during the twentieth century resulted in the formation of many
small and medium lakes, such as the Ventisquero Negro Lake (41°12′ S, 71°50′ W),
contiguous to the Manso Glacier’s front. This began in the 1990s, after a rapid ice
retreat (Masiokas et al. 2010). The lake still expands amid the recessive glacier
front and the main moraine ridges, inducing ecological shifts in the Mascardi Lake,
located 17 km downstream. Sedimentation in the new lake reduces the incoming
sediment load to the Mascardi Lake, increasing its water transparency and altering
the autotroph distribution in the water column (Bastidas et al. 2017).

Iturraspe and Strelin (2002) reported the gradual emptying of the Perdido Lake2

(48°59′ S, 73°07′ W), at the eastern Southern Patagonian Icefield (SPI), Chile,
between Chico and O’Higgins glaciers (Fig. 5a). A third glacier, the Gaea, dammed
the lake, which drained towards the Chico glacier valley (Fig. 5b, c). Ice-dam
shrinkage allowed the sub-glacial flow towards the O’Higgins Lake; thus in 1986,
Perdido Lake dropped 41 m below its level registered in 1982, finishing its outlet
towards the Chico Valley. In 2001, the level dropped another 20 m, diminishing its
area to 40% of the original extension. In February 2013, a sudden release resulted
in the lake segmentation and its surface reduction to 23 ha (8% of the surface that it
had in 1982).

TheGreve Lake (49°03′S, 73°59′W)was generated by the PioXIGlacier advance,
blocking in 1926 a wide valley to form a 195 km2 glacial lake. Pio XI is the largest
glacier in South America and one of the very few in expansion. The valley occlusion

2 Appellation given by the author due to the lack of an official lake name.
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barely gave the colonists, who had settled shortly before, time to leave (De Agostini
1945). At present, amoderate glacier advance persists, and the lake level is controlled
by the drainage through a northern col towards the Témpano Fiord. The glacier
advance generated drastic changes in the Greve Valley hydrology, as well as in the
preceding lotic and terrestrial ecosystems, which became a new great 150 m depth
lentic system of doubtful hydrological and ecological stability.

4.2 Glacial Lake Outburst Floods

Glacial lake outburst floods (GLOFs) are torrential events caused by the sudden
drainage of a glacial lake. Ice retreating, ice thinning, moraine-dam failures,
subglacial tunnels progress, or a combination of these processes, resulting in the
rapid discharge of greater water volumes. GLOFs motivate hazards and violent
disturbances, especially in the lack of large lakes able to mitigate its effects.

One of the best-known GLOF examples is the periodic occlusion of the Rico Arm
of the Argentino Lake by the Perito Moreno glacier causing the level rise of the Rico
Arm over the Argentino Lake. The water pressure generates tunnels or subglacial
drainage whose development determines the spectacular ice collapse releasing the
Rico discharge.

In 2009, the moraine that dammed the Ventisquero Negro Lake collapsed, at the
foot of Tronador Mount, Argentina, causing a GLOF in the Manso Superior River
Valley. The flood was attenuated at Mascardi Lake (Fig. 1), where the sediment load
produced a transitory decrease in water transparency (Bastidas et al. 2017).

CC affected the stability of glaciers in Southern Chile producing an increase in the
GLOFs frequency. For instance, in 1977, the failure of the moraine-dammed Engaño
Lake (46°27′ S, 72°58′ W)caused aGLOFaggravated by carrying largewoody debris
transport. This surge destroyed houses settled in the valley and produced damages in
Bahía Murta town, at the shore of General Carreras Lake (Iribarren Anacona et al.
2015).

In Torres del Paine National Park (Magallanes Region), in the summers of 1982
and 1983, Paine River floods raised levels of local lakes, inundated roads, and
damaged riverside installations. These torrents resulted from rapid evacuations of
a transitory supra-glacial lake on the Dickson and Frías glaciers (Peña and Escobar
1983).

These glaciers ended in a transverse valley where they blocked the drainage. Most
of the Frias flows towards the NE, to the Argentino Lake, but the Dickson retreat
allowed, around 2005 year, a new flow-path towards the SW. Thus, the Payne River
system captured the entire Frías outflow, changing its discharge from the Atlantic to
the Pacific slope.

In the Baker basin, powerful and recurrent GLOFs occurred during the last years,
due to the periodic emptying of the Cachet Dos Lake that is dammed by Colonia
Glacier (Fig. 6). Twenty-one GLOFs occurred between 2008 and 2017, producing
floods that duplicated the maximum annual flow (Jacquet et al. 2017).
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Fig. 6 Colonia river GLOF area. a General setting and geomorphological shifts in the Colonia
riverbed due to recurrent GLOFs from Catchet 2 Lake. b Catchet 2 Lake after its subglacial drain.
c Lake storage recovering after a new glacier blockage. Images from Google earth

Although Colonia Lake mitigates effects, specific locations evidenced > 40 m
incision. Active channel migration and cut-bank erosion removed terraces (Jacquet
et al. 2017). GLOFs shifted not only the Baker hydrology but also the conveyance
system, which could be affecting the fluvial ecosystem functioning. The normal state
of macroinvertebrates in the Baker River system observed in 2006, before the GLOFs
sequence (Moya et al. 2009), suggested the recovering of a previous GLOF event
occurred in 1960, however, there is scarce information on the effects of the current
GLOFs sequence over invertebrates in this river.
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5 Land Use and Land Cover Changes

5.1 Urban Land Use

Rainwater drainage systems in urban centers facilitate a fast and direct discharge
into a collector water body. Hence, cities are spots of all kinds of elements, which
concentrations are not present naturally in freshwater ecosystems, such as heavy
metals, hydrocarbons, phosphates, nitrogen, mercury, arsenic, etc. Although most
Patagonian cities have wastewater treatment systems, they often do not cover the
entire urban area.

Many drainage systems collect both rainwater and wastewater fluxes, which is
inconvenient for the discharge treatment. It results in the biological contamination
of the receiving water body. The level of wastewater treatment for final discharges
varies notably in different cities. Urbane streams from the city of Ushuaia (TDF)
collected wastewaters until 2016, when a court order instructed the Province and
the Municipality to improve the sewage system and remedy the environment. These
watercourses acted as receptors of human activities and became emitters to the coastal
system. Nutrients still remained in bottom sediments four years after that direct
wastewater discharge ended (Diodato et al. 2020). Likewise, wastewater discharges
from the drainage system of Río Grande city (TDF), produced organic and bacteri-
ological pollution on the shores of the estuary of the Grande River (Lofiego et al.
2009).

Organic pollution is the common result of urban sewage discharges. Further
contamination types depend on industrial activities. In developed cities, industries
are in a proper sector, and pollutant factories usually perform wastewater treatments
by themselves. However, discharges do not always meet the environmental requests,
and official controls are often deficient.

The pollutant load correlates with the number of inhabitants living in the urban
area. In Argentine Patagonia, the conglomerate of Neuquén-Cipolletti-Plottier cities
(Fig. 7) is the highest urban concentration, with about 400,000 residents in 2018
(Pérez 2018). The largest city in Chilean Patagonia is Puerto Montt (213,117 inhab-
itants, 2017 census). Both populations relate to intermediate cities and moderate
pollutant potential.

Urban effluents generate increasing fluvial contamination levels. Wastewaters are
treated, but sewage-treatment plants have shown poor performance during some
periods. Clandestine discharges end up in highly contaminated streams parallel to
the main channel, such as Los Milicos channel, which joins the Neuquén River, and
the Durán Stream (both marked in Fig. 7), which crosses the Neuquén city and pours
into the Limay River. These channels collect effluents from precarious urban areas
and animal farms, as well as diverse industrial wastewater that discharges right in
the rivers (Pérez 2018).

The rapid growth of some Patagonian cities resulted in land-use changes that have
implied severe wetland loss. The industrial development of Río Grande city (TDF-
Argentina) attracts immigration, which produced an explosive urban expansion in
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Fig. 7 The confluence of Limay and Neuquén rivers, where the main cities, productive farms, and
oil activity are settled

1972–2020 through a conditioned process by housing crisis, social vulnerability,
and informal land occupation. The urban expansion affected coastal and continental
wetlands, over which 1/3 of the current urban area is consolidated (Iturraspe et al.
2021).

Ushuaia city grew up as well as Río Grande city, transforming forest and some
peatland areas in urban soils and modifying stream courses. On the other hand, Peri-
urban areas of PuertoMontt (Chile), suffered strong changes, losing lakes, “hualves”
and peatlands, whichwere drained and filled to be urbanized. An innovative Supreme
Court’s decision ordered the proprietary of theLlanténWetland, to protect it, revoking
the permission of the municipality for its urbanization (Rojas Quezada 2019).

5.2 Effects of Intensive Agriculture

In Argentine Patagonia, agriculture needs irrigation, due to the water deficit in the
extra-Andean region. Therefore, this productive activity has been concentrated in
the main fluvial valleys, reaching its maximum development after dam construction.
Floods control by dams resulted in the occupation of the flood valleys for fruit crops.
The intensive agricultural activity has implied changes in the aquatic systems in terms
of water quality, and runoff flow reduction due to the significant water demands for
irrigation. The use of pesticides is causing disturbances in the Negro River, while
water scarcity affects most notably the Colorado River.
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The Valleys of Neuquén, Limay and Negro rivers (Argentina) integrate an impor-
tant fruit productive area, with about 120,000 ha of crops fed by a vast irrigation net,
complemented by drains that return irrigation excess.

Macchi et al. (2018) analyzed pesticide concentrations in drainage waters
discharging to the Neuquén River, in combination with macroinvertebrates biomon-
itoring in the irrigation channels. Chlorpyrifos was the most frequently detected
pesticide (61%), followed by azinphosmethyl (44%) and carbaryl (21%). The
highest monthly concentration occurred in spring–summer: azinphosmethyl (0.4 µg
L−1-Nov/2009), chlorpyrifos (0.6 µg L−1-Nov/2010) and carbaryl (2.6 µg L−1-
Feb/2010). Chlorpyrifos affected the richness and abundance of macroinvertebrate
assemblages.

Downstream the Neuquén-Limay confluence, Miglioranza et al. (2013) reported
the presence of endosulfan, organochlorine pesticides (OCPs), polychlorinated
biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs) in soils, sediments,
suspended particulate matter, stream waters and macrophytes, which indicate the
impact of agriculture on the watershed.

In 2006, an extraordinary flood of the Negro River inundated valley farms and
mobilized soil contaminants to the fluvial ecosystem. The pollutants detected in
rainbow trout increased in most cases one order of magnitude, according to pre and
post-flood samples. DDTs and PCBs were the main compounds in fish, with concen-
trations in muscle above the maximum allowed for human consumption (Ondarza
et al. 2012).

The Colorado River constitutes the water source for irrigation of 158,800 ha.
The snowfall decrease in the upper basin, very noticeable since 2010, has caused
constraints in water availability at the lower basin, where the flow is regulated by
the Casa de Piedra dam. During drought periods, the water authority has reduced or
suspended the water supply for irrigation, releasing from the dam only the necessary
flow for supplying populations and ecological requirements.

In the early twentieth century, the Desaguadero River, fed by the Andean streams
located in the North of Patagonia, emptied into the Colorado River with the name
of Curicó River. The water diversion for irrigation upstream of Patagonia, caused
its flow reduction until it turned disconnected from the Colorado River, becoming
an endorheic stream. That causes the salinization of lakes and lowlands in its
terminal section. This situation generated conflicts between provinces, where La
Pampa province was the most affected. In addition, in 1980, an unexpected and
occasional Curicó’s reactivation impacted the Colorado River by discharging water
with a saline concentration three times higher than seawater.

TheMusters-ColhuéHuapí Lake system, located in the southernChubut province,
Argentina, has undergone strong hydrological shifts due to the combined effects
of climate change, irrigation, and water supply to the local population and urban
centers outside the basin. The lakes are fed by the Senguer River, whose flow regime
depends on the snow precipitation in the upper basin. The river discharges into the
Bajo Sarmiento, where these lakes and Sarmiento town are located. This system
is currently endorheic, but about one century ago the Colhué-Huapí Lake (CHL)
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discharged, likely intermittently, towards the Chico River (Scordo et al. 2017), which
is a tributary of the Chubut River.

The Senguer River naturally recharged both lakes, through a wide alluvial fan,
in which Sarmiento town has developed since the end of the nineteenth century,
becoming a significant agricultural-livestock productive center. Sarmiento’s farms
are located in the windy steppe, hence its strength has been based on irrigation, fed
from the Senguer River. This context led to managing water distribution, prioritizing
the supply for the population, the irrigation, and the storage of the Musters Lake,
fromwhich an aqueduct supplies water to 350,000 inhabitants of urban settlements in
the region. That was detrimental to the storage of CHL, whose recharge through the
Falso Senguer stream is subjected to the availability of domestic wastewater (Scordo
et al. 2017). The CHL is only 2 m depth, then its extension is very susceptible to
storage changes. Its area of ~720 km2 has been reduced in the recent decades, and it
almost disappeared in the drought of 2016.

The historical Senguer’s average flow in Bajo Sarmiento is 48.1 m3 s−1, but
between 2010 and 2020 it reduced to 37.4 m3 s−1 (obtained from Servicio Nacional
de Información Hídrica). Total water consumption in the summertime is estimated at
18.5 m3 s−1 (Scordo et al. 2017), being not enough the remaining flow to support the
evaporation rate from the full extension of both lakes. As the system is endorheic,
the lake area reduction is the expected result from new negative terms added by
consumptive water uses and inflow reduction.

Chiloé Island is the most important agricultural area in southern Chile. Family
farm traditions date back to pre-Hispanic times, with potato varieties production as
the local specialty. There are no reports on freshwater pollution related to this land
use. Most environmental troubles concern the sea, and are being attributed to fish
factories. Although precipitation reaches around 2000 mm y−1, the local population
affronts difficulties in the water provision during dry periods, which might be related
to land-use changes in detriment of wetlands. Given the lack of glaciers and seasonal
snow, wetlands provide irreplaceable ecosystem services on streamflow regulation.
“Pomponales” is the local name for Sphagnum moss ecosystems with great capacity
for water retention, described as secondary or anthropological peatlands by León
et al. (2021). The moss fiber extraction for export has resulted in the degradation of
these wetlands. Furthermore, the harvesting of “Tepual” wet forests to get wood as
domestic fuel has also produced losses in the hydrological services that these humid
ecosystems provide.

5.3 Forest Fires

Native forestswere subjected tomassive clearance in theAysénRegion (Chile). Since
the beginning of the twentieth century, fires destroyed about three million hectares,
particularly between 1936 and 1956, due to uncontrolled fires, set to create grazing
lands. Fires reduced in Aysén the original forest area by half, resulting in widespread
erosion (Quintanilla Pérez 2008).
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There are no reports about the ecological effects that these fires produced in the
short term, but it is widely accepted that large fires cause loss of native vegetation,
runoff, and sediment load increase. The rise in total primary production, as well as
shifts in the biogeochemical cycles and in biological communities assemblages, are
ecological effects that can be assumed. Later land use change, more so than fire,
significantly modified total nutrient stocks and isotopic N composition of plants and
soils (Fajardo and Gundale 2015).

Forest fires, almost all of themof human origin, are recurrent in Patagonia, altering
terrestrial and aquatic ecosystems, which increase in frequency and spread during
dry, warm, and windy periods. Moreover, global warming will likely raise the fire
hazard status.

5.4 Oil Exploitation

Oil exploitation involves important land use and land-cover changes. Oil deposits
discovery caused the development of new towns in Patagonia. Oil camps, dense
road networks, well’s installations, auxiliary pools, pipelines, deposits, etc., involve
land-cover changes and landscape transformations. Oil exploitation exposes soils
and waters to recurrent environmental incidents, which comprise spills of hydro-
carbons and brackish water from production and injection. Most spills occur in
the terrestrial environment; however, heavy rains can activate its transport to water
bodies. Although security measures are applied, any eventual oil spill in freshwater
implicates a social-environmental disaster.

In 1997 and 1999 the water supply was interrupted for all uses in the Colorado
River valley due to oil stains presence, caused by a flood that broke oil pipes installed
on the riverbank (Dillon 2004). Until 1997, oil companies threw into the river drilling
purge water with a saline concentration seven times higher than that of seawater.

Companies have enhanced security measures, and the state control has increased.
However, oil spill events are frequent. In the ColoradoRiver basin, for the 2011–2015
period, on average 1973 annual incidents were reported with environmental effects
(COIRCO 2016). Corrosion or material failures were the main causes, originating
380m3 y−1 of oil spills and 5125m3 y−1 of production or injection ofwater spills. The
total affected area was 3945m2 y−1, with no cases registered in fluvial environments;
3% in dry canyons, 8% in soils, and 89% in oil installations, which indicates the spill
retention efficiency.

Monza et al. (2014) determined a low degree of contamination by hydrocarbons
in the Neuquén River and identified sectors whose low levels of hydrocarbons of
biogenic origin can be used as baseline.
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6 Conclusions

Scarce biodiversity characterizes Patagonian freshwater ecosystems; however, its
endemic species contribute to the global biodiversity, and the entire native biotic
components play specific functions at different levels.

Volcanism is a regional feature in the matter of natural disasters. Despite the
amazing magnitude that some eruptions reached, the evidence shows a recovery of
the biota, tending to normalize after two or three years. In accordance with assertions
of Crisafulli et al. (2015), and as it was hypothesized, no events resulted in the
annihilation of the biota, and no turn back to a primary succession occurred. Lakes
such as Nahuel Huapí provided fundamental refuges for fishes, allowing the later
repopulation of damaged tributary streams. Riverbed morphology demanded more
time to stabilize, as it was evidenced by the affected rivers by theHudson andCalbuco
eruptions.

The information on the response of aquatic environments affected by GLOFs is
scarce, notably in altered riverbed sections. Like volcanic lahars and pyroclastic
fluxes, GLOFs events transform the bottom valley morphology and the fluvial
sediment transport, altering the habitat of benthic organisms.

GLOFs are extreme events not statistically represented in historical flow series.
Therefore, stationary analysis of extreme flow peak’s frequency, generally applied
for hydraulic design, is unsuitable in basins with potential GLOF events. Moreover,
the increase in the sediment load is a new feature to evaluate, especially for dam’s
design. Potential sediment mobilization in the first event occurrence seems to be
higher than in later repetitions (Jacquet et al. 2017). GLOF threats implicate the
convenience of the availability of GLOF’s potential hazard maps.

Climate change involves uncertainties for future water availability in the Colorado
and Negro rivers basins, where IPCC projections indicated the highest increase in
temperature in Patagonia, threatening the seasonal snow stability.

Human outcomes tend to be permanent and increasing stressors. Introduced
species, land-cover changes, and wetland’s loss are some examples, which produce
irreversible changes in freshwater environments.

The prospects for invasive species eradication are hard and uncertain. There is
a lack of general social perception of salmonids as alien species. Moreover, no
programs exist for native fish’s protection, despite the advice of experts. Pascual
et al. (2007) highlighted their calamitous state, not only due to exotic fishes but also
for additional factors, such as aquatic contamination, habitat segmentation by dams,
loss of riparian vegetation, volcanic ashfalls, GLOFs, fires, etc.

Beavers favored benthic environments and native fish, but also caused strong
degradation of riparian forests. Argentina and Chile have signed in 2008 a collabora-
tive agreement for the control and eradication ofCastor canadensis. Successful erad-
ication experiences in pilot basins have been performed in both countries. However,
these efforts are far from attaining the beaver population control. Main drawbacks
are the difficult access to colonized areas, the magnitude of the necessary finan-
cial and logistical resources, the beaver’s heading habit, their reproductive rate, and
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their ability to recolonize areas. At the present, the main success was avoiding their
invasion to the continent.

Didymosphenia geminata produced the most successful invasion of a non-
voluntary introduced species in aquatic ecosystems fromPatagonia. Its expansion has
prevailed over public campaigns and preventive actions to stop it. The opportunity to
eradicate DG has likely passed, given its vast distribution, and the lack of precedents
for the suppression of invasive aquatic microbial species from fluvial networks (Reid
et al. 2012). Basualto et al. (2016) reported the expansion of Gomphoneis minuta in
Chile, notably in Las Lajas River, Bío-Bío Region. This invasive alga, which visually
can be confused with D. geminata, is present in confined colonies, in rivers of the
Aysén Region, as well as in the Chubut River. It is advisable not to miss the chance
to stop their expansion by the intervention on these spots.

Severe disturbances that forest fires generate have anatural recovery in themedium
or long term. Nevertheless, many forest burnings gave rise to changes in land use
that caused irreversible shifts in freshwater ecosystems.

Superposed disturbances demand special attention. The Baker River basin is an
example of strong alterations, like catastrophic fires, the large eruption of the Hudson
volcano, recurrent GLOFS, as well as didymo and salmonid biological invasions.

In rivers of the Northern Argentine Patagonia, different stressors dominate:
increasing water demand, pesticide contamination, superimposed disturbances by
urban discharges of theNeuquén conglomerate, biological invasions, habitat segmen-
tation by dams, and uncertain future hydrological changes due to the effects of climate
change. The irrigation-based agricultural development in the area has limitations. The
Colhué Huapí drying out is, on a different scale, the Patagonian version of the Aral
Sea drying out. The Colhué Huapí is not the only case in Patagonia. The disconnec-
tion of the Desaguadero-Curacó system from the Colorado River was also a result
of intensive irrigation.

One examined case invalidates the generality of the hypothesis related to natural
events. It is the formation of Lake Greve due to the Pio XI glacier advance, replacing
the pre-existing fluvial ecosystem. Changes linked to glacier retreat are attributable
to global warming, whose origin is human, but it has not been proven that the Pio
XI anomalous behavior is due to global warming. The validation of the hypothesis
requires excluding in its formulation the changes produced by the eventual expansion
of glaciers, as well as the extensive lava flows, not present in the analyzed events.

The scientific advances in the last two decades related to the focused topics are
remarkable. References cited in this chapter only represent a fraction of the avail-
able literature and approximately 90% of these works were published after 2000.
Research has as well improved in quality and interdisciplinary scope. However, it is
necessary to enhance the knowledge on some topics, such as inventory, composition,
and distribution of native fish; ecological flow; limnology in glacial lakes; snowpack
monitoring, and glacier contribution to runoff. The great Patagonian Baker, Pascua,
and Santa Cruz rivers involve complex systems that includewetlands, large lakes, and
glaciers. Dam projects on these rivers for hydropower have generated controversies.
Studies on these freshwater ecosystems are still scarce; and the improved knowledge
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on the ecological baseline would allow a better evidence-based understanding of pre-
and post-dam changes, as well as the adaptive capacity of species.

It is highly recommended to strengthen the binational collaboration to efficiently
respond to the environmental effects from huge natural events, as well as to plan the
water management in transboundary basins and to promote joint investigations.

Most powerful natural disturbances in freshwater environments are not manage-
able, but these ecosystems are relatively resilient to these effects. Some changes of
human origin are also unmanageable, like many of those associated with climate
change. Manageable anthropological changes are usually severe, but they can be
prevented or mitigated.

Many aquatic environments in Patagonia have ceased to be pristine to start a
declining environmental process. However, they are still far from the levels of degra-
dation easily observed outside of Patagonia. The future of Patagonian people is linked
to that of the freshwater ecosystems, so their sustainablemanagement is the challenge
for the coming decades.
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Glossary

Alunite a hydroxysulfate mineral with aluminum and potassium as main cations,
usually found in hydrothermal systems.

Aquitard geological formation of a rather semipervious nature that transmits water
at slower rates than an aquifer.

Aquiclude hydrogeologic unit which is porous and capable of storing water, but it
does not transmit it at sufficient rates to furnish an appreciable supply for a well
or spring.

Authigenic minerals minerals which originate from the diagenetic alteration of
sediments that are already deposited (secondary minerals) or by chemical
reactions within the interstitial water of sediments.

Autochthonous minerals minerals whose inorganic components originate within
the water column, either by inorganic or biologically induced chemical precipi-
tation.

Basaluminite a hydroxysulfate mineral with aluminum as the main cation, usually
found in low pH systems related to rock and mine acid drainage or waters
associated with active volcanic systems.

Benthic macroinvertebrate community benthic (meaning “bottom-dwelling”)
macroinvertebrates are small aquatic animals (>1 mm). They include, among
others, aquatic insect larvae, snails, worms, flatworms, and crustaceans. Benthic
macroinvertebrates are often found attached to rocks, vegetation, logs and sticks
or burrowed into the sand and sediments at the bottom of aquatic environments
such as streams, rivers lakes and wetlands.

Bioindicator any species or group of species (animals and plants) whose function
may reveal the qualitative state of the environment.

Biotic monitoring patagonian stream (BMPS) biotic index based on macroinver-
tebrate communities (Miserendino and Pizzolón 1999). It is obtained from a table
of 95 families of macroinvertebrates present in Patagonia which have different
degrees of pollution sensitivity (scores 1–10). The total BMPS score ranges from
0 to >150. The criteria of water quality are discriminated as follows: > 150 very
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clean waters, 101–150: unpolluted waters, 61–100 probably incipient pollution
or others kinds of perturbations, 36–60: probably polluted waters, 16–35 polluted
waters, and <15: strongly polluted waters.

BOD5 5-day biochemical oxygen demand. It is a water quality parameter
that measures the quantity of biodegradable organic matter contained in water and
is evaluated by measuring the oxygen consumed by the microorganisms involved
in natural purification mechanisms.

Brackish waterwith a salt content higher than that of freshwater,with total dissolved
solid contents between 1 and 10 g L−1.

Caldera big size depression formed after a volcanic eruption. The magma chamber
consists of large volumes of magma that can be withdrawn or erupted, after this
magma removal the structural support above the chamber can collapse forming
the caldera. Its size depends on the amount ofmagma that erupted and the volcanic
eruption, and it may range from 2 to 50 km across.

Cassiterite an oxide mineral with tin as the main cation (SnO2).
Chemical facies dominant chemical composition of water considering the major

anions and cations.
CIA Chemical Index of Alteration, to evaluate the intensity of chemical weath-

ering. It is defined as follows, where CaO* represents the CaO of the silicate
fraction.CIA = 100 × [Al2O3/(Al2O3 + CaO ∗ +Na2O + K2O)].

Clear waters streams or rivers waters with low suspended sediments contents.
Colloid a homogeneous system of molecules or particles disperse through a

medium. In water environments they usually serve as transport vectors of diverse
contaminants. Elements, complexes or molecules can be easily adsorbed onto
colloids.

Deltaic pertaining to or like a delta. Deltaic environments are gradational to both
fluvial and coastal environments.

Detrital minerals minerals which are introduced into the environment through
surface currents, erosion from the coast, sheet flooding, mass movement, or wind
activity.

Domes circular mounds that originate above the volcanic duct by the slow
emplacement of viscous lava in a sector of a volcano.

Downstream in the direction in which a stream or river flows.
El niño-southern oscillation (ENSO) is a periodicfluctuation in sea surface temper-

ature and the air pressure of the overlying atmosphere across the equatorial Pacific
Ocean.

Endorheic basin a basin draining to some depression or pond within its area, from
which water is lost only by evaporation. A basin without a surface outlet.

EPT richness the EPTr Index (Klemm et al. 1990) is a measure to assess water
quality based on the richness of Ephemeroptera, Plecoptera and Trichoptera
(aquatic invertebrates). It iswidely used in Patagonia, and thewater quality criteria
are as follows: >10 without impact, 6–10 slightly impacted, 2–5: impacted and
0–1: strongly impacted.

Eutrophication when an aquatic ecosystem becomes overly enriched with
minerals and nutrients (mostly forms of nitrogen or phosphorus), which induce
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excessive growth of algae. The process may also result in oxygen depletion.
Although the phenomenon can occur by natural causes over a long period of
time, human activities can accelerate eutrophication by introducing extra nutrients
through treatment plants, fertilizers, farms, untreated sewage, etc.

Evaporitic deposits minerals chemically precipitated from standing bodies of
seawater (marine evaporites) or lake-waters (nonmarine evaporites) as a result
of evaporative processes.

Exorheic basin fluvial system developed in a basin with sea connection.
Frequency (f ) is defined as the number of cycles per unit of time: f = 1/T, where

the period T is the time taken to complete one cycle of an oscillation.
Fumarole component of a hydrothermal system that corresponds to a vent which

emits steam and gases.
Geoelectric cuts diagrams that show the different resistivity values of a vertical

section in depth.
Geophysical survey any subsurface investigation technique that applies geophys-

ical methods.
Geothermal system natural system characterized by having a heat source that leads

to the mobilization of water through convective cells.
Geothermal water groundwater which has a temperature appreciably higher than

that of the local average annual air temperature.
Glacieret ice or permanent snow mass with no evidence of displacement.
Glaciofluvial of glacial and fluvial origin.
Habitat condition index (HA) evaluation of habitat quality is critical to any assess-

ment of ecological integrity and should be performed at each site at the time of
the biological sampling. The “habitat condition index” incorporates all aspects of
physical and chemical constituents alongwith the biotic interactions. Thismethod
ranks 10 river channel features (e.g. epifaunal substrate availability, embedded-
ness, sediment deposition, frequency of riffles, bank stability, etc.) from 0 to 20.
A score of 200 points indicates that the river is natural and pristine and in its
best possible condition (optimal: range: 150–200). Other judgement classes are
defined as follows: sub-optimal (range: 100–150), marginal (range: 50–100), and
poor (0–50).

Headwater it is the source of a stream.
Hydraulic conductivity a material property that describes the rate at which water

can flow through pore spaces or fractures.
Hydrothermal manifestations/Geothermal manifestations/Thermal

springs aqueous solutions of high temperature heated naturally under the
Earth.

Hydrothermal system groundwater systemwhich receives temperature and energy
from a deep magmatic heat. Usually are evidenced in surface as fumaroles, mud
and bubbling pools or geysers and can be used for geothermal energy.

Icecap unconfined, dome-shaped glacial ice mass that flows in all directions.
Internal load term used to describe P movement and recycling between lake

sediments and the water column.



342 Glossary

Jarosite a hydroxysulfate mineral with iron and potassium as main cations, usually
found in hydrothermal systems.

Jökulhlaup is an Icelandic term. It refers originally to outburst floods, which are
triggered by geothermal heating and, occasionally, by a volcanic subglacial erup-
tion. It is now used to describe any large and abrupt release of water from a
subglacial or proglacial lake.

Jurbanite a hydroxysulfate mineral with aluminum as the main cation. It usually
occurs as a secondary mineral in systems related to rock and mine drainage.

Lithological relative to lithology.
Macrophytes aquatic plants growing in or near water. They may be either emergent

(i.e. with upright portions above the water surface), submerged or floating.
Magmatic chamber large and deep subterranean reservoir of partially or total

molten fluid located in the Earth crust, mostly stored beneath a volcano. The
molten rock or magma is less dense than the surrounding rock, thus the fluid
tends to ascend to the surface, developing a volcano.

MEI, v.1 the Multivariate ENSO Index (version 1) combines both, oceanic and
atmospheric variables, facilitating ENSO assessment with a single index. Version
1 includes data recorded between 1950 and 2018.

Meltwater water derived from the natural melting of snow.
Meteoric origin the word “meteoric” (as in the sense of direct atmospheric origin)

is used here to refer to rain or snow water.
Milky waters waters with a high load of suspended sediments, usually by glacier

meltwater.
Molybdenite a sulfur mineral with molybdenum as the main cation.
Monomictic water body with a single period of thermal stratification during the

summer.
Phreatic eruption steam-driven explosion that occurs when water beneath the

surface is heated by magma or hot rocks. This intense heat may cause water
to boil and flash to steam generating an explosion which involves steam, water,
ash and rocks.

Phreatomagmatic eruption explosive eruption that involves magma and water
which leads to concurrent ejection of steam and pyroclastic fragments. They
usually tend to be explosive events.

Phytoplankton autotrophic (self-feeding) components of the plankton community,
with photosynthetic capacity. Key part of ocean and freshwater ecosystems.

P-labile phosphorus bound to sediment, which is released more quickly into the
water column and is readily available for algal growth.

Planktonic algae microscopic algae that live freely floating in the water column.
Pond an area filled with water, either natural or artificial, generally smaller than a

lake. It may arise naturally in floodplains as part of a river system (connected), or
be a somewhat an isolated depression.

Proglacial lake lake formed by the damming of a moraine during the retreat of a
melting glacier, or by meltwater accumulated in an isostatic depression of the
crust around the ice.
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Pyrite oxidation redox chemical reaction affecting pyrite mineral, that
produces sulfuric acid according to the following equation: 4FeS2 (s) +
15O2(aq)+14H2O(1) ↔8SO2−

4 (aq) + 16H+
(aq) + 3Fe(OH)3 (s).

Patagonian riparian forest quality index (QBRp) this index combines informa-
tion from four additivemetrics: total cover (proportion of the riparian area covered
by trees and shrubs), structure (proportion of riparian vegetation composed of
trees and shrubs separately), complexity and naturalness of vegetation (number
of trees or shrub species and absence of introduced species, and other human
impacts in riparian vegetation), and the degree of channel naturalness (e.g. bank
modifications, dredging, etc.). It also takes into account differences in the geomor-
phology of the river from its headwaters to the lower reaches. The total QBRp
score ranges from 0 points (extreme degradation) to 100 points (excellent quality,
natural riparian forest).

Rare earth elements (REE) a group of seventeen chemical elements that occur
together in the periodic table, represented by lanthanides (lanthanum–lutetium
series), plus scandium and yttrium. They have many similar chemical properties.

Resistivity the electrical property of a material that determines the resistance of a
piece of given dimensions. Is the reciprocal of conductivity.

Riparian buffer zone (also stream buffer) vegetated area (a “buffer strip”) near a
stream or water body, usually forested, which helps shade and partially protect
the watercourse or waterbody from the impact of adjacent land uses.

Riparian integrity a property of riparian corridors, that is a site’s relative ability to
provide all the necessary ecological functions including: retaining sediment and
nutrients, flood attenuation, bank stabilization and regulating stream temperature.

Schwertmannite a hydroxysulfate mineral with iron as the main cation, usually
found in low pH systems related to rock and mine acid drainage or waters
associated with active volcanic systems.

Seasonal Kendall test statistical non-parametric tool to detect monotone trends in
time series.

Silicate hydrolysis chemical reaction or breaking down of silicates to form new
minerals and dissolved products.

Soluble reactive phosphorous phosphorus fraction bioavailable for algae growth.
Springs groundwater discharge to the surface in small areas.
Stratovolcano a volcano with conical shape formed by lava and ejected materials

during different volcanic events through thousands of years. They are usually
characterized by summit craters and periodic intervals of explosive and effusive
eruptions.

Transmissivity aquifer ability to transmit water throughout its entire saturated
thickness.

Trophic gradient gradient productivity of aquatic ecosystems.
Trophic state productivity of aquatic ecosystems.
Unconfined aquifer aquifer whose upper water surface (water table) is at atmo-

spheric pressure, and thus is able to rise and fall.
Unsaturated zone is the portion of the subsurface above the groundwater table. The

soil and rock in this zone contains air as well as water in its pores.
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Upstream river or stream sector that is close to the river basin headwaters.
Water table upper surface of the saturated zone.
Watershed fluvial basin of moderate dimensions.
Weathering set of physical, chemical and biological processes that breaks down the

internal structure of minerals, modifying the chemical composition of the original
material. Weathering occurs in situ, forming mineral species thermodynamically
stable in Earth surface conditions.

Weathering-limited regime denudation regime limited by weathering. The mate-
rial is removed at a faster rate than it is generated. Incipient weathering profiles
and little or no development of soils are characteristic.

Wetlands (mallines) areas where water covers the soil, or is present either at or
near the surface of the soil all year or for varying periods of time during the
year, including during the growing season. Water saturation (hydrology) largely
determines how the soil develops and the types of plant and animal communities
living in and on the soil. Wetlands in Patagonia are locally named mallines, an
aboriginal (Mapuche) word that means swampy area or lowland area where water
accumulates.
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