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ABSTRACT

Groundwater plays an important role in the economic development of the Chaco-Pampean Plain (Argentina),
where industry, agriculture and cattle farming are the main economic activities. The 66% of the country's popu-
lation lives in this area. The low slopes of this region condition the water movement and the occurrence of phys-
ical and chemical processes. The aim of this work is to update the hydrological conceptual model of the Del Azul
Creek basin (Buenos Aires Province), a sub-humid and continental plain, using environmental tracers. In total, the
study was based on the analysis of 201 samples (stable isotopes) and 184 samples (chemical data) including rain-
water, surface water and groundwater. The temporal and spatial variation in the isotopic composition of rainfall
and the hydrological physical-processes, evaporation, surface water-groundwater interaction and recharge were
studied. Isotopic compositions of rainfall revealed a seasonal variation across the basin. Low §'®0 rainfalls occur
during the coldest seasons, while high 6'80 rainfalls occur during the warmest seasons. The isotopic composi-
tions of rainfall varied only during the cold period in the upper basin. At this time, the lowest 6'%0 rainfall fell
in the upper basin, while in the other areas and during the warmer seasons, no differences were observed. Evap-
oration was a relevant process in the flatter area of the basin, mainly during the warmest seasons. Samples taken
from the wetlands and from the lower section of the Del Azul Creek were strongly evaporated. In the first 30 m
depth of the aquifer, groundwater reflected the isotopic composition of rainfall from the warmest seasons, thus
revealing seasonal preferential recharge and a good hydraulic connection. This study provides direct evidence
showing that both evaporation and the surface water-groundwater interaction are processes that play a key
role in the control of the isotopic and chemical composition of water.
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1. Introduction

Growth in global population as well as climate change lead to direct
and indirect impacts inducing abrupt land use changes (Wiebe et al.,
2015). All these changes affect freshwater quality and availability, and
governments should find a balance between supply and demand. In
this new context, the scientific community needs to understand how
hydrological processes control the water movement, its quality and
quantity in different environments. According to UNESCO (2011),
more than half of the world's population relies on the freshwater that
is generated in mountain regions. Hence, the study of hydrological pro-
cesses in arid/semiarid mountain catchments through the use of isoto-
pic tracers has drawn considerable attention over the last decades.
Previous studies have addressed conventional hydrological scenarios
featured by slopes greater than 0.5%, with well-defined basin bound-
aries and drainage networks. Most of these studies have focused on
the identification of water recharge sources (Yin et al.,, 2011; Boukhari
et al., 2014; Farid et al., 2014; Gonzales Amaya et al., 2018; Ma et al.,
2018; Oiro et al,, 2018; Barbera et al., 2018; Bahir et al.,, 2019); the esti-
mation of aquifers recharge/discharge and water evaporation rates
(Mayr et al., 2007; Yuan et al., 2011;Qian et al., 2014); the study of the
effect of seasonal rainfall patterns on the isotopic composition of surface
water and groundwater (Bajjali, 2006; Dogramaci et al., 2012; Hoke
et al., 2013; Singh et al., 2013; Peng et al., 2015; Jodar et al., 2016;
Bershaw and Lechler, 2019); and the study of the interactions between
surface water and groundwater (Oyarzin et al,, 2016; Wu et al., 2017).

In contrast, large plains (e.g., Great Plains in Canada and US;
Pannonian Steppe in Hungary; North China Plain; Chaco-Pampean
Plain in Argentina) pose an inherent challenge since complete hydro-
logical characterization is often constrained by large-scale heterogene-
ities. The Chaco-Pampean Plain encompasses 120 million ha,
comprising approximately 66% of the country's population (26,500 mil-
lion) (INDEC, 2010). It is the strongest economic region in Argentina,
where industry, agriculture, and cattle farming are the main economic
activities. This region is characterized by remarkable low slopes
(<0.1%). Drainage networks and boundaries are not well defined; how-
ever, rivers and creeks have a permanent flow regime, indicating a per-
sistent baseflow connection to groundwater reservoirs. During wet
periods, surplus of surface water flows over the wide alluvial plains in
the form of non-concentrated overland flow. A fraction of this water is
accumulated in shallow depressions, where water is subjected to evap-
oration and infiltration, thus replenishing soil moisture storage with a
potentially high 6'80 composition. If rainfall is sufficient and has high
intensity, then i) groundwater recharge occurs, ii) surface runoff in-
creases, and iii) shallow depressions build up to the point of connecting
to each other to finally discharge into the main river channels (Varni,
2013; Entraigas et al., 2017).

In Argentina, studies on the isotopic composition of rainfall started
with Panarello and Albero (1983) and Panarello and Parica (1984).
The weighted average annual isotopic composition of rainfall in Buenos
Aires city (Ciudad Universitaria station) (1978-1999) were §'80 =
—5.5%, and 6°H = —30%.. The local meteoric water line (LMWL) was
calculated as: °H = 85'80 + 14%. (Panarello et al., 1998; Dapefia and
Panarello, 1999). Dapefia and Panarello (2004) observed heavier isoto-
pic contents in the coldest months (May-August) than in the warmest
ones (February-May). This pattern was also observed in other Argentin-
ean cities such as Santa Fe (Santa Fe Province), Corrientes (Corrientes
Province) and Azul (Buenos Aires Province). Martinez et al. (2011) char-
acterized the isotopic composition of rainwater in the southern part of
the Tandilia Range System (Buenos Aires Province) using 7 monthly
composite passive collectors for the period 2005-2010. The arithmetic
average for all stations was 880 = —5.1%, and 6°H = —30%., with a
LMWL described as: 6°H = 8.05-5'80 + 11.10%.. Similarly, several sur-
face water and groundwater isotopic studies have been conducted
across the Buenos Aires Province to understand water movement and
to identify the salinity origin (Quiroz Londofio et al., 2008; Romanelli
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et al., 2010; Carretero et al.,, 2011; Glok Galli et al., 2011; Martinez
et al, 2011; Carretero et al., 2013; Martinez et al., 2013; Martinez
et al., 2016; Armengol et al., 2017, among others). In the Del Azul
Creek basin (DACB, Buenos Aires Province), rainfall isotopic studies
were initiated by Dapeiia et al. (2010). From 1998 to 2007 a station
was operated in Azul city as part of the Global Network of Isotopes in
Precipitation (GNIP). The LMWL for Azul city was calculated as:
8°H = 8-6'80 + 13%. (n = 116 monthly samples). Subsequently, rain-
water and groundwater isotopic studies continued with Zabala et al.
(2011, 2015, 2016) with the aim of understanding the origin of ground-
water and its salinity.

Due to favorable natural conditions, the existence of fertile soils and
an acceptable transport network, over the last years several govern-
mental institutions have been promoting investment projects related
to agriculture and mining in order to encourage the economic develop-
ment of the DACB region. But these projects are not accompanied by
plans to ensure adequate management of landscape and water re-
sources (Zabala et al., 2015). Within this framework, the aim of this
work is to update the hydrological conceptual model (Varni, 2013;
Zabala et al., 2016) using environmental tracers to improve the existing
knowledge on how hydrological processes govern water movement
and its quality in the DACB, a sub-humid continental plain basin. The
specific objectives of this work are: (i) to characterize the chemical
and isotopic composition of rainwater, surface water and groundwater;
(ii) to analyse the seasonal and spatial variation of stable isotopes in
rainwater; (iii) to understand the main hydrological physical-
processes governing water flows which control the water chemical
and isotopic composition.

2. Study area
2.1. Regional setting

The DACB is located within the Chaco-Pampean Plain in Buenos
Aires Province (Argentina) between 36°00’ and 37°20’ S and between
60°15’ and 58°45’ W, and it is part of the Salado River basin (Fig. 1).
The Buenos Aires Province concentrates 38% of the Argentina's popula-
tion (17,000,000 inhabitants) and the productive activities contribute to
~35% of Argentina's GNP (Consejo Nacional de Coordinacion de Politicas
Sociales, 2019). The DACB covers an area of 6237 km? and has a popula-
tion of 65,280 inhabitants (INDEC, 2010).

This basin is located between the Tandilia Range System to the SW
and the Salado River valley to the NE, and 72% of the area corresponds
to a typical sub-humid large plain landscape (Migueltorena et al.,
2009). The lower basin is part of the Flooding Pampa (also known as
‘Pampa Deprimida’), which is characterized by the presence of extreme
flatness, permanent and temporary ponds, and the extensive develop-
ment of alkaline soils (Zabala et al., 2016). The distribution of human ac-
tivities is strongly conditioned by geology, soils and the chemical
composition of groundwater. The main economic activity in the
upper-middle basin is agriculture, which is based on soy, wheat, corn,
and sunflower, while in the lower part extensive livestock farms are
present. Agriculture is performed mostly as a non-irrigated practice
but some irrigation is applied in some specific fields. Other important
activities in the upper sector include cattle fattening and dairy farming,
and mining. There have been significant land use changes over the last
decades. The natural system has been highly altered by agriculture
and livestock expansion, resulting in original pastures being replaced
by annual crops and/or introduced pastures. The adoption of agricul-
tural technologies (e.g., agrochemicals, no-tillage and irrigation sys-
tems) has led to an important advance of the agricultural frontier into
previously uncultivated sectors. There has also been an important de-
crease in livestock area (from 511,800 ha in 1995 to 302,800 ha in
2011), which represents 41% of surface reduction. At the same time,
the surface dedicated to agricultural activities has increased
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Fig. 1. Map of the Del Azul Creek basin showing the precipitation stations and surface water (creek and wetland) and groundwater sampling sites. The digital elevation model from

Instituto Geografico Nacional - IGN (30 m resolution) was included.

considerably (from 129,000 ha in 1995 to 351,900 ha in 2011), which is
equivalent to 173% (Vazquez et al., 2016).

The main groundwater withdrawal in the basin is used for human
consumption in the Azul city, which has about 55,728 inhabitants
(INDEC, 2010). The mean annual volume that was extracted during
the last five years by the water company was 10 hm>. The basin also

encompasses two other small villages (Chillar in the southernmost
part of the basin and Cachari, in the north), with 3000 inhabitants
each, which use less than 0.5 hm® of the annual water consumption.
From the topographical point of view, the DACB can be divided into
upper, middle, and lower basin areas. Altitude ranges from 300 masl in
the SW to around 40 masl in the NE. Surface slopes average 5% for the
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upper basin, 0.5-0.8% for the middle basin, and 0.2% for the lower basin
(Sala et al., 1987). The Del Azul Creek flows along 160 km from the SW
to the NE, where it is drained by the artificial Channel No. 11, which, in
turn, constitutes the northern most limit of the study area. In the past,
before Channel No. 11 was built, the Del Azul Creek discharged naturally
to the Salado River to the N, through a system of shallow lagoons and
lowlands, as a result of the negligible slopes that characterize this part
of the basin (Entraigas et al., 2004). This lack of slope prevented the
creek from eroding its own riverbed and favoring the development of
an anarquic drainage network where rivers lost identity. After excava-
tion of Channel No. 11, waters from the Del Azul Creek were led to the
Argentine Sea. It should also be noted that, as a consequence of an al-
most non-existent lateral slope, the Del Azul Creek can drain only a
small fraction of the lower basin. Therefore, the other two creeks of
the lower basin (Cortaderas and La Corina) run parallel to it until they
are lost in the plain (see Fig. 1).

On the other hand, during wet periods, many lagoons located in the
middle and lower parts of the basin fill up, join each other and the water
begins to move slowly like a mantle flow. Many of these shallow depres-
sions, which are of aeolian origin, are aligned parallel to the Del Azul
Creek. The depth to groundwater table is from <1 m to the soil surface
in the lower basin, from 2 to 4 m in the middle basin and from 3 to 6 m
in the upper basin (Varni et al., 2013). Under these hydrological and to-
pographic conditions, surface water losses occur by evaporation and
infiltration.

Based on Thornthwaite's classification, the study area is categorized
as humid to sub-humid, mesothermal, with little or no water deficiency.
North of the parallel 40° S the Andes Range blocks the moisture from the
Pacific Ocean (W), so at this latitude the moisture comes mainly from
the Atlantic Ocean and decreases from E to W (Barros and Perczyk,
2006). In the DACB the spatial distribution of rainfall is highly heteroge-
neous. Large amount differences have been observed over distances of
50-60 km, thus it may be raining in one sector while in another it
may not. Due to this heterogeneity, in 2005 a flood early warning sys-
tem was installed by the IHLLA (Instituto de Hidrologia de Llanuras
"Dr. Eduardo J. Usunoff) in the upper basin (Cazenave and Vives,
2014). Rainfalls increase from SE (922 mm - Trapenses station) to NW
(1066 mm - Campodoénico station) across the DACB (Fig. 2). From
March to August (coldest seasons) the amount of precipitation in-
creases from SW to NE, while from September to February (warmest
seasons) it increases from SE to NW (Varela et al., 2002). Regarding
wind directions, in this region they come from the South Atlantic anticy-
clone and consequently the predominant directions are from the NE and
to a lesser extent from the E (Barros and Perczyk, 2006). Actual evapo-
transpiration across the basin ranges between 70 and 78% of annual
rainfall, with the highest value at the lower basin (Varni and Custodio,
2013).

Average annual rainfall at La Germania station (LG, upper basin; pe-
riod 2003-2015) is 757 mm (Fig. 1). Average annual rainfall at Azul sta-
tion (Servicio Meteoroldgico Nacional; SMN; middle basin; period
1901-2019) is 911 mm, and average annual temperature is 14.4 °C
(period 1966-2019). Fig. 3 shows the distribution of average monthly
rainfall in the upper (LG) and middle (SMN) basins. In the upper
basin, the driest months are June (31 mm) and July (42 mm), while
the wettest months are January (93 mm) and February (83.5 mm). In
SMN station, the driest months are June, July, and August (45, 45 and
46 mm, respectively), while the rainy months are January, February
and March (93, 90 and 118 mm, respectively).

According to Sarochar et al. (2005), although convective rainfalls
are less frequent than stratiform rainfalls in the humid pampa, they
are likely to be more abundant. The frequency of convective rainfall
is higher between November and April (warm months). The two
main maxima (highest amount of rainfall) occur between January
and April and between October and November. Precipitation shows
a strong decrease in the cold months, and its origin is mainly
stratiform.
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Fig. 2. Spatial distribution of average annual precipitation (mm) for the period 1990-2011
(Zabala, 2013).

2.2. Geology, geomorphology and soils

The DACB is a sedimentary aeolian and fluvial basin. Two geological
units comprise the surface geology, the Postpampeano and the
Pampeano sediments (Fidalgo et al., 1991). The Postpampeano Sedi-
ments are formed by La Postrera and Lujan formations. La Postrera For-
mation (Later Pleistocene) consists of aeolian sands and silts (loess)
with high contents of volcanic-derived particles. The greatest thick-
nesses of loess are found in the upper basin, while in the lower basin
it is replaced by sediments of the Lujan Formation. The Lujan Formation
(Later Pleistocene-Holocene) is composed of alluvial deposits and
reworked loess, with dominance of finer textures. The Pampeano Sedi-
ments (Pleistocene-Holocene) are composed of sandy and clayey silts
with a significant content of volcanic ash. In both units calcrete layers,
nodules and calcareous concretions (locally known as tosca) are also
present (Zarate and Mehl, 2010). The aeolian sediments were deposited
over a Precambrian crystalline basement that crops out to the SW bor-
der of the DACB and deepens towards the NE, going from 10-20 m to
800 m depth (Zabala et al., 2009).

The geomorphology of the DACB comprises two major domains:
a) the mountain ranges (upper basin) and b) the lowlands (middle-
lower basin). In the lowland domain, three morpho-sedimentary areas
with some hydrological relevance have been recognized: (1) aggrada-
tion plain with aeolian sand cover, located in the east middle basin
and with the best conditions for water infiltration; (2) aggradation
plain with stratiform calcareous crust, located in the west middle
basin, whereby calcareous crust generates poor conditions for drainage
and favors flooding; (3) alluvial aggradation plain, located in the east of
the middle basin and towards the lower basin sector (Zarate and Mehl,
2010). This area has a very low gradient and is part of the Flooding
Pampa. Several aeolian landforms such as dunes, loess mantle and shal-
low deflation basins were described in the lowland domain. The dunes
system is oriented NE-SW and together with deflation basins play a rel-
evant role during runoff. Hapludolls soils were developed over the
dunes, while in inter-dune areas which act as drainage lines, there are
halo-hydromorphic soils (Taboada, 2006). In addition, soils developed
in this region show evidence of poor internal drainage and high sodium
content (Lavado and Taboada, 1988). In the middle and lower basins,



M.E. Zabala, M. Gorocito, S. Dietrich et al.

180 - LG

150 | (2003 - 2015)

J FMAMJ

J AS OND

Science of the Total Environment 754 (2021) 142258

SMN
‘ (1901 - 2019)

A S O ND

J FMAMUJJ

Fig. 3. Distribution of average monthly precipitation (mm) for the indicated period at the LG (upper basin) and SMN (middle basin, Azul city) stations.

the dominant soils are Natraquolls and Natraqualfs, in which the pres-
ence of the argillic horizon (i.e., restrictive layer) prevents vertical
drainage and favors seasonal flooding. Deflation basins are usually occu-
pied by temporary shallow water bodies fed by rain and/or groundwa-
ter. In this work, deflation basins were called wetlands.

2.3. Hydrogeology

The Pampeano Aquifer is formed by the Postpampeano and
Pampeano sediments. The water table is shallow and varies between
<1 m in the lower basin and 6 m depth in the upper basin and repro-
duces the seasonal recharge pattern (Varni et al., 2013). This particular
situation of shallow groundwater table favors the evaporation/evapo-
transpiration directly from the aquifer. The Pampeano Aquifer is
recharged by rainfall mainly in autumn and spring, being the basin
headwaters the principal area of recharge. Local recharge is also impor-
tant along the entire basin and replenishes the upper part of this multi-
unit aquifer. Annual recharge rates range from 20% in the upper basin to
<10% in the lower one, with values between 10 and 20% in the middle
basin (Varni, 2013). Specific yield ranges between 7 and 10% whereas
the hydraulic conductivity varies between 1 and 10 m/d (Varni et al.,
2013; Dietrich et al., 2018).

In the upper basin, only local recharge occurs and discharge is repre-
sented as baseflow. In this region, the bedrock is near the soil surface
(~10 m) and the effective average groundwater flow velocity is about
10 m/d. In the middle basin, discharge occurs as a baseflow and as a re-
gional groundwater flow. Discharge amounts vary according to the fluc-
tuations of the phreatic levels, which range from 2.5 to 4 m. The regional
groundwater flow begins in the transition zone (~100 m of aquifer
thickness) and it is out of the zone of influence of surface water courses,
thus there is limited baseflow discharge. The effective average flow ve-
locity is 1.5 m/d. Here, downward vertical flows dominate, except for
some sectors close to surface water bodies. In the lower basin, the phre-
atic levels are very shallow (less than 2 m) and therefore, groundwater
and surface water exchange is a significant and dynamic process. The ef-
fective average flow velocities vary between 0.1 and 0.01 m/d, decreas-
ing as water moves to the N. In the flatland, the regional flow system has
a significant thickness, thus a regional groundwater flow is quite more
relevant than local systems in terms of the water volume transported
(Varni, 2013).

Potentiometric data of the first 30 m depth of the Pampeano Aquifer
indicate that horizontal groundwater flow is from SW to NE. All across
the basin, both the creeks and the wetlands are fed by local groundwa-
ter flows, whose contribution varies in relation to the depth of the phre-
atic level. For the upper basin, Guevara Ochoa et al. (2019) obtained that
the average annual discharge of groundwater to the creek is 34 mm,
while the average annual recharge of the creek to the aquifer is
1.4 mm. According to the authors, monthly groundwater discharges
are higher in winter-spring (July to December, with an average of

3.3 mm) and lower in summer-autumn (January to June, with an aver-
age of 2.8 mm).

Water chemical types evolve from Ca/Mg-HCOs3 in the upper basin to
Na-HCOs; in the middle part, and to Na-CISO,4 and Na-Cl in the lower
basin. The main hydrogeochemical processes controlling the chemical
composition in the first 30 m depth of the Pampeano Aquifer are a) dis-
solution of soil CO,, carbonate and silicate minerals; b) cationic ex-
change with Na release and Ca uptake; and c) possible clay formation.
The groundwater salinity spatial pattern is consistent with the potenti-
ometric one, increasing strongly from SW to the NE. In the middle and
lower basin areas, evaporation is a relevant process in the water salinity
increase (Zabala et al., 2015).

3. Materials and methods
3.1. Sampling and analytical methods

Three integrating wet/dry precipitation collectors and rain gauging
stations were installed at different altitudes in the upper (La Germania
- LG, near Chillar city), middle (IHLLA, in Azul city) and lower basin
(La Madrugada - LM, in Cachari city), ranging from 221 to 72 masl, re-
spectively (Fig. 1). The sampling period was from March 2010 to Sep-
tember 2019. Passive precipitation collectors consisted of a 26.5 cm
diameter plastic funnels connected to 20 L plastic containers. Containers
with a mineral oil thin-layer were buried underground to avoid second-
ary evaporation. Monthly rainfall amounts were recorded using auto-
mated weather stations with remote data transmission (LG), they
were provided by Servicio Meteoroldgico Nacional (IHLLA), or they
were conducted manually (LM). Although precipitation samples were
collected monthly, they were integrated into six-month composites
samples for isotopic and physico-chemical analyses. Fifty seven
physico-chemical analyses (March 2010-March 2019) and fifty one sta-
ble isotopes (6'0 and &?H) analyses (March 2011-September 2019)
were conducted.

Three surface water sites were sampled for isotopic and physico-
chemical analyses (n = 6) along the Del Azul Creek in February 2018
(summer season) and November 2018 (spring season) (Fig. 1). The su-
perficial flow rates were measured in all the sampling campaigns. In Site
1 (La Germania), the flow rate was measured with an OTT MF pro-
Water Flow Meter equipment, in Sites 2 (Seminario - upstream Azul
city) and 3 (Gualicho - lowest sector), flow rates were calculated by rat-
ing curves of the corresponding control sections. In addition, six wet-
lands were sampled (W1-W6, Fig. 1) in September 2019 (spring
season) for isotopic and physico-chemical analyses. In all the surveys
the electrical conductivity (EC), pH, and water temperature (T) were
measured on site using a multi-parameter probe Oakton PCSTestr35.

The IHLLA's groundwater monitoring network is composed of 66
boreholes clustered in shallow and deep, but since 2017 only 29 bore-
holes have been sampled every six months (Fig. 1). Shallow boreholes
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(3-10 m) are screened in their last meter, while in the deep (30 m)
boreholes screens are located between 25 and 30 m depth. Commonly,
groundwater samples are collected after purging at least three times the
borehole water volume and after EC, pH and T T were stabilized. These
parameters were measured by a multi parameter probe (Oakton
PCSTestr 35) and inside a flow-through cell. Alkalinity was also mea-
sured by acidic titration in the field. In this study, 115 physico-
chemical analyses from four 2018 and 2019 sampling campaigns were
combined for further study. A total of 138 stable isotope analyses,
from 8 previous (n = 107) and new (n = 31) surveys (August 1999, De-
cember 2000, February 2007, August 2010, December 2010, June 2011,
October 2011 and September 2019) were also combined to have a bet-
ter representation of the system.

Chemical analyses of integrating precipitation water, surface water,
and groundwater were conducted at the IHLLA Laboratory following
the methodology proposed by the American Public Health Association
(APHA, 2012), and using the following methods: Ca®>*, Mg?", Na™*
and K* were analysed by flame atomic absorption spectrometry (EAA
SHIMADZU AA6800) with SM 3111 method; SO7~ by ultraviolet spec-
trophotometer screening (Thermo Aquamate) with EPA 9038 method;
Cl™ by titration with SM 4500-Cl B method; NO3™ by ultraviolet spectro-
photometer screening (Thermo Aquamate) with SM 4500 B-C method;
CO3 and HCO3™ (expressed in this work as alkalinity) by titration with
SM 2320 B method; EC by a conductivity cell and pH by a potentiometric
electrode (WTW Multi 9420). In all analyses charge-balance errors were
<10%.

Information regarding stable isotopes (6'80 and §°H) measurements
(laboratories, techniques used and analytical errors) carried out in the
1999, 2000, 2007, 2010 and 2011 samplings can be found in Zabala
etal. (2015). Creek samples from 2018 were analysed at the Isotope Hy-
drology Laboratory, Universidad Nacional de Mar del Plata (Argentina).
Stable isotopes analysis was conducted using a water isotope analyser
DLT-100 (Los Gatos Research Inc., USA). The analytical long-term uncer-
tainty was: £2.0 (%) for 6H and +0.3 (%.) for 5'80. Wetlands and
groundwater samples from 2019 were analysed at the Stable Isotopes
Research Group, Universidad Nacional (Heredia, Costa Rica). Those
samples were filtered using a Midisart PTFE (polytetrafluorethylene)
0.45 pm syringe membrane (Sartorius AG, Germany), transferred to
30 mL HDPE (high-density polyethylene) bottles and stored at 5 °C
until analysis. Stable isotopes analysis was conducted using a water iso-
tope analyser LWIA-45P (Los Gatos Research Inc., USA). The secondary
standards were MTW (8°H = —131.4%, &6 %0 = —17.0%), 5E
(8°H = —9.26%, 6'80 = —2.77%,), and CAS (6°H = —64.3%, 680 =
—8.3%.). MTW and 5E standards were used to normalize the results to
the VSMOW-SLAP scale, while CAS was used as a quality control and
drift control standard. The analytical long-term uncertainty was: +0.5
(%0) (10) for 6?H and 4-0.1 (%.) (10) for 6'20. Stable isotopes composi-
tions are presented in delta notation 6 (%., per mil), relating the ratios
(R) of '¥0/'%0 and 2H/'H to Vienna Standard Mean Ocean Water (V-
SMOW). Deuterium excess was calculated as d-excess = 6°H-8-5'80.

All data are available for download as electronic supplementary ma-
terial from the Mendeley web site (Zabala et al., 2020) 10.17632/
b34kg4jx7r.1.

4. Results

4.1. Chemical and isotopic composition of precipitation water, surface wa-
ter, and groundwater

Precipitation is the least mineralized water and its chemical compo-
sition varies within a narrow range, except for pH values, whereas
groundwater is the most mineralized and its chemical composition
varies widely (Fig. 4). The EC values of precipitation water ranged be-
tween 9 and 140 pS/cm, in surface water ranged between 758 and
1462 pS/cm, while in groundwater ranged between 686 and 6440 pS/
cm. In the aquifer, salinity increased with depth. The most acidic and
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neutral pH values were measured in rainwater (4.70-7.89), while the
most alkaline pH values were measured in wetlands (7.79-9.27). Ac-
cording to Glok Galli et al. (2011), the high pH values measured in Pam-
pean surface waters may be linked to the decrease in the partial
pressure of CO, that occurs when groundwater discharges into creeks.
Regarding alkalinity, higher and more scattered contents were mea-
sured in groundwater, mainly in shallow groundwater.

The weighted average chloride content in precipitation water for the
entire basin was calculated as 1.3 mg/L. The highest and most scattered
contents of chloride and sulphate were measured in deep groundwater
(11.1-902.4 mg/L and 9.5-1663.9 m/L, respectively), whereas shallow
groundwater showed some outliers (2.2-541.6 mg/L and
4.1-814.6 mg/L, respectively). In wetland samples, the chloride content
was higher and more scattered than in creek (27.8-120.5 mg/L,
10.9-104.3 mg/L, respectively), while in creek the sulphate content is
higher and more scattered than in wetland (creek: 13.5-284.6 mg/L;
wetland: 11.1-104.3 mg/L). Nitrate is the species with the greatest dis-
persion. The highest contents were measured in creeks and shallow
groundwater (30.1 mg/L and 33.2 mg/L, respectively). On the other
hand, deep groundwater showed the highest and most scattered so-
dium contents (126-1404 mg/L), while in surface water the range of
variation was lower, mainly in wetlands (144-205 mg/L). The highest
content of potassium was found in groundwater and wetlands and the
lowest concentrations were found in the creeks. Calcium and magne-
sium contents were higher and more dispersed in groundwater than
in surface water (Fig. 4).

Across the basin, the rainwater isotopic composition ranged be-
tween —9 and —1.2%. for 6'80 and between —62 and +11%. for 6°H.
The average weighted values of 6'0 and &2H for each station were
LG: —5.5 and —31%,., IHLLA: —4.6 and —25%., LM: —5.2 and —27%.,
while d-excess values ranged between +4 and +21%.. The creek 5'20
and 6H contents varied between —5.5% and —2.2%. and between
—30%. and —17%.. Similarly, in wetlands 6'0 and 6?H contents ranged
between —0.6%. and +10%. and between —6%. and +53%.. Notably,
wetlands were more enriched than the creeks, showing a larger degree
of kinetic fractionation. In the first 10 m depth of the aquifer, 5'%0 and
62H compositions ranged from —6.4%. to —2.5%. and from —41%. to
—18%. respectively, while at 30 m depth they ranged from —5.7%, to
—4.2%. and from —35%. to —23%.. In addition, the isotopic variations
at 30 m depth were smaller than in the shallow depth.

4.2. Local meteoric water line (LMWL)

Fig. 5 shows the preliminary Local Meteoric Water Lines (LMWLs)
calculated from biannual data (2011-2019) for the LG, IHLLA and LM
stations (Fig. 5a, b and c), together with the Global Meteoric Water
Line (GMWL) calculated by Craig (1961) and the Azul LMWL calculated
by Dapefa et al. (2010), as references. A strong linear relationship exists
between 680 and &%H biannual values across the three stations
(0.95 < > > 0.97). In the LG LWML the slope is 8.3 & 0.5, while in the
[HLLA LWML (9.4 + 0.4) and LM LWML (9.4 4 0.4) the slope values
are higher. Similarly, the linear regression for LG exhibited a lower inter-
cept (16.2 £ 3.0) when compared to IHLLA and LM intercepts (21.2 &+
2.3 and 23 &+ 2.9, respectively). Overall, LMWLs in this region reflects
the importance of moisture recycling (most likely by evapotranspira-
tion) as expressed in relative large intercepts.

Given the similarity between the IHLLA (middle basin) and LM
(lower basin) LMWLs, in the following analyses the LM LMWL will be
used as representative of plain sectors in the basin, while the LG
LMWL will be used to characterize the upper basin.

4.3. Seasonal and spatial rainwater stable isotopes variation
The weighted average isotopic values of rainwater in March-August

(cold period) were similar in the middle and lower basins (IHLLA and
LM), but they were significantly heavier than those measured in the


http://dx.doi.org/10.17632/b34kg4jx7r.1
http://dx.doi.org/10.17632/b34kg4jx7r.1
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Fig. 5. Comparison of the GMWL (5°H = 85'80 + 10, Craig, 1961), the Azul LMWL (8°H = 8.16 5'0 + 13.20, Dapefia et al., 2010), and the LMWL calculated in this work for the LG (a),
IHLLA (b), and LM (c) stations from biannual data (2011-2019). WAV = weighted average value.

upper basin (LG). However, the September-February values (warm
period) were similar in the three stations, suggesting a rather homoge-
nous origin of rainwater in the entire basin in this season (Fig. 5a, b, c).
Nevertheless, the d-excess values did not change significantly across the
basin for the March-August period (a value near +14%. was observed
at the three stations), while the values for the September-February pe-
riod remained constant in the upper basin but were notably different in
the middle and lower basins (IHLLA: 12%.; LM: 16%.) (Fig. 6).

4.4, Hydrological physical-processes

4.4.1. Evaporation

Many water samples across the basin were strongly evaporated,
more intensively surface water, but quite clearly and frequently,
groundwater. Creek d-excess values ranged between +1 and +13%,,
while wetland d-excess values ranged between —27 and —1%.. Deute-
rium excess values of creek samples from Site 3 and wetland samples
are negatively correlated with 8'%0 contents, indicating that d-excess
decreases as evaporation increases (Fig. 7). It is important to note that
wetlands sampling was carried out in the spring season, and the isotopic
compositions of these waters in summer is still unknown. Regarding
groundwater, shallow groundwater d-excess values ranged between
+1 and +16%., while at 30 m depth it ranged between +6 and
+16%o. At both depths the groundwater variation ranges were similar.
A good number of shallow and deep samples had d-excess values signif-
icantly smaller than those of the precipitation in the basin, suggesting

250
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Fig. 6. Elevation vs. d-excess plot for rainwater. The March-August period represents the
coldest seasons, while the September-February period represents the warmest seasons.

fractionation by evaporation (Fig. 7). Some additional information on
that process is described below.

Fig. 8a shows that creek samples from Sites 1 and 2 lie on the LG and
LM LMWL, showing that in two contrasting hydrological situations (dry
summer and humid spring) and in two different parts of the basin
(upper and middle basin), surface water presents the same isotopic
composition as the rainwater of the basin. However, creek samples
from Site 3 (lower basin; summer and spring sampling) and all wetland
samples (middle/lower basin; spring sampling) lie on an evaporation
line (Fig. 8a). It is worth noting that wetlands are located along a SW-
NE direction, as both surface and groundwater flow lines (Fig. 1),
hinting that they could be sites of surface water-groundwater interac-
tion. These surface water bodies are hydrologically very dynamic and
in dry periods many of them dry up completely. In the case of the W3,
in the spring season it was practically dry, and the reason for sampling
it was to characterize the surface water on this extreme hydrological
stage. The Wetland Water Line (WWL) of these bodies can be described
as: 6°H = 5.50 6'%0 + 0.2-1.80 =+ 0.8 (1%: 0.99). The value of the WWL
slope (m = 5.5), much lower than those of LMWLs in the DACB (m in
LG: 8.3; m in IHLLA: 9.4; m in LM = 9.4). If the evaporation line is
extended to the LWML, the isotopic composition before secondary
evaporation results in a composition similar to rainfall samples and to
non-evaporated shallow groundwater (5'80: —5.40; 6’H: —30%.)
(Gibson et al., 2005).

Fig. 8b shows that both shallow groundwater and deep groundwater
denoted a meteoric origin and they are mostly the result of local re-
charge. Moreover, the more disperse isotopic composition of shallow
groundwater reflects a notable control of seasonal recharge, while the
less variable isotopic composition of deep groundwater reflects the
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Fig. 7. Deuterium excess vs. 5'%0 plot for surface water (2018-2019) and groundwater
(2018-2019) samples.
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Fig. 8. 5°H vs. 5'80 plot for creek and wetlands samples (a) and for groundwater samples (b). The local meteoric water line calculated by Dapefia et al. (2010) for Azul station (Azul LMWL)

and the evaporation line for wetlands were drawn. W stands for wetland sites in Fig. 1.

interannual average of the local precipitation, which means that at 30 m
depth groundwater is a good mixture of interannual recharge. The fig-
ure also shows that many samples from both study depths, all located
in the middle and lower basin, are evaporated (they lie well below the
local meteoric water line), showing that evaporated groundwater is
present at least as deep as 30 m. However, the most enriched samples
are only from the shallow depth and from sites in the lower basin,
showing again a good interannual mixture at 30 m. This increase in
the groundwater isotopic enrichment from the middle to the lower
basin was also observed in the chloride contents of groundwater
(Zabala et al., 2015).

4.4.2. Surface water and groundwater interaction

As mentioned before, the groundwater salinity increases from SW to
NE along the main flow direction (Fig. 9), and also increases with depth
in the lower basin. The groundwater chemical types were similar in
both sampling dates and depths, and temporal variations were not ob-
served (Fig. 8). Shallow groundwater evolves from CaMg-HCOs type
(P31, P32) to Na-Cl/SO4 (P12B), Na-HCO3/SO,4 (P5), and Na-SO,4/Cl
(P7B) types in the lower basin. At 30 m depth, groundwater chemical
types reproduce these of shallow groundwater. The chemical types
evolve from Na-HCO3 to Na-Cl (I19), Na-HCO5/SO,4 (113), and Na-SO,4/Cl
(I14,112). Aremarkable increase in the content of chloride and sulphate
was observed towards the lower basin (Zabala et al., 2015).

In summer, when baseflow is dominant (Fig. 9 left), creek water
evolves from NaCa-HCOs type in the upper and middle basin to Na-
HCO5/SO,4 type in the lower basin. Moreover, the mineralization of the
stream water and shallow groundwater are similar in the upper and
middle basins, but in the lower basin the creek is less saline. The super-
ficial flow rate values measured from Site 1 to Site 3 were 0.13, 0.24 and
0.49 m>/s, respectively. In spring (Fig. 9 right), the chemical types of the
creek were NaCa-HCOs; in the upper and middle basins (Sites 1 and
2) and weakly NaCa-HCO5SOQ, in the lower basin (Site 3). The mineral-
ization of the stream water was significantly smaller than that of shal-
low groundwater across the basin. The flow rate values measured
from Site 1 to Site 3 were 0.17, 1.9 and 3.3 m>/s, respectively. The
2018 summer was particularly dry, as shown by the low superficial
flow values. In these conditions, evaporation is a relevant process in
the control of the surface water chemistry, mainly in the flattest area,
as evidenced by the isotopic composition presented in Fig. 8. In summer,
creek water and groundwater compositions are quite similar. Taking
into account the amount of precipitation, the superficial flow rates mea-
sured and the groundwater levels, the evidence indicates that the sum-
mer samples of the creek corresponded mostly to baseflow of shallow
groundwater. On the other hand, in spring the measured superficial
flows rates were considerably higher than those measured in summer,
and the chemistry of the creek water was controlled by the mixture of

precipitation water and groundwater, with dominance of the first
source.

Regarding the interaction between wetlands and shallow ground-
water, only chemical data for the spring season was available. Despite
the fact that in spring the surface water bodies are fed both by ground-
water and rainwater, the similarity of the chemical types of wetlands
and groundwater (Na-HCO3 type) suggests that the aquifer discharges
into wetlands and that mixing is a very relevant process (Fig. 10). In ad-
dition, samples W3, W4, W5 and W6 (type Na-HCOs3/Cl) have more
chloride than samples W1 and W2. If we take into account that these
samples are the most isotopically enriched, mainly W3 (Fig. 8), this in-
crease can be attributed to concentration by evaporation. Thus, both
mixing and evaporation play a major role in the control of the chemical
composition of these surface water bodies.

4.4.3. Isotopic changes from rainwater to groundwater

In order to analyse whether the isotopic composition varies with
depth during recharge and within the aquifer, the weighted average iso-
topic composition of rainwater from the three sampling stations was
compared with the isotopic composition of groundwater samples
taken in particular locations across the basin and at the two sampling
depths (Fig. 11). According to Gat and Tzur (1967), in temperate climate
areas the isotopic composition of groundwater is close to the average
isotopic composition of rainwater in the recharge area. However, as
shown in Fig. 8, in the DACB groundwater isotopic composition in the
first 30 m depth of the Pampeano Aquifer shows modifications than
can be attributed to evaporation and/or evapotranspiration. A more de-
tailed assessment is presented here looking at samples from the differ-
ent sectors of the basin.

Fig. 11 shows the weighted average composition of rainwater in the
three rainfall stations for the whole analysed period, the weighted aver-
age composition of the September-February (warm seasons) and the
March-August (cold seasons), and groundwater samples taken in
warm and cold seasons at two sampling depths down to 30 m and in dif-
ferent locations across the basin. The figure clearly shows that the isoto-
pic composition of shallow groundwater is notably influenced by the
local seasonal recharge all across the basin, while at 30 m depth the sea-
sonal variability is smoothed by mixing also across the basin.

This seems more evident in the upper basin (boreholes P27 and 12),
where more significant differences exist between rainfalls from cold
and warm seasons (Fig. 11). The latter may suggest that groundwater
recharge takes place dominantly in spring and summer, as reported by
Varni et al. (2013), and also that the shallow aquifer layers have a stron-
ger connection to the active part of the water cycle.

In the upper and middle basin sectors, shallow groundwater sam-
ples from February 2007 (Fig. 11a and b) were somewhat lighter than
the rest of the samples, which made them more similar to the March-
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Fig. 10. Wetland and shallow groundwater chemical types in October 2019. The rainwater chemical types and the piezometric map were also included.

August precipitation. The rainfall recorded in February 2007 was
particularly light, like other rainwater data reported for the same
month by Dapefia et al. (2010). On the other hand, in the pair of bore-
holes P5-113 (lower basin, Fig. 11d), shallow groundwater was evapo-
rated probably before it reached the saturated zone, but samples
taken at 30 m depth had constant composition along time and similar
to the September-February rainfall from this area. In the pairs of bore-
holes P12B-19 and P7-P7B (Fig. 11c and e), the latter being located in
the flattest zone, the isotopic composition in both sites practically did
not vary with depth and was very similar to the September—February
rainfall.

In September 2019 a manual borehole was made to the E of the
DACB, at the EMF site (Fig. 1). The water level was measured and a
small water sample was taken to measure the EC value, and the con-
tents of chloride and stable isotopes. These data (EM1) were com-
pared with those measured in a 15 m depth borehole located at the
same site (EMF2; screened between 9 and 14 m depth). The water
table in both boreholes, EMF1 and EMF 2, was 1.23 m depth
(Fig. 11f). The EC and chloride content values measured in EM1
were 1577 pS/cm and 83.9 mg/L respectively, while at 9-14 m
depth they were 1653 puS/cm and 83.6 mg/L. The isotopic contents
in EMF1 were 6'80: —5.2%., 6°H: —30%. and in EMF2 were §'80:
—4.9%., 5°H: —29%,. Unfortunately there are not samples of other
season from this place, but the similarity of the chemical and isotopic
data measured at this site, together with the data of boreholes P12B-
19 and P7-P7B, insinuate that in the lower basin the isotopic compo-
sition of shallow groundwater is less variable across the year, hence
less controlled by the seasonal recharge and more controlled by the
good mixing of interannual recharge (isotopically enriched by evap-
oration or/and evapotranspiration). All these observations have to be
contrasted with repeated sampling.

11

5. Discussion
5.1. Isotopic composition of water

The hydrological processes developing in extensive plains differ con-
siderably from those characterizing mountainous areas (Kovacs, 1978;
Usunoff et al.,, 1999). The use of new tools, such as isotopic hydrology,
and the multidisciplinary approach have made it possible to gain a bet-
ter understanding of how hydrological processes work in these hydro-
logical non-typical environments (McEwan et al., 2006). However,
even today, large plains hydrology is a topic that still needs to be under-
stood in greater detail. The DACB is part of one of the largest plains in the
world, hence this work aims to contribute to unraveling the hydrologi-
cal processes that occur in these environments.

On a regional scale, the results obtained here are in line with those
obtained by several other authors. The DACB rainwater isotopic compo-
sition and the preliminaries LMWL (LG, IHLLA, LM) are in line with
those contents and LMWL reported by Martinez et al. (2011). On the
other hand, the surface water and groundwater are from meteoric ori-
gin and their isotopic compositions are in line with those reported by
Glok Galli et al. (2011, 2018) for the Mar Chiquita and La Barrancosa la-
goons, by Dapefia et al. (2001) for the Salado River basin, and by Quiroz
Londofio et al. (2008, 2011, 2015) for the El Moro, Tamangueytd and
Seco streams basin and for the Quequén Grande River basin. Regarding
evaporation, several authors state that evaporation produces character-
istic heavy-isotope enrichment of surface waters, and that the slopes of
the LMWL that have undergone evaporation range between 4 and 7
(Gonfiantini, 1986; Gat, 1996; Gibson et al., 2005). Relatively lower
slopes indicate evaporative enrichment and a strong kinetic influence
on the evaporation process (Craig, 1961). In the DACB, the slope of the
wetlands line is 5.5 and is similar to that calculated by Glok Galli et al.
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(2011 and 2018) for the Mar Chiquita Lagoon (m = 5.5) and for the La
Barrancosa Lagoon (m = 5). In the Salado River basin the slope value
calculated was 5.7 (Dapefia and Panarello, 2004). Carol et al. (2009) re-
ported a slope value of 4.9 for the coastal plain, whereas Quiroz Londofio
et al. (2008) for the Tamanguey, El Moro and Seco streams reported a
slope value of 5.7.

5.2. Hydrological conceptual model

The DACB is 150 km long and 20-60 km wide. Height differences
range between 350 and 30 masl. Across the basin, the isotopic composi-
tion of rainfall varies more or less significantly in time and space
(Fig. 12). The lightest rainfalls occur during the coldest seasons, while
the heaviest ones occur during the warmest seasons. At the same
time, in cold seasons the lightest rainwater of the basin falls in the
upper basin, while in the middle and lower basins rainfall is somewhat
heavier and similar to each other. In warm seasons, the isotopic compo-
sition of rainfall is similar across the entire basin, except in the middle
basin where the isotopic content is slightly heavier. On the other
hand, in the entire basin the atmospheric vapor comes mainly from
recycled moisture.

In the DACB, the evaporation process begins to be relevant in the
flattest sector of the basin, where groundwater is practically emerging
and where groundwater discharge into creeks and wetlands is larger.
Here water moves slowly due to the low ground slopes, favoring the oc-
currence of evaporation. The most evaporated waters are the superficial
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ones, mainly those from the wetlands (d-excess = —27 to —1%.).
According to this physical process, the basin can be divided into two
parts: 1) The upper and middle basin, where even during two contrast-
ing hydrological periods (dry summer and humid spring) neither sur-
face nor groundwater was evaporated (waters presented similar
isotopic compositions and in turn reflected strongly their meteoric ori-
gin); 2) the middle and lower basins, where mainly during the warmest
seasons, surface waters and some groundwaters are isotopically
enriched.

Aquifer discharge into creeks increases from upper to lower basins
and from summer to spring. In the lower basin superficial flow rates in-
creased from 0.49 to 3.29 m>/s. Therefore, in the flattest sector surface
water-groundwater interaction is a key hydrological process. This state-
ment is supported by the water chemical composition. In summer (dry
season) the chemistry of creeks water is similar to shallow groundwater
across the basin, evidencing the contribution of groundwater to
baseflow. In spring (humid season), creek water is chemically similar
to shallow groundwater in the upper and middle basins, but in the
lower basin it is less saline, most probably due to dilution by precipita-
tion. Therefore, groundwater-surface water interaction and the conse-
quent mixing of water seem relevant processes across the year. In the
case of wetlands, as the water chemical types reveal, the interaction be-
tween surface water and groundwater plays a key role. In spring, wet-
lands chemical types are similar to those of shallow groundwater,
suggesting groundwater contribution. The chemistry of surface water
bodies is controlled by mixing but also, as indicated by the isotopic
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data, by the occurrence of evaporation, in addition to other chemical
processes. The shallow depth of these water bodies enhances evapora-
tion, which results in isotopic enrichment of their water.

During groundwater recharge, the isotopic composition of water
changes more or less notably all across the basin. In general, shallow
groundwater (which in most of the boreholes is not the water at the
water table, but somewhat deeper) shows some isotopic enrichment
with respect to the local precipitation regardless of their location in
the basin, though this is not observed in all the boreholes. The shallower
groundwater samples show a fractionation range wider than the deeper
ones. Thus, the composition of most shallow groundwater reflects dom-
inantly that of the seasonal recharge modified -isotopically enriched- by
evaporation in different degrees, while the composition of the deep
groundwater reflects dominantly the weighted composition of interan-
nual recharge. Evaporative fractionation of water could occur during the
warm season both in the atmosphere, affecting air moisture and falling
rain drops (Araguas-Araguas et al., 2000; Salamalikis et al., 2016), in the
soil surface (ponds, lagoons, rivers; Craig and Gordon, 1965; Kyounghee
and Xuhui, 2011), and also during and after recharge, induced by the
physical process of evapotranspiration (Gat, 1981). This aspect has not
yet been addressed in the DACB.

In spite of the observed control of seasonal recharge, in general the
isotopic composition of shallow groundwater resembles more that of
the rainfall period from September to February (warm seasons), sug-
gesting that recharge occurs mostly during this period. This statement
is in line with what was observed by Varni et al. (2013) from the use
of other tools. If groundwater reflects the isotopic composition of
spring-summer rainfalls, thus the maximum recharge is achieved dur-
ing these warmest seasons and recharge occurs soon after rainfall. In ad-
dition, although the shallower part of the first 30 m of aquifer has an
active flow and is connected to streams and wetlands, and in the deeper
part the flow velocity is slow enough as to allow mixing of interannual
recharge, both parts are hydraulically well connected, as denotes the in-
fluence of the chemical and isotopic composition of shallow groundwa-
ter in groundwater at 30 m depth.

6. Conclusions

The isotopic composition of rainfall revealed seasonal variations
across the basin. The lightest rainfalls occurred during the coldest sea-
sons, while the heaviest ones occurred during the warmest seasons. Iso-
topic spatial variation is only observed during the cold period. At this
time, the lightest rainfalls were produced in the upper basin, while in
the rest of the basin and during the warmer seasons, no differences
were observed between the upper and lower basins. Regarding the ori-
gin of the atmospheric water vapor, the d-excess values point out that it
comes mainly from recycled moisture. This new information will be
very useful for planning the new location of the collectors and the sam-
pling frequency, in order to understand what the controls on the rain-
water isotopic contents are in this basin and how and why they vary
in space and time. In our future works we are planning to include the
heterogeneity of rainfall in our analyses and also to study the sources
of moisture.

Evaporation plays a key role in the flattest basin sector, mainly dur-
ing the warmest seasons (spring and summer). The Wetland Water Line
for the basin is calculated as 6°H = 5.50 - §'0 + 0.2-1.80 & 0.8.On the
other hand, the interaction between groundwater and surface water is
another important hydrologic process that controls the quantity, chem-
ical composition and quality of water. Aquifer discharge increases from
upper to lower basin, and from summer to spring, as chemical types and
superficial flow values indicated.

The isotopic composition of shallow groundwater reflects the local
seasonal recharge, while the isotopic composition of deep groundwater
reflects the weighted composition of interannual recharge. In addition,
groundwater reflects the isotopic composition of rainfall from spring-
summer (September-February), which indicates that the maximum
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recharge is achieved during these warmer seasons, recharge occurs
soon after rainfalls, and the aquifer is hydraulically well connected (at
least in the first 30 m of depth). Despite this good connection, the
shallowest groundwater integrates the most active part of the hydrolog-
ical cycle, which is reflected in the isotopic composition variability.

This study provides direct evidence showing that evaporation and
the interaction between groundwater and surface water play a key
role in the control of the isotopic and chemical composition of water.
Given the importance of these processes in the control of water quantity
and quality in the most productive region of Argentina, it is deemed
necessary to quantify them in order to adjust the basin hydrological bal-
ance. Understanding the dynamics of water is essential to safeguard the
sustainable management of water resources.
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