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Abstract This paper gives an account of the assessment
and quantification of the water balance and the hydrogeo-
logical processes related to lake—groundwater interaction in
the Pampa Plain by using hydrogeochemical, isotopic and
flow numerical modeling techniques. La Salada is a per-
manent shallow lake, with an area of 5.8 kmz, located on the
SE of Buenos Aires Province. A total of 29 lake water
samples and 15 groundwater samples were collected for
both hydrochemical analysis and environmental stable iso-
tope determination. Water table depths were measured in
wells closed to the lake. Groundwater samples appear
grouped on the Local Meteoric Water Line, suggesting a
well-mixed system and that rainfall is the main recharge
source to the aquifer. Water evaporation process within La
Salada is also corroborated by its isotopic composition. The
model that best adjusts to La Salada Lake hydrochemical
processes includes evaporation from groundwater, calcite
precipitation with CO, release and cationic exchange. The
annual water balance terms for the lake basin indicates
for each hydrological component the following values:
1.16 E*® m? rainfall, 8.15 E" m? evapotranspiration,
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1.90 E® m® runoff, 1.55 E”’ m® groundwater recharge,
6.01 E” m? groundwater discharge to the lake, 9.54 E*® m*
groundwater discharge to the river, 5.00 E® m® urban
extraction and 4.90 E® m® lake evaporation. Integrated
analysis of hydrochemical and isotopic information helped
to calibrate the groundwater flow model, to validate the
conceptual model and to quantitatively assess the basin
water balance.
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Introduction

Lakes are integrated into the global water cycle and are
therefore influenced by precipitation, evaporation and
water fluxes by groundwater or surface water (Mook 2002;
Burkert et al. 2004; Froehlich et al. 2005). Understanding
these hydrologic processes is a fundamental key, since lake
exists in the landscape where the water balance ensures an
adequate water supply. Therefore sustained lakes func-
tioning require proper land use and water management. To
achieve this, an integrated understanding of the spatial
dynamics and hydrological balance of the lake ecosystem
is required. An important note is that lakes are linked
through the hydrological system to upstream and down-
stream areas. What happens upstream will affect a lake,
while what happens in a lake will affect the environment
and people living downstream (Price and Maloney 1994).

Hydrologic alterations of lakes may affect the spatial
and temporal fluctuations in the water table and the inter-
action with hydrological events. The spatiotemporal
changes in groundwater elevation would directly affect the
flow characteristics of water and nutrients within, and
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from, the lake (Litaor et al. 2008). Moreover, lakes repre-
sent significant natural environments, since they deliver a
wide range of ecosystem services including provisioning
(habitat for species, water supply), regulating (regulation of
local climate and hydrological flows, groundwater recharge
and discharge), cultural and supporting (nutrient cycling)
services (MA Millennium Ecosystem Assessment 2005).
Therefore, their sustainable utilization for the benefit of
mankind in a combined way, compatible with the mainte-
nance of the natural properties of the ecosystem is
necessary.

The hydrogeochemical interpretation of representative
water-sample analyses is a useful tool developed for the
analysis of hydrological systems (Martinez et al. 2000;
Wang et al. 2006) This is based on the thermodynamic
principles which determine the chemical composition of
natural waters. Its evolutionary concepts were first put
forward by Chevoratev (1955), and its thermodynamic
bases more accurately developed by Garrels and Christ
(1965). Glynn and Plummer (2005) have recently pub-
lished a synthesis of the evolution of geochemistry applied
to the understanding of groundwater systems. Custodio
(1991) makes reference to the difficulty connected with the
piezometric definition of complex areas as well as to the
relative advantages of hydrochemical methods, such as
their reasonably low cost and independence from hydro-
dynamic methods. This tool allows characterizing different
water sources identifying and verifying flow lines, identi-
fying mixing processes and quantifying the interaction
between different water sources.

Moreover, the contribution of isotopic techniques to the
study of lakes includes water balance, dynamics (vertical
and horizontal mixing processes), lake—groundwater
interaction, sedimentation processes and paleoclimatic and
paleohydrological problems (Froehlich et al. 2005). The
use of environmental isotopes for the study of groundwater
dynamics in hydrologic systems was successfully devel-
oped in the works of Craig (1961) and Dansgaard (1964).
Likewise, isotopic determinations may have a number of
further applications such as recharge estimation, age
determination, end members mixing, etc as can be seen in
several reviews (Clark and Fritz 1997; Cook and Herczeg
1999; Geyh 2000).

Easily usable hydrology models, generally available,
would be quite valuable to predict hydrologic conditions.
Furthermore, modeling water budgets in terms of hydro-
logic processes is extremely important for the maintenance
of lake structure and function; biotic introductions, organic
accumulation and export, nutrient cycling and vegetation
dynamics can only be determined in the context of accurate
lake hydrological fluxes (Zhang and Mitsch 2005).

The Pampa Plain in Argentina is characterized by a
geomorphological environment which corresponds mostly
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to that of gently sloped plains. Shallow lakes are common
in the area due to the slow slopes and drainage density that
dominate the landscape. Pampean ponds are very shallow
plain lakes, without thermal stratification and highly fluc-
tuating in salinity and water renewal time. Due to the
shallowness of lakes their hydrology is highly dependent
on in situ rainfall (Quirds et al. 2002).

Processes and relationships between aquifers and shal-
low lakes in the Pampa Plain can be easily identified in
conceptual models. However, the quantification of them is
still unknown in most cases. There are several tools that
combined can quantify that processes in order to com-
pensate the lack of information. The aim of this study is to
assess and quantify the water balance and the hydrogeo-
logical processes related to lake—groundwater interaction in
the Pampa Plain by using hydrogeochemical, isotopic and
numerical modeling techniques. It is expected that this
methodological proposal could be applied in other shallow
lakes located in plain areas with similar characteristics,
bringing useful information in order to improve water
resource and land use planning.

Geological and hydrogeological background

The Pampa Plain in Argentina is a large plain of about
1,500,000 km?, characterized by gently sloped plains
(<0.5 %) crossed by a block mountain system called
Tandilia Range System. This system has a maximum alti-
tude of about 510 m above sea level (m asl). It consists of
two big geological units a Precambrian crystalline bedrock
called Complejo Buenos Aires (Marchese and Di Paola
1975) with no outcrops in the study area, and a set of
sedimentary rocks of Precambrian-Lower Paleozoic origin
which lithologically constitutes the ranges, grouped under
the name of Balcarce Formation (Dalla Salda and Ihiguez
1979). Hills and plains are formed by Cenozoic loess-like
sediments (especially of Pleistocene—Holocene age).

The Upper Pleistocene—Holocene cover of the area is a
sequence of silt, silt-clayed and fine sand sediments of
aeolian and fluvial origin that constitutes an aquifer system
known as Pampeano aquifer (Sala 1975). The Pampeano
aquifer in the area is an unconfined aquifer, with a thin
unsaturated zone ranging from 0.50 to 25 m. Most typical
values of unsaturated zone thickness are in the range from
2 to 10 m. Recharge is due to infiltration of precipitation
excess, and discharge occurs towards surface streams, river
and water bodies, and directly to the Atlantic Ocean.
Recharge in the Pampeano aquifer has been calculated
from different approaches, giving results as different as
50 or 200 mm/year. On the other hand, an important dis-
charge takes place in the streams (Massone 2003; Quiroz
Londofio 2009).
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Fig. 1 Location map and sampling sites

Over the past 15 years, annual precipitation values in
the region have ranged from 703 to 1,400 mm/year, with
an average of 943 mm/year. The highest precipitation
values are recorded between September and March. As
regards evapotranspiration potential values, calculated for
the same period using Thorthwaite method, ranged
between 750 and 833 mm/year, with an average of
786 mm/year. In particular, the hydrological systems of the
plains in the Argentinean Pampas present peculiar features:
they are vast areas which show small changes in slope,
eolic paleomorphology, scarce river courses and permeable
materials, where the processes of infiltration and evapora-
tion become dominant (Zimmerman 2004). In the area
rainfall water is the main recharge source to the hydrologic
system, meanwhile evaporation and groundwater flow are
the main outputs of it.

La Salada Lake is a shallow permanent lake (maximum
depth of 2.8 m), with an area of 5.78 km?. It is located in
the southeastern of Buenos Aires Province, in a hill envi-
ronment called “watershed area with shallow lakes”, from
a geomorphologic point of view (Fig. 1). Its drainage basin
has an area of 120 km? with an elevation of 70-150 m asl

without inflow or outflow streams. This aquatic system has
an effluent-influent behavior with the aquifer, receiving
concentric flows from the high sectors of the basin and
discharging its waters to the Quequén Grande River (QGR)
and other waterbodies near to it (Romanelli et al. 2010).
The piezometric line equidistance suggests a permeability
increase from the highest to the slowest slopes. The
hydrogeological conceptual model for La Salada Lake
establishes groundwater evaporation as the responsible for
its physical-chemical features.

Materials and methods

Water samples were collected for both hydrochemical
analysis and environmental stable isotope determination
during 2007-2009. Lake samples (N = 29) were obtained at
two different depths subsurface (0.5 m) and maximum depth
(2.8 m). Groundwater samples (N = 15) were collected
from mills domiciliary and irrigation wells, with 12-24 m of
depth, which get water from the shallow aquifer. Water table
levels were measured in 14 of these wells.
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Fig. 2 Major water ionic content in La Salada Lake Basin

Chemical analyses were performed applying standard
methods (APHA American Public Health Association
1998); chloride following Mhor method, sulfate by turbi-
dimetry, calcium and magnesium by complexometric
titrations with EDTA, sodium and potassium by flame
spectrometry and carbonate-bicarbonate by potentiometric
titrations. Water temperature, pH and electrical conduc-
tivity (EC) were in situ estimated using one Hanna HI9828
sonde. Hydrogeochemical inverse mass balance models
were numerically tested by using NETPATH software
(Plummer et al. 1991).

Stable isotopes ('*0 and *H) were analyzed by using a
laser spectrometry DLT-100 Liquid—Water isotope ana-
lyzer, automated injection designed by Los Gatos Research
at the Hydrochemical and Isotopic Hydrology Laboratory
(National University of Mar del Plata). The results were
expressed like O (%o), defined as:

Rs — R
5= <u) x 1,000 %,
Rp

where ¢ is the isotopic deviation in %o, s is the sample, p
the international reference and R is the isotopic ratio
(*H/'H, '80/'°0). All 6 values of water samples are con-
ventionally reported relative to the international standard
VSMOW (Vienna standard mean ocean water) (Gonfiantini
1978). The analytical uncertainties were +0.3 and £2.0 %o
for 6'%0 and 0”H, respectively.

Surface runoff and potential evapotranspiration was
determined by the Curve Number (CN) (USDA-SCS 1964)
and the Penman—Monteith methods (Allen et al. 2006),
respectively. Groundwater recharge estimation was per-
formed by using two methods, the first one, the Thorn-
thwaite-Mather Soil-Water-Balance (Thornthwaite and
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Mather 1957) which only requires monthly temperature
and rainfall data. The second one is the Water Table
Fluctuation method (WTF) (Healy and Cook 2002), a
simple and low cost method applicable to shallow aquifers
with rapid response to recharge events. It requires the
previous estimation of the specific yield and temporal
water table measurements. According to several studies of
the Pampean aquifer in different areas of the region
(Venecio and Varni 2003; Auge 2004; Ruiz de la Garreta
et al. 2007; Ferreira et al. 2009) a constant specific yield
value of ten was selected for the calculation. Daily water
level data was obtained by the automatic datalogger Génica
LF325, installed in a 12 m depth well between the lake and
the QGR, since 2007.

The groundwater flow numerical model was done
applying the Visual Transin code (Medina and Carrera
2005), an inverse model based on the estimation of
parameters using water table data, which solves the flow
equations by the method of finite elements. A steady state
regime model was performed by using information of 14
wells. The transitory regime model was simulated by using
the temporal recharge variations, estimated from the two
methods mentioned above, and the daily water table
records obtained with the installed datalogger.

Aster satellite images with 15 m of spatial resolution
were used for the geomorphological characterization of the
basin in order to obtain a transmissivity zoning map (input
of the numerical modeling). Finally, in order to facilitate
data handling and ensure reliability, a geographical data-
base managed with GIS tools was created.

Results and discussion
Hydrochemistry

Hydrochemical facies analysis was conducted by Piper
diagrams (Fig. 2). Table 1 shows the statistical parameters
of the water ionic content in groundwater and the lake.
According to the physico-chemical parameters lake water is
classified as oligohaline, with a mean EC of 6121.4 puS/cm
and pH values ranging from 9.61 to 9.73. La Salada Lake
water type is Na—CO3;-HCO;-Cl, with a homogeneous
chemical composition even in area and depth (Fig. 2).

Groundwater is mainly Na—HCOj; although some chlo-
ride-enriched water was detected to the QGR. Ca/Na and
Mg/Na exchange processes can be recognized from the
alignment of the samples from the magnesium-calcium
area to the sodium extreme in the Piper diagram. A mean
EC of 953.6 puS/cm, pH of 7.8 and a temperature value of
17.4 °C characterize groundwater. In all cases mean values
of hardness, pH and EC are lower in comparison to
the lake.
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Table 1. .Water 1ome . Parameter Groundwater (N = 15) Lake (N = 29)
composition and main physico-
chemical parameters in La Min Max Mean  SD Min Max Mean SD
Salada Lake Basin
Ca™ (mg/) 11.0 57.2 27.6 153 16.0 45.1 27.2 6.7
Mg*? (mg/l) 12.3 103.2 50.1 29.5 8.3 54.2 28.0 9.6
Na™ (mg/l) 26.8 345.0 187.1 87.1 2,036.6  2,970.0 2,642.3 191.5
K* (mg/l) 37 10.3 74 1.8 10.3 52.0 29.7 7.6
Cl™ (mg/l) 55.0 237.0 98.2 56.1 1,033.1 1,595.5 1,243.3 128.0
HCO3™ (mg/l) 372.7 992.0  546.4 175.1 2,479.0 3,260.1 2,907.6 195.0
CO52 (mg/l) 0.0 610.0 87.1 230.6 1,154.6 1,765.9 1,475.5 128.2
SOz 2 (mg/) 8.1 166.0 50.2 45.6 305.0 872.2 597.9 143.6
EC (uS/cm) 630.0 1,670.0  953.6 296.3 6,000.0  6,280.0 6,121.4 78.6
pH 7.5 8.7 7.8 0.34 9.6 9.7 9.6 0.03
Min minimum, Max maximum,  pogness (mg/l) 873 5535 2779 1578 117.0 276.6 1848 319
SD standard deviation
Fig. 3 Environmental isotopic 60 - Evaporation Water line
composition (6"%0 and 6°H) in 52H%o =6.335180+2.04
groundwater, lake and rainwater Alake  ®Groundwater X Rainwater
samples 40 -
5180%o 20
12 -10 -8 -6 ~7 2 4 6
-20 A
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Environmental isotopes

The isotopic composition of seven groundwater and 12
lake water samples were plotted in a conventional diagram
0H versus 6'*0 jointly with the global and local meteoric
water lines (GMWL/LMWL) (Fig. 3).

Groundwater samples appear grouped around a mean
value (60 = —5.32 and 6°H = —32.77 %0) showing
relatively constant isotopic composition. Groundwater
isotopic composition is closed to the average isotope
composition of rainfall in the area, indicating that it is a
well-mixed system only recharged by rain water. Monthly
rainfall sampling from 2005 to 2009 in the region (Quiroz
Londoiio et al. 2008) allows to define the local water line
§H = 7.98 §'%0 + 9.78, which results similar to the
GMWL.

The values of 6'%0 and 6°H from samples of La Salada
Lake are located in an evaporation water line which has its
origin in the mean groundwater composition. An evapo-
ration line for the lake was calculated and defined by the
following equation: 0°H = 6.33 §'%0 + 2.04. The mean
isotopic content in the lake is 1.14 §'%0 and 9.27 %o 6°H.

Hydrogeochemical modeling

In order to achieve a better conceptual model of the pro-
cesses that determine lake chemical composition, and
taking into account the obtained hydrochemical and iso-
topic information, a mathematical hydrogeochemical
modeling was performed. Analyzing Schoeller diagram can
give an easy and fast first approximation to the under-
standing of the hydrogeochemical processes. In this sense,
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one set of samples from La Salada Lake and groundwater
was represented in a Schoeller diagram (Fig. 4). This
analysis yields a water type variation from Na-HCO;
(well) to Na—HCO3—Cl (lake), being well grouped in both
cases. The trend and slope of Nat, CI~, HCO3;™ and SO, 2
lines suggest that an evaporation process is responsible for
the increasing in similar proportion of most of the major
ions. Calcium and magnesium remain with little change,
indicating some different processes limiting their increase.
A closer view of the other ions allows identifying a smaller
increase in HCO5 ™ and a higher increase in Na™ respecting
those of Cl~, evidencing that more processes can be
involved.

To complete this first approach, the saturation indexes of
the most common minerals were obtained by using PHR-
REQC (Parkhurst and Appelo 1999). Calcite saturation
index is around equilibrium values for groundwater, rang-
ing from —0.291 to 0.464, on the other hand supersatura-
tion values are observed for lake water, usually higher than
1.4. Gypsum saturation indexes show under saturation
conditions both for groundwater and lake water, being
around —2 to —3. These values indicate that calcite pre-
cipitation is possible in the lake, but not gypsum
precipitation.

Taking into account these observations, the simplest
model to explain, how groundwater composition may
evolve towards lake water composition should include
groundwater evaporation, calcite equilibrium and probably
cationic exchange (with Ca*™ adsorption and Na™ release,
and, to a lesser extent, Na/Mg exchange). The easiest way
to test this hypothesis is a geochemical inverse model
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£
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§ 100 +
5 1
@
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Parameters

HCO3

Fig. 4 Schoeller diagram showing the ionic composition of
groundwater and La Salada Lake samples
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Table 2 Hydrogeochemical model

Solutions Processes

Initial Final Evaporation Calcite CO, Fe-S Ca/Na Mg/Na
factor gas EX EX

Well Lake 114 —1.226 —-2.099 -0.400 —0.937 1.138

(mass balance model) that has been performed by using
NETPATH code (Plummer et al. 1991). One representative
groundwater sample was taken as the initial solution, while
a lake sample was the final one.

The model that best adjusts to the lake hydrochemical
processes includes groundwater evaporation, calcite pre-
cipitation with CO, release, and cationic exchange. The
last reaction consists in calcium release and sodium
uptake by a hand, and magnesium uptake and sodium
release to the solution on the other side (Table 2). The net
effect of cationic exchange is a little variation in sodium
in solution and major magnesium adsorption. Calcite
precipitation controls calcium maximum concentration.
Some sink for sulfate should be included. As gypsum
precipitation is not possible according the saturation
indexes, sulfate reduction to sulfide was considered
including iron monosulfides, according to the pathway of
sulfides formation in sediments (Berner 1970; Morse et al.
1987). Nevertheless, the amount of transferred moles of
S is quite small (—0.400) and probably it is in the ana-
lytical error range (5 %).

The estimation of evaporation process by using CI~ was
performed, obtaining an evaporation factor of 11.4 (11.4 1
of groundwater are required to obtain 1 1 of lake water).
The CI™ ion was used, because of its conservative nature
and the absence of external sources of it in the area. The
Na/Cl molar ratio is around 3 both for groundwater and
lake water indicating that groundwater evaporation is the
main process determining La Salada water composition,
followed by the other geochemical processes mentioned
above.

Groundwater recharge estimation
Thornthwaite-Mather soil-water-balance method

A field capacity value of 100 mm/year was considered in
this method, since it is an adequate volume to meet the soil
requirements. A mean recharge of 14 % of total rainfall
was estimated from the mean rainfall and evapotranspira-
tion values of the last 3 years. A runoff value of 1.7 % of
the total rainfall was also calculated. Fluctuations of the
obtained hydrologic parameters by using this method are
displayed in Fig. 5a.
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Water table fluctuation method (WTF)

Water table fluctuation in relation to daily rainfall values in
the area are shown in Fig. Sb. Data analysis indicates a
total aquifer recharge of 14.5 % of total rainfall. The
obtained hydrogram evidences that water table presents a
maximum variation value of 2.08 m. A quick water table
response to rainfall events is detected, especially when the
latter is preceded by less intense precipitation and high soil
moisture exists. The lowest water table levels were recor-
ded during 2008, coinciding with a dry period in which the
total rainfall value was 300 mm below the historical
average of the area. Field work during this period allowed
identifying that the lake level was also low.

Groundwater flow numerical modeling

A 2D monolayer model with 863 elements and 417 nodes
was constructed. One advantage of the utilized software is
that it allows defining both expected transmissivity values
and a maximum variation range of them, automatically
adjusting the best values (Fig. 6a). Transmissivity zoning
was obtained from the geomorphologic differences
observed on the terrain, which allowed defining zones with
different textures and spectral response associated to water
content (Fig. 6b). The lowest transmissivity values corre-
spond to loess sediments located in the upper basin,
whereas the highest values were assigned to the lower
basin, close to the QGR, where a sandy layer was found
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Fig. 6 a Model structure, b transmissivity zoning, ¢ obtained piezometric map and, d measured and simulated heads in the steady state regime

during a research perforation. The adjusted values of
transmissivities are shown in Table 3.

The steady regime was simulated with a temporal step
of 30 days. The aquifer recharge obtained from the two
mentioned methodologies coincides with a recharge value
of 14 % of the total rainfall. The boundary conditions
considered in the numerical model were a leakage condi-
tion for La Salada Lake and the QGR, a null flux for the
other boundaries and a prescribed flux for the extraction
wells due to urban consumption in Nicanor Oliveira Town.

The model described a surface water/groundwater
interaction, according to the observed isophreatic map. In
general, piezometric lines showed a groundwater flow
towards the river (Fig. 6¢). Regarding the lake, an effluent-
influent behavior is evidenced. A mean absolute error of
1.85 m, between the computed and observed water table
levels was obtained. The mean error value was 0.56 m
(Fig. 6d). Although, these values were low with reference
to the total aquifer thickness, they may become significant
due to the topographic conditions of the area, i.e., a water
table level fluctuation of this magnitude can produce sig-
nificant changes in water dynamics. The aquifer water
balance estimated by this model considered a net recharge
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Table 3 Estimated and calculated transmissivities

Hydrogeological Calculated Previous transmissivity
zones transmissivity estimate (m?/day)
(m*/day)

Tl 401 400

T2 1,645 1,000

T3 892 600

T4 3,037 1,500

T5 333 300

value of 14 % of total rainfall (1.61 E°” m*/year), while
the main outputs were groundwater discharge to the lake
(6.01 E” m*/year) and to the QGR (9.54 E°® m*/year) and
5.50 E® m*/year from well extraction.

Measured and simulated heads reasonably fit to the
general aquifer system trend in the performed transitory
model (Fig. 7). A mean error of 0.49 m was obtained by
using the recharge data estimated by the WTF method. As
a result, the simulated heads reproduced the different
aquifer responses being mostly higher than the real value.
Meanwhile, when using the recharge values estimated by
the soil-water-balance method (mean error of 0.34 m), the
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computed heads were closer to the observed values
although, they did not properly represent some water table
variations.

Quantification of the lake basin water balance

Based on the conceptual model developed for this catch-
ment, the general water balance (Schicht and Walton 1961)
is defined as:

R= ETR + RF + GR + FC + LE

where R is rainfall, ETR is evapotranspiration, RF is run-
off, GR is groundwater recharge, FC is field capacity and
LE is lake evaporation. All the terms are expressed as m*/
year.

By using the above equation, the water balance of the
lake basin was quantified for 2007. All these terms were
previously estimated; however, the lake evaporation com-
ponent is still unknown. It can be obtained from the general
water balance formula. The estimated hydrologic outputs
of the system were 70.9 % returned to the atmosphere
through evapotranspiration, 14.0 % reaches the aquifer,
9.9 % is absorbed by the soil to satisfy its field capacity
and 1.6 % is attributed to surface runoff (Fig. 8). Accord-
ing to these values, the lake evaporation parameter

Fig. 8 Water balance in

corresponded to 3.6 %, which is equivalent to 4.10 E% m?/
year with a total rainfall of 1.16 E ° m?/year (958 mm/
year).

The evaporation factor (11.4) calculated through hy-
drogeochemical modeling can also be used to corroborate
the evaporated volume from the water body. This result
also yielded a value of 4.10 E® m>/year.

Conclusions

Hydrogeochemical, isotopic and hydrodynamic interpreta-
tion allowed redefining and adjusting the lake conceptual
model. Moreover, water balances for the aquifer and the
lake basin were obtained. La Salada Lake presents an
effluent-influent behavior, operating as a discharge and
recharge area of both surface water and groundwater.
These techniques allowed explaining the water origin of
this water body suggesting that it receives groundwater
discharge subject to evaporation processes. 6'°0 and §°H
values establishes a specific lake fingerprint evidencing a
evaporation process from groundwater with more enriched
isotopic values in comparison to the rest of the water
sources. The model that best adjusts to La Salada Lake
hydrochemical processes include evaporation from
groundwater (11.4 factor; i.e., 11.4 1 are evaporated from
groundwater in order to obtain 1 1 of lake water) it calcite
precipitation with CO, release and cationic exchange.

An aquifer recharge estimation of 14 % of the total
rainfall was obtained by using two methods with different
input data, hydro-climatic parameters (soil-water-balance
method) and water table variations (WTF method). In this
sense, they reasonably validate the aquifer recharge value.
However, the monthly recharge estimation by these two
methods used as input data in the transient simulation
model showed markedly differences.

The numerical model had a good fitness in both the
steady state and the transient simulations. It allowed
defining the main outputs of the aquifer system quantifying
a natural discharge of 59 and 37 % of the infiltrated water
to the QGR and La Salada Lake, respectively.

R=1.15 E%

UEx = 5.00 E% ETR=8.15 E7

La Salada Lake Basin LEGEND
(values in m3) R: Rainfall
ETR: Evapotranspiration
RF: Runoff

LE: Lake evaporation
UEx: Urban extraction

FC Field capacity

GDL: Groundwater discharge to lake
GDR: Groundwater discharge to river

RF=1.90 E%
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The calculation of the volume of water evaporated
directly from the lake was performed by two different
methods. The first one, the water balance equation, which
uses hydrologic information and the second one, combine
the results of the mathematical and the hydrogeochemical
models. In both cases the volume obtained was similar,
allowing the calculation of a 0.09 m increase in the level of
La Salada Lake for 2007.
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