Hydrogeochemistry and cation-exchange processes
in the coastal aquifer of Mar Del Plata, Argentina
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Abstract The aquifer of Mar del Platais unconfined and
composed of silt and fine sand. The sand fraction is
mainly quartz, potassium feldspars, chalcedony, and
gypsum. Volcanic-glass shards (40-60%) dominate the
silt fraction, and the clays are of the smectite and illite
groups. Calcium carbonate, in caliche form, constitutes
about 10-20% of the sediment.

Groundwater flow is from west to east, and discharge
isin the Atlantic Ocean. Because of overexploitation, the
flow direction was reversed in a coastal belt about
3.5 km wide, and this has resulted in seawater intrusion.
The groundwater is the CaHCO; type in the recharge
zone, and becomes NaHCO; type towards the discharge
area. Salinization by marine intrusion and seawater/
fresh-water mixing produces an increase in the major-ion
concentrations of the groundwater. The calcium content
of the groundwater is higher and the sodium content is
lower than those that would be expected if the mixing is
considered as just the addition of seawater and fresh wa-
ter in determined proportions without reactive processes
taking place.

Hydrogeochemical modeling was applied to the study
of hydrogeochemical processes, mainly cation exchange,
using the codes NETPATH and PHREEQM. Calcite and
gypsum equilibrium, together with cation exchange, are
the main hydrogeochemical processes. Cation-exchange
capacity of the solid phase was determined by empirical
calculations and experimental methods. The affinity or-
der for the groundwater in contact with the aguifer ma-
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trix is Ca>Mg>Na in the regional-flow system, but the
order is reversed in the salinization process. Reactive
transport modeling using the code PHREEQM is useful
for analyzing cation exchange in a marine-intrusion pro-
Cess.

Résumé L’aquifére de Mar del Plata est libre et consti-
tué de silt et de sable. La fraction sableuse contient prin-
cipalement du quartz, des feldspaths potassiques, de la
chalcédoine et du gypse. La fraction silteuse contient des
fragments de verre volcanique (40-60%) et les argiles
appartiennent aux groupes des smectites et des illites.
10-20% du sédiment sont du carbonate de calcium, sous
forme d’un caliche.

L’ écoulement de la nappe s effectue de I’ouest vers
I"est, pour se décharger dans |’ Océan Atlantique. Du fait
de la surexploitation, I’ écoulement s’ est inversé dans une
bande littorale large d environ 3,5 km, ce qui a produit
une intrusion marine. Le facies de I’eau souterraine est
bicarbonaté calcique dans la zone de recharge et devient
bicarbonaté sodique dans la zone de décharge. La salin-
isation par intrusion marine et par mélange eau douce/
eall salée produit un accroissement des concentrations en
ions majeurs de I’eau souterraine. La concentration en
calcium de I'eau souterraine est plus élevée et celle en
sodium est plus faible que ce que devrait donner un
simple mélange d'eau de mer et d’ eau douce en propor-
tions bien définies, en |’ absence de processus réactifs.

Une modélisation hydrogéochimique a été réalisée
afin d étudier les processus hydrogéochimiques, princi-
palement des échanges de cations, au moyen des codes
NETPATH et PHREEQM. Les équilibres de la calcite
et du gypse sont, avec les échanges de cations, les
principaux processus hydrogéochimiques. La capacité
d’ échange de cations de la phase solide a été déterminée
par des calculs empiriques et des méthodes expérimenta-
les. L’ordre d’ affinité de I’ eau souterraine au contact de
la matrice de I'aquifere est Ca> Mg> Na, dans le syste-
me aquifére régional ; mais cet ordre est inversé dans le
processus de salinisation. La modélisation du transport
réactif au moyen du code PHREEQM est utile pour ana-
lyser I'échange de cations dans un processus d'intrusion
marine.

Resumen El acuifero de Mar del Plata es un acuifero
libre, formado por sedimentos limosos 0 arenosos finos.
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La fraccion arena se compone de plagioclasas, cuarzo,
feldespato potasico, calcedonia y yeso. En la fraccion
limo (40-60%) se destaca el predominio de trizas de
vidrio volcanico, mientras que las arcillas son del tipo
de las esmectitas e illita. EI CaCO; constituye entre
10-20% del sedimento en forma de concreciones y cos-
tras.

El flujo subterraneo regiona es de oeste a este, con
descarga en el Océano Atlantico. Como consecuencia de
la sobreexplotacion, se produjo la intrusién de agua de
mar en el acuifero, afectando una franja de 3,5 km de
ancho.

Las aguas subterraneas son de composicion CaHCO,
en el érea de recarga, haciéndose NaHCO; hacia las
zonas de descarga. En el proceso de salinizacién por in-
trusion marina se produce un incremento general en la
concentracion de iones y una tendencia a aumentar la
concentracion de calcio y a disminuir la de sodio con
respecto ala mezcla conservativa.

El estudio de los procesos hidrogeoguimicos se ha
efectuado por medio de la modelacién hidrogeogquimica
utilizando los codigos NETPATH Y PHREEQM. El equi-
librio con los minerales calcitay yeso y €l intercambio de
cationes han sido identificados como los principales pro-
cesos hidroguimicos. El intercambio de cationes fue parti-
cularmente analizado. La capacidad de intercambio catio-
nico de la fase solida fue determinada por métodos empi-
ricos y experimentales. La afinidad de los cationes por la
matriz del acuifero presenta un orden Ca> Mg> Naen €
caso ddl flujo regional. En el caso de laintrusion marina el
orden de afinidad es inverso. La modelacion con el codigo
PHREEQM déel transporte reactivo es Util para analizar €l
intecambio cationico en procesos de intrusion marina.

Keywords Argentina - Cation exchange -
Hydrochemica modeling - Salt-water/fresh-water
relations

Introduction

Background
Cation exchange is one of the most important geochemi-
cal processes taking place in agquifers, but, as pointed out
by Sposito (1984), it is sometimes difficult to distinguish
between exchange and other reactions. This difficulty
arises from poor knowledge of the exchange surfaces,
the scarcity of values for exchange coefficients, and the
difficulty in assigning activities to the sorbed cations.
Seawater intrusion into aquifers occurs in many areas
of the world, including, for example, Barcelona, Spain
(Custodio 1987), Sonora, Mexico (Steinich et a. 1998),
California, USA (Banks et a. 1957), and the Biscayne
aquifer, Florida, USA (Kohout 1960). Generaly, intru-
sion results from overexploitation of aquifers. Two types
of problems associated with overexploitation and marine
intrusion are (1) those related to decline in potentiomet-
ric surfaces, and (2) those related to increased saliniza-
tion of the groundwater.
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One of the most dramatic cases of salinization oc-
curred in Tripoli, Libya, where, in just 17 years the total
dissolved-solids content of the groundwater increased
from 265-675 mg/L in 1976 to 10,000 mg/L in 1993
(El-Baruni 1995).

Bocanegra and Custodio (1994), in a comparative
study of the coastal aquifers of Barcelona, Spain, and of
Mar del Plata, Argentina, showed that, in both areas, the
overexploitation of the aguifers resulted in significant
decline of the potentiometric surfaces, in increasing
aquifer salinization, in wells being shut down, and prob-
lems related to water-level recovery. Since that time, wa-
ter levels in Mar del Plata have recovered as much as
10 m, which has led to the flooding of cellars and under-
ground structures and corrosion of metal structures. Sim-
ilarly, in Barcelona underground car parks and subway
tunnels have been flooded. In both aquifers, water quali-
ty has been seriously degraded as a consequence of
changes in the hydraulic gradient. In both Mar del Plata
and Barcelona, many wells have been shut down because
of water salinization, at a substantial cost.

From a geochemical perspective, aquifer salinization
consists of a high-salinity solution (seawater) mixing
with a dilute solution (fresh water) in a medium that has
many reactive solids, such as minerals. In coastal aqui-
fers, where the relationship between seawater and fresh
water is complex, cation exchange contributes signifi-
cantly to the final composition of the groundwater. In
salt-water/fresh-water mixing, the water and aquifer ma-
trix reach a different equilibrium state, a nonlinear
change in chemical properties takes place, there is redis-
tribution of carbon-bearing species, and a nonlinear de-
pendence of the activity coefficients on ionic strength
(Wigley and Plummer 1976).

Fresh water in coastal areas is commonly dominated
by HCO;- ions because the addition of the large amounts
of CO, from the root zone, and calcite, if present, is dis-
solved (Back et al. 1979). In carbonate-rock aguifers,
CaCO; dissolution is the most common process (Nadler
et al. 1980; Bosch and Custodio 1993; Manzano et al.
1993). The reaction of different carbonate minerals in
the mixing zone produces many characteristic phenome-
na, such as aragonite and calcite replacement or dol-
omitization, which modifies the hydrologic properties of
the aquifer (Back and Herman 1991). Sulfate reduction
is also a typical reaction in some salt-water/fresh-water
mixing (Nadler et al. 1980; Bosch and Custodio 1993).
The reaction involves organic-matter oxidation in a re-
ducing anoxic environment:
2CH,0 + SO — 2HCO; + H»S (1)
In detrital sedimentary aquifers, cation exchange is one
of the most important geochemical processes of seawater
intrusion. In a case study in Belgium, Walraevens et al.
(1993) report that salinization starts with an increase in
ion concentrations, which is quickly followed by cation
exchange, in which Ca2* is released and the marine cat-
ions Nat, K+, and Mg?* are absorbed. Cation exchange is
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the most noticeable hydrogeochemical process in the
movement of the saline front in the detrital aquifer of
Oropesa, Spain (Giménez et al. 1995). The characteristic
cation-exchange process that takes place when seawater
intrudes a coastal fresh water aquifer is:
Nat + 1/,Ca—X, — Na—Xx + 1/,Ca?t 2
where X indicates the exchanging solid surface.

During fresh-water or salt-water displacement in
aquifers, the solute cations may become separated be-
cause of cation exchange, a phenomenon that is known
as ion chromatography (Beekman 1991; Appelo 1993;
Appelo and Postma 1993). In this process, because of the
different selectivity of natural cation exchangers for dif-
ferent cations, solute cations become separated in space.
Examples of the application of the ion-chromatography
theory to field data are found in Manzano et al. (1993)
and Stuyfzand (1993, 1999). Stuyfzand (1993, 1999)
shows an interesting cross section of the coastal area of
northwestern Netherlands that displays the distribution
of hydrochemical facies resulting from salt-water intru-
sion.

The Mar del Plata Aquifer

The Mar del Plata aquifer in Argentina is an unconfined
coastal aquifer in which seawater has intruded as much as
3.5 km inland. The seawater intrusion has been described
by Groeber (1954) and Sala et a.(1980), but they make
only a brief reference to cation exchange. A more com-
plete analysis of the sea-water/fresh-water mixing by
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Bocanegra et a. (1993) evaluates the potentiometric and
hydrochemical evolution of the area. Bocanegra (1993)
and Martinez et a. (1995) further investigated geochemi-
cal aspects of marine intrusion in Mar del Plata by apply-
ing hydrogeochemical modeling. Using the earlier works
of Bocanegra (1993), Martinez et al. (1995), and Mart-
inez and Bocanegra (1998) as a basis, the aim of this pa-
per is to contribute to a better understanding of the aqui-
fer geochemistry and the salinization problem through a
detailed study of the cation-exchange processes.

Hydrogeological Setting

Mar del Plataisthe main Argentine seaside resort on the
Atlantic coast. It has a population of about 600,000,
which doubles in the summer. Groundwater is the only
available water resource for drinking, agricultural, and
industrial use. Mar del Plata, shown in Fig. 1, is located
on the northeastern side of the Tandilia Range, also
called the Sierras Septentrionales de la Provincia de
Buenos Aires. The Tandilia Range, which has a maxi-
mum altitude of about 40 m above mean sea level in the
Mar del Plata area, consists of quartzite of the lower
Paleozoic Balcarce Formation (Dalla Salda and Ifiiguez
1979), which is broken into horsts and grabens by three
fault systems (Teruggi and Kilmurray 1980).

A sedimentary cover about 100 m thick, of unconsoli-
dated upper Tertiary and Quaternary silt and silty sand,

Fig. 1 Location of the Mar del Plata area, Argentina
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shown in Figure 2
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overlies quartz bedrock. Miocene clayey and sandy strata
are present at a depth of 60 m in some parts of the grab-
ens. The Quaternary deposits, called “Pampean sedi-
ments’ or loess-like sediments, are the most important
hydrogeological sequence, ranging in thickness from
70-100 m, as shown in Fig. 2, although similar physical-
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ly to loess, these sediments are mostly reworked loess,
having been transported and deposited by streams.

The “Pampean sediments’ that crop out in the coastal
cliffs of Mar del Plata, as described by Teruggi (1957),
consist of a sand fraction (very fine to fine sand), mainly
composed of plagioclase feldspars, which ranges from
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30-50% by weight. Labradorite is the most common
type, followed by andesine and oligoclase. Quartz makes
up less than 20% of the sand fraction, and volcanic glass
is 1-25%. Orthoclase, chalcedony, gypsum, and frag-
ments of argillaceous rocks are sparse. The silt fraction
consists of volcanic glass shards (40-50%), plagioclase
feldspar, quartz, and orthoclase. Gypsum, in fibrous
crystals, is generally sparse, but in places is as much as
20%. The clay fraction is mainly montmorillonite.

The mineralogy, described by Martinez et a. (1998)
from drilling samples, differs somewhat from that report-
ed by Teruggi (1957), mainly in the types of clay. The
clays are principally smectite and a subordinate amount
of illite, increasing in crystallinity with depth. The fine-
sand fraction constitutes the major portion of the sedi-
ment, consisting mainly of quartz, plagioclase feldspars,
K-feldspars, muscovite, volcanic glass, oxides, calcite,
dolomite, olivine, and amorphous silica, in decreasing
order of abundance. Osterrieth (1992) reports the occur-
rence of iron sulfide in the sediments exposed in the
coastal area, which probably formed during Pleistocene
and Hol ocene marine advances.

Near the surface of Mar del Plata, the “Pampean sedi-
ments” form an unconfined aguifer with changes in per-
meability resulting from subtle changes in grain size and
local increases of clay content. The clayey beds vary in
thickness and are laterally discontinuous.

Hydrogeology Journal (2002) 10:393-408

The transmissivity and storativity of the aquifer have
been determined in 28 wells by means of pumping and
single-well recovery tests during the development of
each well by the water-supply organization (Obras Sani-
tarias). Because of variations in the aquifer thickness, the
transmissivity is 600-800 m?%/day in urban areas and
1,000-1,400 m2/day in rural areas (Fig. 1). The storati-
vity, based on pumping tests, is 0.001. Estimated hydrau-
lic conductivity is 10-15 m/day. Porosity measured by a
volumetric procedure described in Custodio and Llamas
(1976) ranges from 0.20-0.30.

The average rainfall from 1901-1987 in Mar del Plata
was 851 mm/year. The warm season (October—-March) is
usually rainy and has two rainfall peaks (December and
March); the cold season (April-September) is less rainy,
and minimum rainfall occurs in July and August. Ac-
cording to Thornthwaite’s method (Thornthwaite 1948),
the potential evapotranspiration (ET) is 720 mm/year.
The excess of ET over rainfal is 132 mm/year, which
occurs between June and October. Recharge to the Mar
del Plata aquifer system is from infiltration of rainfall
throughout the area. Recharge to the regional groundwa-
ter flow system is from the hilly area along the water di-
vide (Fig. 1); recharge to the local flow system is from
the plains area near the coast. These relationships are
shown in Fig. 3. The natural discharge is toward the sea,
but surface streams are discharge areas for shallow
groundwater (Fig. 3).

At the beginning of the twentieth century, groundwa-
ter flow was seaward, but over time intensive exploita-
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tion of the groundwater has induced intrusion of salt wa-
ter into the aquifer in awide belt of the urban areaand a
significant decline in water level has occurred. By 1950,
a large cone of depression in the water table had devel-
oped in the urban area; the cone extended over 15 km?
and the maximum drawdown was 10 m. In 1955, a sec-
ond cone of depression, covering 30 km?, developed
around the harbor. The situation became critical in 1969
when the cones of depression had expanded to 90 km?2,
as depicted in Fig. 4, and the water table had declined as
much as 23 m in urban areas. After 1969, pumping of
wells in the Camet area (Fig. 1) caused the zero-altitude
potentiometric contour on the water table to migrate
northward rather than westward, to a position 7.5 km
from the coast (Bocanegra et al. 1993).

The groundwater is a calcium-bicarbonate type in the
hilly recharge area and a sodium-bicarbonate type in the
transition and discharge areas. In areas unaffected by
seawater intrusion, the solute concentration (TDS) in-
creases by natural hydrochemical processes from
500 mg/L in the recharge area to 1,200 mg/L in the dis-
charge areas.

Methodology

The sedimentary material of the Mar del Plata aquifer,
which adsorbs constituents from the infiltrating water,
was studied from samples of well cuttings. Grain-size
determinations were performed using sieving and pipette
techniques (Carber 1971); organic matter was deter-
mined by the method of Walkey and Black (1965); and
clay mineralogy was identified by X-ray diffraction. The
cation-exchange capacity (CEC) of the samples was de-
termined by conventional techniquesin the Soils Labora-
tory of the INTA (Nationa Institute of Agricultural
Technology, Argentina).

The data on the chemistry of groundwater from the
salinized area, from Obras Sanitarias, the governmental
organization for water supply, include more than 1,000
groundwater analyses from 1950 to the present. This dat-
abase contains groundwater-quality data from about 60
wells in the urban area, which were in operation from
1950-1973. Nine of these wells, shown in Fig. 2, are
about 80 m deep, and have screens set at a depth of
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50-70 m. Pumping samples were collected once or twice
ayear until the wells were shut down. Alkalinity and pH
of the samples were not measured in the field, so some
minor errors in these parameters probably exist. Never-
theless, the akalinity values are about the same as the
measured alkalinity in other water samples of the area
(Martinez et al. 1997, 1998). Previously, Bocanegra et al.
(1993) had analyzed the available groundwater-quality
data to evaluate water-quality variations over time. In the
present study, only a small group of samples was used
for geochemica modeling.

Geochemical data from the two types of wells along
the “normal groundwater-flow path” (the original flow
path from the water divide toward the sea) were used:
that from eight deep supply well (about 80 m deep; wells
W35, W30, W7, W12, W18, W13, W3, W17 in Fig. 1)
operated by Obras Sanitarias, and that from six shallow
domestic wells (depths 12-25 m; wells 6, 7, 8, 10, 14,
and 21 in Fig. 1) collected by the authors and analyzed
in the Obras Sanitarias laboratory. Physicochemical pa-
rameters (temperature, pH, and conductivity) of ground-
water from the shallow wells were measured in the field,
and the chemical analyses were performed within 48 h of
sample collection.

The chemical composition of the groundwater in the
three wells selected for the study of the hydrochemical
processes during marine intrusion are shown in Table 1.
The chemical analyses are of samples taken before sal-
inization (1950 and earlier) and after the process had start-
ed in 1957; also included is the calcite-saturation index for
each sample. Table 2 shows the chemical composition of
the well samples used for analysis of the chemica pro-
cesses in the normal-flow path, and aso some physico-
chemical parameters and the calcite-saturation index.

The geochemical data were plotted on Piper diagrams
(Piper 1944) and subjected to hydrogeochemical model-
ing. Inverse mass-balance models were performed using
NETPATH (Plummer et a. 1991). PHREEQM (Nienhius
et al. 1991) was used for hydrogeochemical and 1-D-
transport modeling. Besides the hydrogeochemical and
1-D-transport capabilities of PHREEQM, this code is
also capable of modeling cation-exchange reactions and
includes exchange coefficientsin its database.

The adsorption capacity of a solid surface is mainly
related to its specific surface (Stumm and Morgan 1981,

Table1 Hydrochemical composition, ionic ratios, and calcite-saturation index (Sl 4q) Of Seawater and groundwater from selected

wellsin Mar del Plata before and after salinization. Well locationsin Fig. 1

Well no.  Year pH HCO; CI- SO,% Cazt Mg2* Na* CalNa Mg/Na  Slite
sampled (mg/L) (mg/L) (mg/L)  (mg/L) (mg/L) (mg/L) (molar) (molar)

Seawater 82 142 19,000 2,700 410 1,350 10,890 0.022 0.117 0.649

W3 1948 77 514 135 43 30 14 292 0.059 0.045 0.207
1957 78 603 143 64 30 15 234 0.073 0.061 0.365

W7 1950 76 454 290 48 43 22 326 0.076 0.064 0.192
1957 76 382 1,400 74 162 79 750 0.125 0.099 0.192

w12 1950 78 521 118 27 24 12 283 0.049 0.040 0.226
1957 7.7 415 1,030 45 175 86 504 0.199 0.161 0.752

Hydrogeology Journal (2002) 10:393-408
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Table 2 Chemica composition and physicochemical properties of groundwater from shallow and deep wells in the “normal-flow” path,
Mar del Plata. Well locationsin Fig. 1. S Shallow domestic well; D deep water supply well; S, CalCite-saturation index

Sample pH Conductivity Residueon HCO;~ NO;- ClI- SO Cat Mgz  Na K+ F Sl cacite
no. and (ps/cm) evaporation (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
type (105°C
mg/L)

2S 75 1,410 924 700.3 41 116 36 50 24 279 11 05 0.343

6S 75 950 638 402.6 72 54 19 56 30 117 12 0.5 0.203

7S 77 850 548 395.3 46 52 9 46 30 119 15 0.9 0.321

8S 7.8 1,050 751 514.8 53 65 19 28 13 219 9 11 0.308
10S 75 750 523 395.3 8 44 18 117 8 40 2 0.5 0.529
1S 76 950 573 419.7 63 66 9 43 31 138 8 0.3 0.188
12S 72 850 539 270.8 25 132 11 69 39 60 7 0.8 -0.176
14s 7.7 880 553 4221 38 60 9 42 22 144 9 0.5 0.296
21Ss 7.7 980 683 436.8 127 48 19 74 45 75 15 0.4 0.530
26D 80 950 637 500.2 18 76 16 22 9 225 11 0.8 0.370
27D 80 900 621 497.8 18 64 9 10 7 238 9 13 0.040
31D 79 900 608 406.0 13 68 11 11 5 245 6 15 -0.820
32D 8.0 840 623 412.0 14 76 10 15 8 211 9 11 0.140
33D 80 800 549 358.0 27 52 6 26 15 211 13 13 0.210
L?glseaﬁdioa;?grﬁ r;xréelhztneg;ea Well no. Depth Sand Clay Organic C2 Organic matter CEC
capacity values of sediments (m) (%) (%) (%) (%) (meg/100 g)
from selected wellsin the wa-
al. (1986). Well locations P3 11 57.29 42.71 0.288 0.431 30.91
shown in Fig. 1 P1 12 58.10 419 0.448 0.772 30.90

P4 4 56.34 43.66 0.455 0.784 32.15
P5 39 440 56.0 0.408 0.703 40.60

aln mg C/g of soil

Appelo and Postma 1993). Particles with large specific
surfaces correspond to grain sizes that are in the clay
fraction and in the associated organic matter. Thus, the
cation-exchange capacity (CEC) of a sediment is a func-
tion of the percentages of clay, organic matter, and hy-
droxide content of the sediment. The empirical expres-
sion of Breeuwsma et al. (1986) describes this relation-
ship:

CEC (meq/L) = 0.7 (%clay) +3.5 (%C) (3)
Six samples of sediment from depths as great as 39 m in
the aquifer, obtained from wells P1, P3, P4, and P5 along
the water divide in an area underlain principally by
clay(Fig. 1), were analyzed for sand, clay, and organic
matter; from these the CEC values were calculated using
Eq. (3). Theresults are shown in Table 3.

Results

Cation-Exchange Capacity

of the Mar del Plata Aquifer

The calculated CEC in the Mar del Plata aquifer ranges
from 30-43 meg/100 g. The CEC of selected samples
from four wells was also measured directly in the labora-
tory. These results, shown in Table 4, range from
20-40 meg/100 g. Thus, about 40 meg/100g is the maxi-
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Table4 Cation-exchange capacity values of sediments from se-
lected wells in the water divide area, Mar del Plata, measured in
the laboratory

WEell no. Depth Sediment description CEC
(m) (meq/100 g)
P3 6 Sandy silt and silt 19.8
P4 8 Caliche 35.2
P5 4 Sandy silt and silt 39.5
P5 14 Clay and clayey silt 38.8
P5 24 Sandy silt and silt 37.6
P5 35 Sandy silt and silt 34.4

mum value of CEC of the aquifer. No other CEC mea-
surements exist for this aquifer.

CEC values for different clay minerals, presented in
Stumm and Morgan (1981), Drever (1982), and Appelo
and Postma (1993), are about 80-120 meg/100 g for
smectite, 10-50 meg/100 g for illite, 100-200 meg/100 g
for vermiculite, and <40 meg/100 g for chlorite. Report-
ed CEC values for mixed sediments (Drever 1982) are
76 meg/100 g for the Ameca River (Mexico) sediments,
20-30 meg/100 g for the Aquia aguifer in Maryland
(USA; Chapelle 1983), 14-17 meqg/100 g for the LIobre-
gat aquitard (Spain; Manzano et a. 1993). The values for
the Mar del Plata aquifer, which is not a pure clay sedi-
ment, of 20-40 meqg/100 g, are similar to those reported
for mixed sediments.
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Fig. 5 Piper diagram showing
the ionic composition of
groundwater from selected
wellsin the watershed area
(wells 10, 14, 21), transition
and discharge areas (wells 6, 7,
8), and from deep supply wells
(wells 26, 27, 31, 33), Mar del
Plata. Data from Table 2. Well
locations shown in Fig. 1
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Table5 Major-ion concentrations (mmol/L) in groundwater from
selected wells in the normal flow path used in mass-balance mod-
eling. Well locations shown in Fig. 1

Major element Well no.
10 6 7 31

C total 6.913 7.049 6.737 6.814
Stotal 0.187 0.198 0.094 0.115
Cl- 1.242 1.524 1.468 1.919
Cazt 2.921 1.398 1.148 0.275
Mg2* 0.329 1.235 1.235 0.206
Nat 1.741 5.093 5.180 10.665

The CEC values expressed in meg/100 g soil were re-
calculated to concentration units (meg/L pore water) us-
ing the formula (Appelo and Postma 1993):

CEC (meq/L) = CEC (mg/100g) x 10 x py, /& (4)
where p, is the specific weight and ¢ is the porosity of
the sediment. The value for the specific weight of
2.1 g/lcm3 is that for similar sediments in the area
(Batallanez 1972). The measured porosity value of 0.30
for the aquifer is reported above. Differences in assump-
tions with respect to the specific weight do not have a
high impact on the final result, but differences in the se-
lected porosity value can result in important differences
in the calculated CEC.

From Eq. (4), a CEC of about 2,400 meg/L is ob-
tained for the Mar del Plata aquifer. This is high com-
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pared with the total content of cations in the solution,
which ranges from 20-30 meg/L (expressed in mmol/L,
Tables 5 and 6), so it is reasonable to assume that the
availability of exchangeable surfaces is not restricted.
However, over the long term, as large volumes of pore
water move through the aquifer, the amount of cations
transported in solution will exceed the exchange capacity
of the aquifer.

Hydrogeochemical Inverse Modeling

Two scenarios were considered in analyzing the hydro-
geochemistry and cation-exchange process in the Mar
del Plata aquifer: the chemistry in the normal-flow path,
and that in the marine-intrusion area, where the flow di-
rection is reversed because of water-level decline below
sealevel.

Normal flow

The chemical distribution of selected water samples is
plotted in the Piper (1944) diagram shown in Fig. 5. The
samples represent the groundwater in the watershed area,
the surface-discharge area (plains area in Fig. 1), and
from deep in the aquifer.

The changes in ionic composition of the groundwater
along the analyzed flow path in the aquifer are essential-
ly the same. The sample from shallow wellsin the water-
shed areais mainly the Ca-HCO; type, and the TDS con-
tent is 500-800 mg/L. These conditions suggest rapid in-
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Table6 Major-ion concentra-

tions (mmol/L) in seawater and Major ions Seawater WEell no. and sample year

in groundwater from selected

wells, Mar del Plata, used in W7 Wi2 W3

mass-balance modeling of

seawater intrusion, using 1950 1957 1950 1957 1948 1957

NETPATH. Well locations

shown in Fig. 1 2.276 8.161 6.514 9.469 7.113 9426  9.426
S 29.381 0.523 0.773 0.303 0.467 0.484  0.656
Cl- 560.213 8561 36.632 3596  29.545 4114 4443
Caz* 10.498 1.028 4.076 0.555 4.313 0.694  0.645
Mg?* 56.984 0.867 3.257 0.458 3.495 0534  0.607
Nat 486.108 13.583  32.695 11419  21.657 11.783 12.321

Table 7 Results of mass-balance modeling of chemical processes
in groundwater from selected wells, Mar del Plata, using NET-
PATH. Data from Table 2. Well locations are shown in Fig. 1. Pro-
cesses refer to: a dissolution (positive sign) or precipitation (nega-
tive sign) of calcite; b dissolution (positive sign) or outgassing

(negative sign) of CO, in an open system; ¢ gypsum dissolution; d
NaCl dissolution; e Ca/Na exchange, positive sign indicates the
Caz+ adsorption and the release of Nat; molar ratio of 1:2; f
Mg/Na exchange, positive sign indicates the Mg2* adsorption and
the release of Nat; molar ratio of 1:2; g iron-sulfide precipitation

Well no. Type of system Process

Initiall Final2 a b c d e f g

10 31 Open 1.353 —-1.452 - 0.677 3.999 0.123 -0.073
10 31 Closed -0.991 - 1.452 0.677 3.999 0.123 -1.525
10 7 Open 0.833 —1.008 —0.0943 0.226 2.605 —0.905 -

10 6 Open 0.907 -0.771 0.010 0.282 2.440 —-0.905 -

10 6 Closed 0.136 - 0.781 0.282 2.440 —0.905 -0.771

1Initial Groundwater samples from well recharge area
2Final Groundwater samples from wellsin normal flow path

filtration into the aquifer in which calcite equilibrium is
the dominant process controlling water composition. The
sample from shallow wells in the transition area (Fig. 3)
is generally the Na-Ca-HCO; type, and the TDS content
ranges from 600-1,000 mg/L. The water from deep wells
is Na-HCO; type and has a TDS content of more than
1,000 mg/L.

Of the origina sample set (Table 2), four samples
from wells 10, 6, 7, and 31 were selected for use in the
inverse modeling of the hydrogeochemical processes in
the aquifer using the code NETPATH (Plummer et al.
1991). Well 10 (Fig. 1) was sampled because it is closest
to the quartzite outcrops on the groundwater divide, so
the flow path of the recharge is minimal and the water
sample should closely resemble the recharge water. Well
7 is a shalow well in the same flow line as well 10,
but about 1,000 m downgradient. Well 6, near the
El Cardalito Creek, isin aloca discharge area. The wa-
ter chemistry of well 31 is representative of all the deep
wells. Table 5 shows the molar concentration of the ma-
jor ionsin the groundwater from these wells. The follow-
ing processes, shown in Table 7, were involved in the in-
verse modeling: (1) calcite equilibrium, (2) dissolution
or outgassing of CO, in an open system, (3) gypsum dis-
solution (its precipitation is not possible according to the
saturation state of the solutions), (4) NaCl dissolution,
(5) Ca/Na exchange, (6) Mg/Na exchange, and (7) iron-
sulfide precipitation. These particular processes were se-
lected with regard to the mineralogy of the aquifer and

Hydrogeology Journal (2002) 10:393-408

3Constraint ignored

the saturation state of the included minerals. Dissolution
of NaCl was included to explain the chloride increase
along the groundwater flow path. Halite was not ob-
served in the aquifer, but, given the arid environment
during the sediment deposition in the late Pleistocene, it
is plausible to assume the presence of some chloride
salts.

The saturation index (Sl) of calcite in the normal-flow
condition (0.8 and 0.53; Table 2) indicates that the
system is in equilibrium or slightly supersaturated; some
samples exceed the 0-0.3 range considered normal for
fresh waters. Calcite oversaturation could take place as a
consequence of kinetic effects during dedolomitization
and/or simultaneous gypsum dissolution (Plummer et al.
1990). In the present case, gypsum dissolution could
contribute some to calcite oversaturation, but the higher
Sl values could be a result of sampling or analytical
errors. A delay in making the alkalinity measurement
could alow some CO, ingassing or outgassing, which
would affect the analytical results.

Several available models can mimic the changes in
composition from the water composition of well 10, lo-
cated in the recharge area and considered to have the ini-
tial composition, to the water composition of the wellsin
the transition area, wells 6 and 7 and the deep well 31,
are considered the final composition. The mass-balance
modeling using NETPATH provides as many as three
possible models that use different imposed constraints
and phases. In each case, one of the resulting models
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Table 8 Results of mass-balance modeling of seawater/fresh-wa-
ter mixing, Mar del Plata. Data from Table 7. Well locations are
shown in Fig. 1. Processes refer to: a percentage of seawater cal-
culated using chloride contents; b dissolution (positive sign) or
precipitation (negative sign) of calcite; ¢ dissolution (positive
sign) or outgassing (negative sign) of CO, open system; d oxida-
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tion of organic matter (CH,O) in redox process, e Ca/Na ex-
change, positive sign indicates the Ca2* adsorption and the release
of Na*; molar ratio of 1:2; f Mg/Na exchange, positive sign indi-
cates the Mg2* adsorption and the release of Na";molar ratio of
1:2; g iron-sulfide precipitation

WEell number (year sampled) Process
Initiall Final2 % (mmol/L)
a b c d e f g
Seawater W7 (‘50) W7 (‘57) 5.63 —2.007 - 0.692 -4.522 0.771 -0.687
Seawater W12 (*50) W12 (‘57) 4.66 -2.250 0.229 - -5.544 -0.401 -0.591
Seawater W3 ('48) W3 ('57) 0.03 -0.111 - - -0.058 -0.196 0.3063

lInitial Groundwater samples collected from wells in 1948 and
1950

does not include calcite equilibrium, which enhances the
gypsum-dissolution processes and iron-sulfide precipita-
tion. The models that include calcite equilibrium, how-
ever, are considered more likely to replicate aquifer con-
ditions because of the abundance of calcite in the aqui-
fer. Open-system models more closely simulate the ob-
served chemica changes, including calcite dissolution,
cation exchange, and outgassing of CO,; moreover, some
gypsum dissolution isinvolved. In Table 7, the results of
the five mass-balance models that were considered the
more realistic are shown. Five other models, including
those that do not involve calcite equilibrium, were dis-
carded.

Seawater intrusion

From a hydrochemical point of view, seawater intrusion
is a mixing problem and the NETPATH code is a useful
tool for analyzing it. To perform inverse modeling with
NETPATH, a transect consisting of three wells, W7,
W12, and W3 (Fig. 1), in arow roughly perpendicular to
the coast, was selected. The chemical analyses, shown in
Table 1, are of water samples collected from the wells
in 1950, before seawater intrusion was verified, and
samples collected in 1957 and 1958, after the saliniza-
tion problem was detected.

NETPATH solves mass-balance models by applying
the rule of phases; each major ion or chemical specieis
considered a phase. When mixing is solved, it is consid-
ered to be an additional phase, and one less phase is
needed to produce a complete model. The ion that is not
included in any of the phases is used to calculate the
mixing proportion according the formula:

(%)

where C; is the concentration of the chemical species in
the final composition, C, and C, are the concentrationsin
the initial solutions 1 and 2, respectively, and p; and p,
are the mixing proportions of seawater and groundwater
in the last collected samples.

Cf =p1.C1+pr.C

Hydrogeology Journal (2002) 10:393-408

2Final Groundwater samples collected from wellsin 1957
3Gypsum dissolution

A conservative ion, which does not participate in any
reaction, must be used to establish the mixing propor-
tions: chloride was chosen as the most convenient ion for
this study. Bocanegra et al. (1993) obtained the mixed
proportions of seawater (p;) and groundwater (p,) in
evaluating the extent of salinization of the Mar del Plata
aquifer by using only the chloride contents in the mass-
balance calculations. The conservative composition is
that resulting from the simple addition of the initial con-
centration of each ion C; and C, multiplied by the same
mixing proportion, p; and p,, obtained for chloride.

Comparing the major ionic composition of the last wa
ter sample from well W7, with the calculated conservative
composition reported by Bocanegra et a. (1993), the fol-
lowing differences were obtained (in meg/L): Na —29.5,
Mgzt -0.71, Ce2+ 17.4, HCO4; —2.49, SO, —6.14, and
Cl- 0.00. These differences can only be explained by the
occurrence of various chemical reactions during the mix-
ing process.

The chemical reactions included in the model depict-
ing mixing are the same as those used in the normal-flow
path modeling, plus the common reactions in fresh-
water/seawater mixing. Included in the models are the
mixing of seawater and freshwater in the selected wells
before salinization (1950), and the final composition of
the groundwater in each well after salinization (1957 or
1958, Table 6). The results, shown in Table 8, indicate
the proportion of seawater in the mixing ranges from
5.63% in well W7, the closest to the seaside, to 0.03% in
well W3, the farthest away. The transfer of mass caused
by calcite precipitation, Ca/Na exchange, and iron-sul-
fide precipitation is similar for wells W7 and W12.
Although only dlightly farther from the sea than well
W12, the mass transfer in well W3 is considerably less.

The chemical changes in groundwater composition in
the wells as a result of seawater intrusion, plotted in the
Piper diagram (Fig. 6), can be readily discerned visually.
From a tempora point of view, the changes from
19501958 in the water composition of wells W7 and
W12 appear to be significant, whereas the water compo-
sition of W3 is little changed. The cationic composition
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Fig. 6 Piper diagram showing
the chemical composition of
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of water from wells W7 and W12 moves from about 80
to about 60%meg/L of sodium. The changes in the an-
ionic composition of water in wells W7 and W12 are
most noticeable, moving from bicarbonate waters not ex-
ceeding 50%meg/L of chloride, to chloride waters of
more than 80%meg/L of chloride.

From a spatial point of view, no important chemical
differences existed between the three wells before the
marine intrusion, especialy in the anionic composition.
In the cationic composition, alittle difference can be ob-
served in well W3, which has a calcium content higher
than that in wells W7 and W12, as explained earlier in
the discussion of the normal flow evolution. The spatial
distribution in 1957, after the marine intrusion, shows
that water in the wells nearest the coast, W7 and W12,
shifted to a sodium chloride composition, whereas water
in well W3 remained a sodium bicarbonate water type.

The modeled results, shown in Table 8, exemplify
both trends. In the temporal trend, water in wells W7 and
W12 increased in chloride content because of seawater
mixing, and in calcium composition because of cation
exchange. Magnesium content decreased in well W7 and
increased in well W12. From a spatial point of view,
only the condition of the water in 1957 must be exam-
ined because, in 1950, the wells were in a normal-flow
condition. The analyses (Table 8) show a decrease in the
proportion of seawater in the wells in the inland direc-
tion from the coast, as would be expected.

Hydrogeology Journal (2002) 10:393-408

Hydrogeochemical 1-D Transport Model
Using the PHREEQM code, a flow tube 1,500 m long
was modeled to simulate piston flow in the transect be-
tween wells W7 and W12 at the beginning of the seawa-
ter intrusion process. The results of the inverse-geo-
chemical modeling (Table 8) were used to select the pro-
cesses to be included in the reactive-transport modeling.
The flow-tube was divided into 30 cells, each 50 m long
and each had their hydraulic parameters determined by
Bocanegra et a. (1995; dispersivity 200 m, velocity
0.5 m/day, porosity 0.3), and the previously-determined
mean cation-exchange capacity value (34.2 meg/100 Q).
The flow tube was initially filled with a chemica solu-
tion corresponding to the water in 1950 from the un-
salinized aquifer at well 7 (Tables 1 and 6). Seawater
was then allowed to enter in six increments from the
“upper” end of the tube until the solution reached the
same mixing characteristics as in well W7 in 1957. With
each increment, a volume of seawater entered equal to
the pore volume of a single cell, and each was called a
step. With each step, the solution in each cell moved
down and reacted, exchanged, and mixed with the next
cell. The number of steps divided by the number of cells
gives the number of pore volumes that flowed through
the column.

Throughout the modeling, calcite equilibrium was
maintained and the exchange reactions (Ca\Na, Mg\Na)
were allowed to progress. The resulting compositions of
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es in each cell of the modeled flow tube after six steps of water
mixing. Quality of theinitial filling solution corresponds to that in
the unsalinized aquifer (composition of well W7 in 1950) and sea-
water is entering by cell 1

the solution in each cell are shown in Fig. 7. The compo-
sition of the solution in each cell is not just from the
mixing of seawater and fresh water, but also from cation-
exchange and equilibrium processes. The increase in cal-
cium content from cells 1-6 reveals the importance of
the exchange processes. The exchange reactions are:

2Nat +Ca—X» & 2Na—X + Ca>t (6)

()

where X indicates the soil exchanger. The constants used
for the reactions are calculated by PHREEQM using the
equivalent fraction of exchangeable cations (Appelo and
Postma 1993). Figure 8 shows the amounts of calcium,

2Na' +Mg—X; < 2Na—X +Mg?"
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magnesium, and sodium attached to the exchanger sur-
face in each cell at the end of the six steps. From inland
(cell 30) to the coast (cell 1), from fresh water to increas-
ingly saline water, the adsorbed sodium concentration in-
creases, and, conversely, calcium isreleased, reducing its
adsorbed concentration. Small amounts of magnesium
were also released in cells 1-6. Magnesium was ad-
sorbed in the cells that represent the more continental
areas.

The composition of the groundwater from W7
(Table 6), the well closest to the coast, corresponds to the
composition of the solution in cell 18 because this cell
represents the equivalent distance from the coast. This
cell is nearly the last one that clearly shows the effects of
seawater mixing, and, therefore, was used to calibrate
the model. A Schoeller diagram, illustrating the fit be-
tween the W7 water composition in 1957 and the cell 18
water composition in the model, is shown in Fig. 9.

Discussion

Analysis of the chemical changes along flow paths
shows a variation in the cation composition, both in the
normal-flow direction (Fig. 5) and along the seawater in-
trusion path (Fig. 6). Cation exchange is the most feasi-
ble explanation of the observed changes, but aternative
hypotheses might be considered, mainly carbonate-equi-
librium control of the akaline-earth elements and/or a
proportional sodium increase because of the high solu-
bility of sodic salts. However, these alternatives would
not be applicable in this marine-intrusion case because a
sodium deficit and calcium excess cannot be explained
on the basis of the solubility of the salts of these ions.

The results of inverse modeling obtained from the
normal-case flow indicate that calcium/sodium exchange
(with calcium uptake and sodium release) and calcite
equilibrium are the two dominant geochemical processes
controlling the groundwater composition. Nah\Mg?*+ ex-
change is probably a subordinate process. The observed
order of affinity in water contacting the agquifer matrix is
Caz*>Mg?>Na.

The strong increase in chloride in the groundwater
from seawater intrusion is explained by the mixing of the
waters. the seawater has about 19 g/L of Cl-. In the case
of marine intrusion, the exchange process is reversed.
Sodium is removed from solution and calcium is re-
leased. Magnesium exchange is a secondary process.
The cation replacement order during seawater intrusion
is Nat>Mg2+>Ca2*. Magnesium is released in the first
steps of the process, but is later adsorbed. This processis
shown in the 1-D transport model (Fig. 8). Reversal ex-
change of cations occurs when the adsorbed concentra-
tions of sodium and calcium are equal. This fact is relat-
ed to the Caz'\Mg?* exchange, which is implicitly mod-
eled.

The direction of areaction of thistypeis:
Na® +1/2M—X, & Na—X +1/2M** ®
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Fig. 9 Schoeller diagram com- 100
paring composition of ground-
water in well W7 in 1957 with
of solutionin cell 18. Position
of cell 18 correspondsto the

distance of well W7 from the

seacoast. Data from Table 2.
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where M represents a divalent cation, controlled by an
equilibrium coefficient

Kam = [Na—x] [M*4]% /[Na™] M=, ©)
The equilibrium coefficient (Ky,\\) depends on the type
of exchanger (X) in the aquifer and also on the water
composition. Equation (9) indicates the importance of
the ion ratios in determining the sense of the ex-
change reaction. The molar-ion ratios for seawater are
Ca/Na=0.022 and Mg/Na=0.12 (Table 1), whereas for
groundwater in equilibrium with the aquifer matrix the
ratios for Ca/Na are 0.049-0.076 and for Mg/Na they are
0.040-0.064. When these waters mix, the ionic ratios
move away from equilibrium with the aquifer matrix.
The equilibrium then tends to be restored by calcium re-
lease and sodium uptake. The greater selectivity for cal-
cium rather than sodium leads to an initial magnesium
release and calcium uptake in the Ca\Mg exchange, until
the sodium and calcium concentrations become equal
and this, in turn, leads to magnesium adsorption and so-
dium release.

Calcite equilibrium controls calcium concentrations
in solution throughout the aquifer. The higher saturation
index (SI) values are in samples from shallow wells in
the water divide area (Fig. 1), and the lower values arein
deep-well samples (Table 2). This relation is probably
related to the adsorption of calcium along the flow path,
which decreases the ionic-activity product (IAP). Calcite
dissolution is greater in shallow groundwater as a result
of the higher partial pressure of carbon dioxide (Pcqp)
(log Peop —1.69) caused by respiration by the roots of
plants. The seawater-fresh-water mixing produces an in-
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crease in Sl values with respect to calcite (Table 1), and
thisleadsto its potential for precipitation.

No significant changes were observed in the anion
composition of the groundwater along the normal-flow
path; bicarbonate waters prevail because of the uncon-
fined nature of the aquifer and the important role of calcite
equilibrium. Differences in sulfate concentration are not
very important, but there is a genera decline in sulfate
concentration downgradient. Gypsum precipitation and
iron-sulfide formation could influence this process. Iron-
sulfide formation may be the dominant process controlling
the decrease in sulfur concentrations in the seawater/fresh-
water mixing area, where gypsum precipitation cannot oc-
cur because the solution is undersaturated with respect to
gypsum. This process is described by Nadler et al. (1980)
as occurring in many marine intrusion aress.

Conclusions

The most important geochemical processes controlling
groundwater composition in the Mar del Plata aquifer
are cation exchange and calcite equilibrium. Some iron-
sulfide precipitation occurs, especialy in the seawa
ter/fresh-water mixing zone.

The replacement order of cations during cation ex-
change varies according to the particular location of the
water in the aquifer relative to the recharge area and the
interface with seawater. As groundwater flows from re-
charge to discharge areas, the cation-replacement order
for cation exchange is Ca2*>Mg2*>Na*. When the flow
direction is reversed and seawater intrusion occurs, the
replacement order during cation exchanges is also re-
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versed and becomes Nar>Mg2t>Ca?*. Early in the sal-
inization process, calcium is adsorbed and sodium and
magnesium are released. When the adsorbed concentra-
tions of calcium and sodium become equal, magnesium
then becomes adsorbed. The shallow-groundwater zone
in the aquifer is oversaturated in calcite, but in the deep
zone of the aquifer calcite reaches equilibrium (SI=0) as
aresult of calcite precipitation and calcium adsorption in
the flow path. Mixing with seawater produces an Sl in-
crease that leads to calcite precipitation.

The study also shows that the different zones of
groundwater flow in the Mar del Plata aquifer can be
characterized by various hydrogeochemical features. The
relationship between flow zone and hydrochemical envi-
ronment should be considered when specific analyses of
solute transport (i.e., contamination studies) are per-
formed. Moreover, the different affinity of the solid
phase for mono or divalent cations in relation to the sea-
water-mixture proportion is an aspect that should be con-
sidered in many geochemical problems.
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