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A B S T R A C T

The Pampean aquifer, in south east Argentina, is mainly constituted of loess-like sediments. These are clastic
sediments mainly composed of quartz and aluminosilicates and calcrete concretions. Its hydrochemistry is
generally studied assuming a chemical equilibrium between mineral phases and the aqueous fluids. The phases
forming the matrix of this aquifer are considered to be the reactive phases responsible for the chemistry of the
groundwater. In the present study, batch dissolution experiments were performed on calcrete and loess to better
understand the source of the Pampean aquifer water chemistry and to measure the benefit of applying water-
rock interaction models that use kinetic rate laws instead of thermodynamic equilibria. The different minerals
composing the loess and calcrete samples were calculated using quantitative Rietveld refinement of X-ray
powder diffraction (XRD) patterns. This analysis showed that the major phases of loess are quartz (~30 wt%)
and feldspars (~70 wt%). The main components of calcrete are calcite (~95 wt%) and quartz (~5 wt%).
Scanning electron microscopy with energy dispersive X-ray microanalysis (SEM/EDXS) was used to provide
detailed information about the chemical composition of the powder samples, revealing the presence of traces of
minerals like halite, barite and fluorapatite, which were not detected by XRD. The kinetic code KINDIS was used
to carry out simulations using the minerals identified previously in their relative proportions to identify the
signature of those geochemical phases on water chemistry. Experimental data from batch dissolution experi-
ments were compared to simulated data. This investigation showed that water reached pseudo steady state
concentrations due to the presence of fast dissolving phases like halite, barite, gypsum, plant phytolith. These
phases appeared to be of major importance in controlling the chemical composition of the Pampean ground-
water. Furthermore, this work showed that the KINDIS software can be used on all kinds of aquifers as it is very
easy to modify the parameters of the simulation to adapt it to numerous situations. The modeling is a very
important tool for thermodynamic and kinetic studies of groundwater chemistry; it enables the prediction of
water quality and can help to understand the impact of anthropic or natural contamination on the groundwater.

1. Introduction

The Pampean aquifer exists in a large area (over one million km2) in
the geographical region of Argentina, known as Chaco-Pampean Plain
(CPP). This aquifer is of major importance as it provides water for the
population, agriculture and industry, which is related to 60% of the
national gross domestic product (GDP) of the country (Schultz and
Castro, 2003). The Pampean sediments are a series of sedimentary
deposits; mainly silt, fine sand and clayed grain size, which are mostly
of aeolian and fluvial origin and Upper Cenozoic age (Frenguelli, 1956).
From a hydrogeological point of view, these sequences form an

unconfined-semi confined aquifer system. It is constituted mainly by
loess which is predominantly silt-sized clastic sedimentary rocks with
approximately 20% of quartz and up to 70% of feldspars. Limestone (or
calcrete) is also present from 2 to 4%. The occurrence of amorphous
silica phases like volcanic glass or biogenic silica from plant phytoliths
has also been extensively documented (Bundschuh et al., 2004;
Bhattacharya et al., 2006; Borrelli et al., 2008; Borrelli et al., 2010;
Martinez and Osterrieth, 2013; Osterrieth et al., 2015). In general, the
soil composition is homogeneous, and most of its components originate
from volcanic eruptions (Teruggi, 1957; Tricart, 1973).

The water of the Pampean aquifer has high concentrations of
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hydrogencarbonate, and sodium, with sodium being the dominant ca-
tion. The concentration of hydrogencarbonate varies between 300 mg/
L to 700 mg/L and Na+ concentration ranges from 50 to 250 mg/L.
Ca2+ concentration is approximately 70 mg/L (Martínez and
Bocanegra, 2002). Another characteristic of the Pampean aquifer is the
elevated dissolved silica (SiO2) concentrations which are approximately
65 mg/L (Martinez and Osterrieth, 2013). Some trace elements like
barium (45 μg/L), and vanadium (50 μg/L), were also detected
(Smedley et al., 2002). The groundwater quality varies greatly because
of the presence of contaminants like fluoride, which is the monoatomic
anion of fluorine F−, and arsenic (Nicolli et al., 1989; Alarcón-Herrera
et al., 2013). In the province of Buenos Aires, arsenic concentration can
reach 23 to 289 μg/L (Al Rawahi et al., 2015), and fluoride con-
centration is about 1.0 mg/L (Martinez and Osterrieth, 2013), whereas
in central Argentina arsenic and fluoride concentration can be as high
as 4.8 mg L−1 (Bundschuh et al., 2004), and 28 mg L−1 respectively
(Smedley et al., 2002).

Because of the major importance of the Pampean aquifer, its hy-
drochemistry has been studied for decades, in order to identify the
processes that control the chemical composition of the groundwater,
and to assess the evolution of water quality over time. Although mod-
eling the water composition using geochemical codes implemented
with dissolution/precipitation rate laws has already been extensively
applied for limestone or sandstone aquifers (Nadler et al., 1980; Bullen
et al., 1996; Mangeret et al., 2012; Antoniou et al., 2013), a similar
approach on loess-like aquifers is currently missing, and is restricted to
the modeling of processes such as adsorption dynamics (Chen et al.,
2005; Huo et al., 2013). In fact, most of the previous studies aimed at
understanding the groundwater composition of the Pampean aquifer
were generally based on the chemical equilibrium theory (Logan et al.,
1999; Martínez and Bocanegra, 2002; Glok Galli et al., 2014; Martinez
et al., 2014; Zabala et al., 2015), which follows the usual perspective
from the pioneering work of Garrels and Christ (1965). These studies
indicate a dominance of silicates in the aquifer matrix composition,
which are minerals with slow dissolution rates, making the equilibrium

concept questionable. Nevertheless, this conceptual model strongly
depends on fluid residence time, and the importance of silicate solu-
bility has been demonstrated for some aquifers (Zhu, 2005; Zhu et al.,
2006).

Therefore, the question is still pending for the Pampean Aquifer.
One of the goals of this study is to go beyond the thermodynamic
equilibrium approach and to introduce time-dependence of reactions to
the understanding of geochemical processes.

Another purpose of this study is to unravel the origin of the che-
mical composition of the Pampean aquifer. The phases forming the
solid matrix of this aquifer are considered to be reactive minerals and
are used for hydro-geochemical interpretations. Other sedimentological
or mineralogical studies, such as the pioneering work of Teruggi (1957)
have stated the composition of this matrix. Few articles, where che-
mical equilibrium is considered, include determining the composition
of the solution and the reactive phases (Martinez and Osterrieth, 2013;
Dietrich et al., 2016). Minor fast-dissolving solids like salts or amor-
phous phases may play an important role in the evolution of under-
ground waters in the Pampean aquifer. Also, few surveys considered the
accessory minerals to study issues such as fluoride pollution (García
et al., 2012; Borgnino et al., 2013), which could come from the dis-
solution of phases like volcanic glass (Nicolli et al., 1989; Gómez et al.,
2009; Nicolli et al., 2012; Martinez et al., 2012). Another source of this
contamination could be the release of fluoride originally co –pre-
cipitated with calcite (Kitano and Okumura, 1973); present as an im-
purity in limestone in the order of 220 μg/g (Garcia et al., 2006), or
desorption from surface of oxides under alkaline conditions (García
et al., 2014; Cury et al., 2015).

Overall, the aim of this paper is to shed light on the origin of the
chemical composition of groundwater in the Pampean aquifer and to
assess the use of water-rock simulations in this context, based on a ki-
netic assumption, using on laboratory experiments and/or field data.

Fig. 1. Location of the studied area.
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2. Material and methods

2.1. Sample collection

Samples of calcrete and loess-like sediments were collected from an
outcrop in the area of Mar del Plata in the province of Buenos Aires,
Argentina (“S38°05′17. 27”, “W57°39′14. 71”) (Fig. 1). This area was
chosen as being a representative area of the mineralogical composition
of the Pampean aquifer in this sector of the Pampa plain. Furthermore,
the outcrop includes both loess-like and calcrete sediments which were
collected from a non-saturated zone with the same sedimentary com-
position as the Pampean aquifer. No treatment like rinsing was initially
done on the samples used in the mineralogical investigations detailed in
Sections 2.2, in order to preserve the soluble salts that can exist, such as
ocean aerosols precipitated during dry periods in the non-saturated
zone.

2.2. Mineralogical analyses

2.2.1. B.E.T reactive surface area
The specific surface area of the samples was measured using the

Brunauer–Emmett–Teller (BET) methodology (Fagerlund, 1973). The
analyses were performed on the calcrete and loess samples in the
CINDECA laboratory, La Plata, Buenos Aires.

2.2.2. X-ray diffraction and Rietveld refinement
The mineralogical composition of calcrete and loess samples was

characterized by X-ray diffraction (XRD). Sample preparation proce-
dure consisted of grinding the rocks finely enough to make sure that the
powder could be mounted so that there were as many random grain
orientations as possible. Mineralogical analyses were carried out on
each sample that was subjected directly to powder XRD study.
Diffraction data were collected using a Bragg-Brentano diffractometer
model D5000, from Bruker AXS, equipped with a copper anode (Cu Kα
radiation). The conditions for generating the X-ray beam were 30 mA
and 40 kV. Scans were taken for 2θ ranges from 3 to 65° with 0.03°/s
steps, and a counting time of 25 s per step. Rietveld refinements were
carried out with the program Fullprof (Rodríguez-Carvajal, 2001), fol-
lowing a standard procedure described in Daval et al. (2009). The re-
finement of calcrete was realized with calcium carbonates and quartz as
the dominant phases. Calcium carbonates, quartz and albite phases
were chosen for loess refinement. In brief, peaks were defined as being
pseudo-Voigt with a variable percentage of Gaussian-Lorentzian char-
acter. The background consisted of 45 selected points with linear in-
terpolation between them. Starting values for cell parameters, as well as
atomic positions and atomic displacement parameters, were taken from
previously published crystal structure refinements (Markgraf and
Reeder, 1985; Levien et al., 1980; Prewitt et al., 1976).

A Lebail refinement with constant scale factor was first performed
with the following steps: (1) the surface displacement and the zero
delay of the goniometer parameters were refined, followed by (2) the
refinement of the unit cell dimensions of the phases; (3) pseudo-Voigt
mixing parameters were refined (η0 and X), followed by the parameters
(U, V, W and IG) of the modified Cagliotti function. This iterative
procedure was stopped when the reduced χ2 reached a minimum or
became unstable. All the parameters were then fixed, subsequently
permitting the Rietveld refinement, leading to refinement of scale fac-
tors and atomic positions of the major phases. The quality of the fit
between the calculated and observed diffraction-profiles was evaluated
using standard indices of agreement, such as the reduced χ2 index de-
fined by Rodríguez-Carvajal (2001).

2.2.3. SEM/EDXS
A conventional scanning electron microscope (TESCAN model Vega

2) equipped with an Energy Dispersive Spectrophotometer (Pegasus
XM4) was used for X-ray microanalyses to identify mineral phases in

the powder samples. The solid samples were sprinkled onto adhesive
carbon tapes supported on metallic disks and put forward for analysis.
Energy dispersive X-ray spectra of the particles were acquired and the
characteristic X-ray emission intensities of the mineral-forming ele-
ments were measured.

2.3. Clastics and calcrete dissolution in batch experiments

Dissolution experiments were carried out using batch experiments.
All experiments were performed in 50 mL polyethylene tubes with
plastic screw caps. 2,5 g of crushed calcrete or loess were added into the
tubes and filled up to 50 mL of deionized water (pH 5.7).

A fraction of the solid samples was initially rinsed three times with
milliQ water and once with ethanol. On the other hand, non-rinsed
samples were also prepared.

The reaction tubes were continuously agitated using a motorized
orbital shaker table at about 200 rotations per minute. Batch experi-
ments conducted on rinsed samples were run over different durations of
time; ranging from 1 to 360 min. Samples were collected after 1 min,
3 min, 10 min, 30 min, 60 min, 180 min and 360 min. Dissolution ki-
netics measured on non-rinsed samples were collected by varying the
contact time from 1 min to 1020 min. The first tube of the series was
recovered after 1 min, while the 13th tube was recovered after
1020 min. The pH of the supernatant solutions was measured at each
time. All experiments were run in triplicates. Aliquots of each suspen-
sion were obtained and filtered through 0.45 μm Millipore filters.

2.4. Chemical analyses of the water samples from batch experiment

Dissolved silica was analyzed by using the silicomolybdate complex
colorimetric method described by Horwitz et al. (1970). For the present
work, the zirconium/alizarin red S method of Meyling and Meyling
(1963) was used to quantify fluoride concentration. Fluoride forms a
complex with zirconium which is responsible for a decrease in absor-
bance. The colored zirconium/alizarin complex is destroyed and a
colorless zirconium fluoride complex is formed. Finally, sulfate con-
centrations were measured by the turbidimetric method (Tabatabai,
1974). Absorbance was measured using a UV-VIS spectrophotometer
BrabdBioTraza Model 752 set to detect silica at 640 nm, fluoride at
540 nm and sulfate at 420 nm.

A flame photometer, brand CrudoCamaño, supplied with inter-
changeable filters was used to determine the concentrations of aqueous
Ca2+ and Na+.

2.5. Numerical simulations with KINDIS software

2.5.1. Stability diagrams
The software KINDIS (KINetic of DISsolution) (Madé et al., 1994)

was developed at the LHYGES (Laboratory of Hydrology and Geo-
chemistry) in Strasbourg, France. It integrates kinetic rate laws for
dissolution reactions and thermodynamic laws applied to aqueous
chemical speciation calculations during water-rock interaction simula-
tions. The chemical composition of the water samples measured in
batch experiments was used for geochemical modeling with KINDIS.

Using the cation [Na+] and [Ca2+] to proton activity [H+] ratios,
the measured compositions were plotted in stability diagrams
(Khorzinskii, 1965). The construction of these diagrams was done by
plotting the concentration of calcium or sodium as a function of the
measured orthosilicic acid concentration using the equilibrium condi-
tions at a given temperature against the formation of various secondary
phases for precipitating from solution. Every point in the diagram
corresponds to different contact time durations between the sample and
the solution from the batch experiments.

2.5.2. Kinetic modeling
Simulations of dissolution kinetics were carried out with KINDIS. As

M. Vital et al. Catena 160 (2018) 112–123

114



described in Madé et al. (1994), the simplified equation used to simu-
late the dissolution rate of a mineral m in the KINDIS geochemical code
can be written as:

= −+v K S a (1 Q K )S
dm

pH
dm

eff
m

n
H m m

where kdmpH is the constant of the apparent dissolution rate intrinsic to
mineral m at a given pH [mol/m2/year]; Smeff is the effective or reactive
surface area at the mineral/aqueous solution interface [m2/kg H2O];
aH+

n is the activity of the [H+] ions in the aqueous solution, where n is
a real exponent with a generally positive value in acidic solutions, zero
in neutral solutions and negative in basic solutions. (1 − Qm/Km) re-
lates the dissolution rate to the saturation index of mineral m in an
aqueous solution, where Qm is the ionic activity product and Km is the
thermodynamic equilibrium constant known for the given temperature
and pressure conditions from the database THERMODDEM (Thermo-
chemical and Mineralogical Tables for Geochemical Modeling), from
the Bureau de Recherches Géologiques et Minières (BRGM). The para-
meters of the apparent dissolution rate intrinsic to mineral m at a given
pH were taken from Palandri and Kharaka (2004) and Fraysse et al.
(2009) (Table 1). The reactive surface area was obtained from the
previously measured B.E.T surface area of loess and calcrete. The pH of
5.7, which corresponds to pure water in equilibrium with atmospheric
CO2 pressure, was considered the initial pH.

The simulations were first run with the minerals detected and
quantified by XRD and Rietveld analyses performed on loess and cal-
crete samples and named Simulation 1 (Tables 3 and 4). When the
minerals were only detected by SEM/EDXS and not XRD, their pro-
portions were considered to be less than 2 wt% of the whole sample,
corresponding to the estimated detection limit of the XRD analyses. The
simulations named Simulation 2 were run with the minerals detected by
XRD and SEM/EDXS in loess and calcrete. In a third simulation, the
amount of each mineral was adjusted to fit the experimental data. At-
tempts of adjusting the results of the model to the experimental con-
centrations of silica were realized first by adding phases like biotite or
plant phytolith, because Osterrieth and Martínez (1993) demonstrated
that the latter phases are more altered than volcanic glasses and are
probably responsible for the high concentration of silica in the Pampean
aquifer. A second step to adjust the concentration of fluoride consisted
of adding F-biotite or fluorite into the simulations and of modifying the
nominal composition of calcite in the thermodynamic database of
KINDIS, by including 0.1% of fluoride impurity. This value corresponds
to the proportion of fluoride that could be present in calcite as an im-
purity (Kitano and Okumura, 1973; Garcia et al., 2006).

An ultimate set of simulations was run over 60 years, which is
considered to be an average of the residence time of the Pampean
aquifer (Martínez et al., 2016). Simulations with only the major mi-
nerals (detected by XRD) were compared to simulations including all
the minerals and their proportions that were needed to fit the experi-
mental data from batch experiments.

The software INFOSTAT (Di Rienzo et al., 2011) was used to

calculate the Root Mean Square Deviation. This represents the sample
standard deviation of the differences between calculated values and
observed values. The best fit between the experimental data and the
simulated data was obtained when the RMSD is close to 0.

3. Results

3.1. Mineralogical analyses

3.1.1. B.E.T reactive surface area
The measured B.E.T reactive surface area of loess was 56.63 m2/

g ± 0.80 m2/g and 41.73 m2/g ± 0.11 m2/g for calcrete (Vital et al.,
2015).

3.1.2. X-ray diffraction and Rietveld refinement
The results of the Rietveld refinements represent the final output

from each sample when the best possible fit had been achieved between

Table 1
Values of dissolution constant k used in KINDIS software.

k (mol/m2/year)

acid neutral basic

Calcitea 1.6 × 107 4.89 × 101 1.04 × 104

Quartza 3.22 × 10−4 3.22 × 10−7 1.62 × 10−9

Labradoritea 4.26 × 10−1 3.88 × 10−4 3.88 × 10−4

Fluoroapatitea 5.68 × 103 3.15 × 10−1 3.15 × 10−1

Baritea 3.94 3.94 × 10−1 3.94E-01
Halitea 1.92 × 107 1.92 × 107 1.92 × 107

Gypsuma 5.05 × 104 5.05 × 104 5.05 × 104

Fern phytolithb 1.21 10−4

a Values of k from Palandri and Kharaka (2004).
b Values of k from Fraysse et al. (2009).

Fig. 2. Rietveld Best-fit matching for (A) loess (1) and (B) calcrete (1) samples. The red
dots corresponds to the diffraction pattern from X-ray diffraction. The black line is the
result of refinement with Rietveld. The vertical black lines correspond to the Bragg po-
sitions of (1) calcite, (2) quartz and (3) albite, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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the observed and calculated XRD patterns. The final output of the first
samples of loess (A) and calcrete (B) can be seen in Fig. 2. The typical
Bragg peaks for quartz at 2θ= 26.7° can be observed in Fig. 2A. The
second highest peak at 2θ = 27.84° is representative of feldspars like
albite. In Fig. 2B, calcite is detected with a characteristic peak at
2θ= 29.42° (Downs and Hall-Wallace, 2003). Importantly, the dif-
fraction from crystalline substances is characterized by well-defined
Bragg peaks in X-ray diffraction, whereas amorphous substances do not
show sharp Bragg peaks. Consequently, the results obtained thereafter
do not consider the amorphous biogenic phases or volcanic ashes that
can be found in the Pampean aquifer and can constitute up to 30 wt% of
the solid samples (Teruggi, 1957).

The results of the mineral quantification and an estimate of the
overall goodness of fit of each analysis are provided in Table 2. In the
crystalline part of the sample powders, quartz is found in all the sam-
ples ranging in abundances from 20 to 30% in loess and less than 6% in
calcrete. The major components of loess are plagioclases like albite and
represent over 70% of the samples. Calcite is present in significant
proportions in calcrete (over 90%) but not detected in loess. The overall
goodness of fit, expressed by χ2, ranges from 3 to 6, indicating that the
simulated patterns are in close agreement with the measured dif-
fractograms.

3.1.3. SEM/EDXS
The SEM/EDXS provides information regarding the mineralogical

composition of the samples based on chemical analyses. The analyses of
loess samples allowed the identification of albite (NaAlSi3O8), and
other plagioclases with various Ca2+/Na+ proportions, like labradorite,
were also detected. SEM/EDXS characterization of calcrete confirmed
the preponderance of calcium carbonates (CaCO3). Halite (NaCl), barite
(BaSO4), (Fig. 3A), and fluorapatite (Ca5(PO4)3F), (Fig. 3B), were
identified in both loess and calcrete samples.

3.2. Numerical simulation with KINDIS

3.2.1. Stability diagrams
The aqueous speciation was calculated with the KINDIS software in

order to plot the results of the chemical composition of the water
samples in contact with non-rinsed sediments, and estimate the stability
of minerals against the solution composition. In general kaolinite and
montmorillonite are the stable minerals pointing out the dissolution of
plagioclase feldspars during batch experiments (Fig. 4), for which an-
orthite and albite represent the end-member feldspars. The horizontal
line indicates the saturation with respect to calcite. The position of the
line depends on the pCO2. Here the pCO2 has been considered as that of
atmospheric levels (10–3.5) which defines Log (Ca+2)/(H+)2 = 13.02
at equilibrium with calcite. Water samples of the batch experiment are
generally very close to calcite saturation, showing that the solution
reaches apparent steady-state values very quickly.

For both loess and calcrete, at 25 °C, the aqueous solutions are sa-
turated with respect to quartz when log(H4SiO4) > −4 and they be-
come saturated with respect to both quartz and amorphous silica when
log(H4SiO4) > −2.7.

Again, the aqueous samples reached SiO2 saturation within the first
hour of reaction.

3.2.2. Dissolution kinetics of loess
The concentrations measured at each time in the batch experiments

were represented as a function of time, both for the rinsed and non-
rinsed samples (Fig. 5). In both cases, steady-state concentrations were
reached within the first minutes of reaction. The pH of the solutions
were 7.5 for the experiments conducted on rinsed samples, but lower
than the 8.2 value observed for non-rinsed samples. The concentrations
of calcium and sodium are also lower (10–4.5 mol·L−1 of Ca2+

vs.10–2.5 mol·L−1 for non-rinsed samples, and 10–3.2 mol·L−1 of Na+

vs.10–2.8 mol·L−1). Fluoride concentrations increase up to
10–4.2 mol·L−1 in the experiments conducted on non-rinsed samples,
whereas no fluoride was detected when the samples were rinsed. On the

Table 2
Weight percentages of the different minerals in calcrete and loess samples calculated from Rietveld refinement of XRD patterns and overall goodness of fit (χ2 value). Note that this value
should approach 1.0 for a perfect fit between the measured and modeled patterns.

Loess (1) Loess (2) Loess (3) Calcrete (1) Calcrete (2) Calcrete (3)

Wt% Wt% Wt% Wt% Wt% Wt%

Calcite 0 0 0 98.70 94.91 94.61
Quartz 22.29 27.77 30.36 1.30 5.09 5.39
Albite 77.71 72.23 69.64 0 0 0
×2 5.74 5.55 5.86 3.93 3.97 3.49

Fig. 3. SEM/EDS spectra of (A) fluorapatite and (B) barytine found in loess and calcrete.
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contrary, the concentration of SiO2 was not influenced by the treatment
of the sediments. Sulfate values were up to 10–3.8 mol·L−1 in non-rinsed
samples experiments, but it could not be detected in experiments con-
ducted with the rinsed samples.

3.2.2.1. KINDIS simulations run using the results of Rietveld
refinement. The results of experimental and simulated data obtained
in this study were plotted as log (concentration) vs. time (Fig. 5). As a
first test, Simulation 1 was realized with the results of Rietveld mineral
quantification (i.e. 22.77% of quartz and 72.23% of feldspars like
albite, see Table 3, Simulation 1). Note that the proportions of feldspars
with varying chemical compositions are difficult to evaluate on the sole
basis of XRD patterns. Although albite was chosen as a model mineral
for the Rietveld refinement, SEM/EDXS observations revealed that
plagioclase feldspars with various Na+/Ca2+ ratios were present in
the powder. Because of its intermediate chemical composition between
the albite and anorthite end-members, the kinetic simulations were
realized with labradorite, whose dissolution kinetics is intermediate to

that of anorthite and albite, such that this approximation has only
limited consequences on the results of kinetic simulations performed
with KINDIS.

Strikingly, the modeled pH and concentrations of Na+ are system-
atically underestimated compared to the measured concentrations in
the batch experiments (Fig. 5). The modeled concentrations of Ca2+ are
in good agreement with the concentrations measured for the experi-
ments conducted on rinsed samples, but are at odds with the results
obtained in experiments conducted on non-rinsed samples. Conversely,
the concentration of SiO2(aq) in the model is close to the experimental
data.

3.2.2.2. Simulations run using the results from Rietveld refinement and
SEM/EDXS analyses. To obtain a better fit of the experimental results, a
dissolution simulation named Simulation 2 was realized, including the
accessory minerals detected by SEM/EDXS. Barite, halite and
fluorapatite were added in the simulation, considering that they
represent 2% of the total sample weight each (Table 3, Simulation 2),

Fig. 4. Stability diagrams for the water samples from loess
and calcrete dissolutions. The vertical lines indicate the
limits of saturation of quartz and amorphous silica and the
horizontal line represents the limit of calcite saturation.
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which corresponds to the estimated quantification limit of our XRD
apparatus. With the addition of 2% of halite, the simulated
concentration of Na+ increases and becomes higher than the
experimental concentration of Na+. Nevertheless, pH and equilibrium
concentration values of Ca2+ and F− are still lower than the
experimental results of non-rinsed samples. When the simulation is
run with 2% of barite, the concentration of sulfates is well fit but the
concentration of barium is 10−4 mol·L−1. Of note, Farías et al. (2003)
and Smedley et al. (2002) measured the concentration of Ba2+ in the
Pampean aquifer at around 10−6 mol·L−1. Decreasing the proportion
of barite in the simulation to reach natural conditions values leads to a
decrease of sulfate concentration accordingly.

3.2.2.3. Fitting pH, sulfate and Ca2+ concentrations. To counter balance
the effect of decreasing the proportion of barite, it may be necessary to
add other sulfate-bearing minerals such as gypsum to model loess
dissolution. Calcite must be added as well to increase the pH and
calcium concentrations and to match the pH and Ca2+ concentration of
non-rinsed samples. For the next step, simulations were run with the
proportion of minerals indicated in Table 2 (Simulation 3). Those
values were adjusted to obtain the best fits between the outputs of the
numerical simulation and the concentrations measured experimentally
in experiments run with non-rinsed sediments. The addition of calcite
raised the pH and resulted in an increase of the simulated calcium
concentration. Adding CaSO4 increased the sulfate concentration. The
addition of CaCO3 and CaSO4 resulted in a decrease of fluoride
concentration. When the proportions of all minerals were adjusted in
the model to match the experimental results, the steady-state

concentration of SiO2(aq) in the model decreased accordingly.

3.2.2.4. Fitting silica concentration. Martinez and Osterrieth (2013)
showed that the dissolution of amorphous silica phases like
silicophytoliths is responsible for the high concentration of dissolved
silica in the water of the Pampean aquifer in the study zone. To the best
of our knowledge, no rate data for the dissolution of the grass
phytoliths, which represent the prevalent phytoliths of the Pampean
aquifer, actually exists. Nevertheless, Fraysse et al. (2009) determined
the dissolution rate of phytoliths extracted from fresh biomass of other
representative plant species; therefore the rate of fern phytolith was
chosen for this simulation. The measured silica concentrations from
loess dissolution experiments were compared with the concentration of
aqueous silica obtained with Simulation 3, corresponding to dissolution
without phytoliths (Fig. 6). In Simulation 4, where the proportion of
plant phytolith was raised to 10%, there was a stronger correlation
between the simulated and the experimental data. On the other hand,
adding biotite in the model meant that no adjustment could be made in
order to match the experimental concentrations.

3.2.2.5. Fitting fluoride concentrations. Several tests were done to fit the
outputs of the simulation to the measured concentrations of fluoride. A
first step consisted of adding 2% of minerals like fluorite or F-rich
biotite. Another way consisted of modifying the chemical composition
of calcite in the thermodynamic database of KINDIS by adding a minor
proportion of fluorine. Neither F-biotite and fluorite, nor the addition of
calcite impurity could improve the agreement between modeled and
the measured concentrations.

3.2.3. Dissolution kinetics of calcrete
The results of experiments conducted on rinsed and non-rinsed

samples are shown in Fig. 7. The consequences of rinsing the samples
resulted in lowering the pH (from 8.2 to 7.8) as well as the sodium
concentration (10–3.5 mol·L−1 vs 10−3 mol·L−1). Also, the fluoride
concentration in the experiments run with non-rinsed calcrete is close
to10–3.9 mol·L−1, whereas no fluoride could be detected when the
samples were rinsed.

3.2.3.1. KINDIS simulations run using the results of Rietveld
refinement. To model the dissolution kinetics of calcrete, a first
simulation was performed using the mineral proportions quantified

Fig. 5. Plot of the experimental concentration
from batch dissolution of the loess sample and
the simulated dissolution kinetics (simulation 1,
Simulation 2, Simulation 3).

Table 3
Proportion of minerals for loess kinetic dissolution simulations in KINDIS software.

Sim. 1 Sim. 2 Sim. 3

Wt% Wt% Wt%

Quartz 27.77 24 27
Calcite 0.1
Labradorite 72.23 70 71
Halite 2 0.2
Gypsum 0.1
Barite 2 5 × 10−4

Fluorapatite 2 2
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by Rietveld refinement (Table 4, Simulation 1). Compared to the results
obtained on non-rinsed samples, the simulation carried out with
94.61% calcite and 5.39% of quartz (Fig. 7) shows a strong
agreement between the measured and modeled pH, but the simulated
concentration of Ca2+ is overestimated, and the concentrations of Na+

and SiO2(aq) are underestimated.

3.2.3.2. Simulations run using the results from Rietveld refinement and
SEM/EDXS analyses. A second simulation was done including the
minerals identified by SEM/EDXS (Table 4, Simulation 2). The
addition of 2% of halite and 2% of fluorapatite did not improve the
agreements between the outputs of the numerical simulations and the

experimental data, as the simulated concentrations of SiO2, SO4
2− and

F− remained much lower than the experimental data and the
concentration of Na+ is overestimated.

3.2.3.3. Fitting pH, sulfate and Ca2+ concentrations. A third simulation
was performed to adequate the proportion of minerals in order to
improve the agreement between the simulated and the experimental
data (Table 4, Simulation 3). Barite was added in the model, but it was
also necessary to add CaSO4 to obtain sulfates in solution without
increasing the Ba concentration too much. It can be seen from Fig. 7
that in this case, the concentration of calcium is too high and the
concentrations of fluoride and silica are insufficient. Conversely, the
simulated concentrations of sulfates and sodium are matching their
experimental counterparts.

3.2.3.4. Fitting silica concentration. Like the loess sample, biotite and
silicophytolith were added to the final reactants of the previous
simulation (Fig. 8). The simulated silica concentration is closer to the
measured concentration when adding 10% silicophytolith in the
simulation of calcrete dissolution.

3.2.3.5. Fitting fluoride. The same methodology used for fitting fluoride
in dissolution experiments run with loess samples was applied to fit the
simulated results to the measured concentration of fluoride in
experiments conducted on non-rinsed samples. Adding 2% of F-
biotite, fluorite or 0.1% of fluoride as an impurity in the calcite
mineral did not improve the agreement between the simulated and
measured concentrations (Fig. 8).

Fig. 6. Fitting of the fluoride and silica concentration from KINDIS kinetic simulation to
the experimental results from loess batch dissolution.

Fig. 7. Plot of the experimental concentration
from batch dissolution of the calcrete sample and
the simulated dissolution kinetics (simulation 1,
Simulation 2, Simulation 3).

Table 4
Proportion of minerals for calcrete kinetic dissolution simulations in KINDIS software.

Sim. 1 Sim. 2 Sim. 3

Wt% Wt% Wt%

Quartz 5.39 4 6
Calcite 94.61 92 89
Labradorite 2
Halite 2 0.2
Gypsum 0.5
Barite 5 × 10−4

Fluoroapatite 2 2
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3.2.4. Dissolution kinetics of the Pampean aquifer
As recent studies based on 3H/3He and CFCs monitoring estimated

that the residence time for groundwater in the area is between 3 and up
to more than 60 years (Martínez et al., 2016), batch simulations were
performed with the KINDIS software over a 60 year-period. The first set
of reactant phases included in the models was carried out on the major
minerals detected in Simulation 1. Subsequently, all the minerals and
their proportions needed to adjust the simulated data were used to
perform additional simulations over 60 years. The modeled steady-state
values for pH and concentrations were compared to the measured
concentrations from wells taking water from the Pampean aquifer
(Martinez et al., 2012). The results are shown in Table 5. If only major
minerals are used, even after 60 years of simulation, the concentration
measured in the Pampean aquifer could not be reached. Conversely, the
simulation performed using the dissolution kinetics of accessory mi-
nerals yields similar results to measured data. Nevertheless, no simu-
lations could manage to reach the fluoride concentration of the Pam-
pean aquifer.

4. Discussion

4.1. Mineralogical analyses

The quantification of minerals by X-ray diffraction and Rietveld
refinement showed that the main minerals of loess are feldspars

(~70 wt%, here modeled as labradorite), and around 30 wt% of quartz.
This result is consistent with the studies of Tricart (1973), Teruggi
(1957) and Pye (1995), which reported that the main minerals in loess
in Argentina,more precisely in the area of Mar del Plata, are plagio-
clases varying from 20 wt% to 65 wt%. These studies also evidenced
that quartz is not very abundant, with a maximum proportion close to
30 wt%, but more frequently not exceeding 20 wt%. The main mineral
found in calcrete is calcite (up to 95 wt%), but 1 to 5 wt% of quartz was
also quantified by Rietveld refinement of XRD patterns. As mentioned
above, for mixed materials, the estimated XRD detection limit is ~2 wt
%, explaining why some minerals, like barite or fluorapatite, were not
detected in the studied powders and could only be identified by scan-
ning electron microscopy. Although Miretzky et al. (2001) attributed
the presence of halite in the Pampean aquifer to a Holocene marine
intrusion, it is more likely that the source of Na+ and Cl− is the dry and
wet deposition of ocean aerosols, as Quiroz Londoño et al. (2012)
measured Cl− concentrations around 10 mg L−1 in rainwater in the
area. Fluorapatite was considered to be present in many studies (Gómez
et al., 2009; Pérez-Carrera and Cirelli, 2010; Martinez et al., 2012; Calvi
et al., 2016); in contrast, only few studies evidenced the presence of
barite in the Pampean aquifer (Borgnino et al., 2013).

4.2. Numerical simulation with KINDIS

4.2.1. Stability diagrams
The stability diagrams of the batch experiments showed that the

final solutions after 5 h of reaction are present in the area of clays
stability like Ca-montmorillonite, similar to some water samples from
the Pampean aquifer (Martinez and Osterrieth, 2013). This observation
suggests that the water chemistry in batch reactors after 5 h of reaction
is similar to the chemistry of the groundwater. Because clays are known
to be the stable secondary minerals, they were not included as possible
dissolving minerals in the parameters for kinetics simulations. On the
same footing, solutions are saturated with respect to amorphous silica,
quartz and calcite.

4.2.2. Dissolution kinetics in batch experiments
The comparison of batch experiments realized with previous rinsing

and no rinsing evidenced that this treatment removes the most reactive
phases, such as halite and gypsum, resulting in a lower pH of the so-
lution, a lower sodium concentration, and a lower calcium concentra-
tion for experiments conducted on loess.

The batch experiments and the simulations performed with the
KINDIS software, whilst considering a kinetic approach of dissolution
processes, demonstrate that the observed compositions cannot be de-
rived by considering a thermodynamic equilibrium with only the major
minerals. Instead, accessory minerals detected by SEM/EDXS had to be
included in the models to reach similar concentrations of anions and
cations. The studies using KINDIS of the dissolution of loess showed
that the pH of the solution increased as a function of time when reacting
with quartz and feldspars. The reactions of feldspar dissolution involve
[H+] consumption, which explains the increase in pH of the final so-
lution (Oelkers and Schott, 1995). Still, it was necessary to add 0,1 wt%
of calcite in order to fit the simulated pH to the measured experimental

Fig. 8. Fitting of the fluoride and silica concentration from KINDIS kinetic simulation to
the experimental results from calcrete batch dissolution.

Table 5
Water chemistry of the Pampean aquifer compared to the results of KINDIS simulation with and without accessory minerals over 60 years.

pH LOG [Al]a LOG [Na+]a LOG [Ca2+]a LOG [F−]a LOG [Si]a LOG [SO4
2−] LOG [Cl−]a

Pampean Aquifer 7.50 −4.13 −2.26 −2.82 −4.50 −2.99 −3.63 −2.56
Loess (major + accessory) 7.76 −4.70 −2.36 −3.12 −5.60 −2.70 −3.61 −2.36
Loess (major) 7.02 −4.00 −4.47 −4.47 −6.00 −3.70 −6.00 −5.41
Calcrete (major + accessory) 7.41 −5.27 −2.69 −2.61 −5.60 −3.71 −2.69 −2.70
Calcrete (major) 8.23 −6.00 −6.00 −3.20 −6.00 −3.98 −6.00 −5.23

a Log concentration mol/L.
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pH resulting from the formation of hydrogencarbonate ions that con-
sume protons as well. The addition of calcite also caused the increase in
the Ca2+ concentration, but not sufficiently. Consequently, gypsum
was also added to the reacting mineral phases. Gypsum could not be
detected by X-ray diffraction or by electron microscopy in the studied
sample. Yet, some studies revealed the presence of gypsum in the
Pampean aquifer (Quiroz Londoño et al., 2008; Dangavs and Blasi,
2002). The simulation that was carried out with the addition of 2 wt%
of barite overestimated the aqueous concentration of barium; therefore
it was necessary to add gypsum in the model, so that the sulfate con-
centration in the simulation matched the experimental data. The in-
crease of Na+ in the first simulation could be explained by labradorite
dissolution. Nevertheless, including 0.2 wt% of halite in the simulation
parameters provided a much better agreement with the results of batch
experiments, emphasizing the importance of this accessory mineral.
Finally, raising the percentage of fluorapatite to 2 wt% in the model did
not increase the concentration of fluoride in solution, which was always
lower than the experimental concentration. García et al. (2012) con-
sidered the weathering of F-rich biotite as the most important and re-
presentative source of dissolved F− in the groundwaters from the
Sierras Pampeanas of Cordoba. Our dissolution kinetic simulations
provided an original method to assess this suggestion: by adding in the
simulations, minerals like fluorapatite, F-rich biotite and fluorite in
proportions compatible with our mineralogical characterizations, it was
not possible to reach the fluoride concentrations that were measured in
the experiments. The experimental data could not be matched by
modifying the calcite mineral or by adding trace amounts of fluoride.
Because no fluoride was detected when the samples were previously
rinsed, and because it was demonstrated above that fluoride cannot
come from the dissolution of an F-rich accessory mineral, we suggest
that the rapid release of fluoride (within a few seconds of reaction)
results from its desorption from one or several minerals of the solid
samples. This suggestion agrees with Borgnino et al. (2013), who in-
dicated that fluoride is mostly released through its desorption from Fe-
oxides under alkaline conditions.

To simulate the dissolution of calcrete, adding accessory minerals
like halite, fluorapatite and gypsum was also necessary in order to
match with the experimental data. However, the simulated concentra-
tion of Ca2+ was higher than the observed concentration, possibly re-
vealing cationic exchange reactions during batch experiments.

In loess and calcrete dissolution experiments, the addition of
amorphous silica phases was required to raise the SiO2(aq) con-
centration of the solutions. The addition of only 10 wt% silicophytolith
to the reacting phase in the model improved the agreement between
simulated and measured SiO2(aq) concentrations. This seems realistic,
as silicophytoliths are abundant in the loess-like sediments in the area
(Borrelli et al., 2010; Osterrieth et al., 2014, 2015). Therefore, the
elevated aqueous silica content of the Pampean aquifer may be ex-
plained by the dissolution of silicophytolith.

4.2.3. Dissolution kinetics of the Pampean aquifer
The application of the equilibrium concept in former studies on

groundwater (Martínez and Bocanegra, 2002; Glok Galli et al., 2014;
Zabala et al., 2015) is mostly supported by the assumption of large
residence times of groundwater, i. e., large contact time between the
solution and the mineral phases with little to no renewal of the un-
derground water. Nevertheless, simulations realized only with primary
minerals did not result in a chemical composition similar to that of the
Pampean aquifer water.

The simulation that was performed by applying the mineral as-
semblages, including accessory minerals, in batch experiments over a
duration close to the residence time obtained for groundwater in the
area as determined by Martinez et al. (2012) provides a satisfactory fit
to the measured composition and validates, in that sense, the expected
dissolution kinetics of the Pampean aquifer. Steady states concentra-
tions were reached quickly due to the fast dissolution of accessory

phases. The predicted values of Al3+ in the simulation over 60 years
and the measured concentration of aluminum in the Pampean aquifer
are very similar, revealing that the proportions of plagioclase in the
input parameters were well defined. Moreover, the observed and si-
mulated sodium and chloride concentrations are close, evidencing the
importance of halite for the water salinity. Most of the studies on the
chemistry of the Pampean aquifer in the region (Martínez and
Bocanegra, 2002; Quiroz Londoño et al., 2008; Glok Galli et al., 2014;
Zabala et al., 2015) showed a spatial distribution of hydro-
gencarbonate, sulfate, silica and fluoride which is homogeneous or non-
increasing in the direction of the flow. This is consistent with the ob-
tained results, from which it is possible to infer that the pseudo steady
state concentrations are reached a few hours after recharge and that
changes can be related to mixing, local recharge and lithologic changes.
On the other hand, an increase of the chloride and sodium ions along
the flow path is observed in the field, which is usually explained by
cation exchange and the dissolution of halite.

The mineral assemblage including trace of fluorine impurity, F-rich
biotite, fluoroapatite or fluorite used for the simulation of 60 years did
not allow concentrations to reach the experimental fluoride con-
centrations, thus confirming the hypothesis of its desorption from pri-
mary minerals such as Fe-oxides.

5. Conclusion

The main mineralogical composition of the loess-like sediments
forming the Pampean Aquifer in the Southeast of the Buenos Aires
province was already known, and many hydrochemical models based
on equilibrium concepts, have been used to explain the water chem-
istry. Nevertheless, a new approach demonstrates the importance of a
detailed mineralogical description and the application of kinetic mod-
eling to better define the minerals that control the chemical composi-
tion of the pore water.

X-ray diffraction has been shown to fail to get a complete scheme of
the mineralogical composition of the sediments. Further SEM/EDXS
investigations allowed determining the presence of important accessory
minerals. The predominant minerals in the loess sample are quartz and
feldspars. However, accessory minerals like halite, barite and fluor-
apatite were also detected by SEM/EDXS. In calcrete, calcite and quartz
were found with trace amounts of halite and fluorapatite. To adjust the
simulated data to the concentrations measured in batch experiments, it
was necessary to add the minerals detected by SEM/EDXS in the KINDIS
simulations, and also gypsum. The comparison between rinsed and non-
rinsed sample experiments showed that the precipitation of halite and
gypsum from dry and wet depositions in the non-saturated zone, and
subsequent leaching to the aquifer, can explain most of the chloride,
sodium and sulfate sources. Nevertheless, barite is an additional source
for sulfur, as it was recognized in the SEM/EDXS determinations.
Regarding the usually high silica concentrations observed in the
Pampean aquifer, the observed concentrations during batch experi-
ments can be obtained from KINDIS simulations by including biogenic
silica (phytoliths) as a silica source. The high concentration of fluoride
could not be explained by dissolution of fluoroapatite, F-rich biotite, or
trace amounts of fluoride incorporated in calcite. One of the possible
sources of fluoride in water could be the desorption of this ion from the
surface of other minerals.

The calibration of this geochemical kinetic code using the results of
batch experiments demonstrated the importance of accessory minerals
in the determination of water chemistry. Even if the solution reached a
steady state composition rapidly and the use of the equilibrium concept
in groundwater is correct, this kinetic approach is a valuable way to
unravel the origin of the water chemistry. The KINDIS software is easy
to use as the parameters can be modified easily and can be applied in
the study of various types of aquifers in Argentina and in the world.
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