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Abstract The Pampeano aquifer formed by loess-like
sediments provides water to cities and for agricultural uses
in the Pampean plain, which is the most productive area in
Argentina. Studies on the mechanisms through which this
groundwater acquires its chemical composition are scarce
and generally make assumption about equilibrium condi-
tions. Few works on total sediments kinetics of mineral
dissolution have been made. The main objective is to
characterize ions incorporation to the groundwater of the
Pampeano aquifer and to estimate the rate of the dissolu-
tion of the solid phase of the Pampeano sediments. This
work also aims to provide evidence on the effect of parti-
cles size on water chemistry, and the changes in mineral
structure during dissolution. The methodology included
batch experiments on loess and calcrete during 10 h. The
kinetics of ions incorporation into water presented varia-
tions depending on the types of sediments dissolving and
the sizes of particles. Steady values were reached in the
first minutes of reaction. Although the principal compo-
nents of the Pampeano aquifer like calcite, quartz and
aluminosilicates are known to have low dissolution coef-
ficient, ions were incorporated fastly into water and satu-
ration of solution appeared in the first minutes of the
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experiments. Saturation index (SI) calculated by
PHREEQC also showed sensitivity to particles size.
Observations with loupe and microscope showed modifi-
cations on the sediments appearance after batch reactions.
For instance, porosity in calcrete increased. Increments in
BET (Brunauer—Emmett—Teller) surface area and microp-
ore surface area were measured. Significant changes in
sediment chemistry measured by SEM/EDS were observed
as well during dissolution processes.
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Introduction

The Pampeano sediments in Argentina cover an area of
1,800,000 km* (Ameghino 1880). The term “Pampeano
sediments” is an informal term and considers the eolian
Quaternary deposits of the Pampean region. They are
mostly constituted by silt, which is more abundant than the
subordinated sand and clay fractions. Those sediments are
considered as a loess formation, but their composition in
Argentina is different from typical loess because of the
high content of volcanic glass and feldspars (Tricart 1973;
Pye 1995). Another important component of this formation
is calcrete, which forms on calcareous materials (CaCQO3).
The mineralogical composition of the Pampeano aquifer is
homogeneous, and most of its components come from
volcanic eruptions (Teruggi 1957; Tricart 1973). Its
thickness ranges between 30 and 100 m (Auge and Her-
nandez 1984).

These deposits have a primary porosity that gives an
aquifer behavior from a hydrogeological point of view. The
Pampeano aquifer is very important because it contributes
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to 60 % of the Argentinian Gross Domestic Product
(Schultz and Castro 2003) and provides water to cities and
agriculture in the whole province of Buenos Aires. Nev-
ertheless, there is relatively scarce research on how the
water acquires its composition in this region. Many studies
provide evidence on the susceptibility of the Pampeano
aquifer to pollution. This includes for instance organic
contamination (Martinez et al. 2004; Herrero and Fernan-
dez 2008), high salt content in some areas due to water
intrusion (Bocanegra 1993; Bocanegra et al. 1995, 2002;
Martinez et al. 1995) or high concentrations of fluoride and
arsenic (Kruse and Ainchil 2003; Paoloni et al. 2003;
Gomez and Martinez 2010; Martinez and Osterrieth 2013).
All these studies, including those using numerical model-
ing as a tool for understanding geochemical processes,
assume equilibrium conditions between the water and the
solid matrix of the aquifer. Although the natural water
chemistry is controlled by both thermodynamic principles
of chemical equilibrium and kinetic (Fagundo et al. 2004),
it is mostly studied from the viewpoint of chemical equi-
librium (Garrels and Christ 1965). In this case, the role of
the time factor in the processes of mineral weathering is not
considered (Fagundo et al. 1996). One of the most
important geochemical processes in an aquifer is mineral
dissolution, as it greatly affects the quality of potable water
(Brantley et al. 2008).

The mean residence time (MRT) of the young water
component of the Pampeano aquifer in the study area
ranges around 20-40 years (Martinez et al. 2015), and as
groundwater is moving, there can be reactions not reaching
equilibrium during mineral dissolution. For example, in
this aquifer, most of the mineral components are silicates,
minerals of low solubility. To improve the quality of
numerical tools used to study the chemical composition of
the groundwater in this area, it is important to take into
account the kinetics of reactions.

Most common kinetics studies are developed to
determine the dissolution rates of monominerals. The
kinetics rates of quartz dissolution were measured in
various conditions of temperature (Brady and Walther
1990; Tester et al. 1994), water chemical composition
(Dove and Crerar 1990; Dove 1999) and pH (House and
Orr 1992; Xiao and Lasaga 1996). Similar experiments
were completed on various types of silicates (Luce et al.
1972; Brady and Walther 1989; White and Brantley 1995;
Cama et al. 2000; Dixit and Carroll 2007; Daval et al.
2013) and carbonates (Morse 1983; Chou et al. 1989;
Pokrovsky and Schott 2002). The high variability of
chemical composition in total sediments explains the
common use of purified minerals (Morse 1978; Van
Cappellen 1996; Van Cappellen and Qiu 1997), in studies
of kinetics of dissolution. To determine dissolution
kinetics, batch reaction experiments (Brantley et al. 2008)
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or flow-through experiments (Critelli et al. 2014, 2015)
can be used. Rates law can be calculated from the
amounts of a chemical element released in solutions over
time. Vertical scanning interferometry, a more recent
technique, enables calculating more accurately rate dis-
solution laws by measuring the change of surface height
with time (Liittge 2005; Smith et al. 2013; Daval et al.
2013).

This work is a first step in the description of the
mechanisms in which water acquires its composition
when it is in contact with Pampeano sediments. Batch
reaction was used to evidence the main chemical pro-
cesses during dissolution of loess and calcrete. Repre-
sentative samples of the Pampeano sediments were
selected to perform batch reaction of dissolution in
function of grain size, to determine ions incorporation
rates in solution. Modifications in aspect, structure and
chemistry were observed to evaluate the consequences of
the dissolution process on minerals.

Materials and methods
Samples recollection

Samples of calcrete (C1), loess sediments (L1), and a
sample of calcrete on the limit contact layer with loess
(M1) that is mostly impure calcrete, were gathered from
an outcrop in the area of Mar del Plata (Fig. 1) in the
province of Buenos Aires, Argentina (—38.086860,
—57.649185). This area was chosen because it is repre-
sentative of the mineral composition of the Pampeano
aquifer in this sector of the Pampa plain, and because the
outcrop is including both loess-like and calcrete sediments
(Fig. 2).

Samples preparation

In order to compare the effect of particle size on ions
incorporations rates, experiments were realized on total
sediments (L1, C1) and sieved sediments (L2, C2, M2). To
obtain the sieved sample, total samples were sieved and
only the fraction corresponding to grain size under PHI 3 or
0.088 mm was used. This corresponds to fractions of very
fine sand, silt and clay in the case of loess. Then, all
samples were dried in a culture incubator FANEM at a
temperature of 50 °C for 48 h.

Dissolution experiments
The methodology consisted of batch type tests lasting 10 h

on 2.5 g of each sample. Essays were performed in Falcon
tubes in an orbital shaker TS-1000 at 200 rpm at ambient
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Fig. 1 Location of the sample area (red circle)

temperature (25 °C). Samples previously dried were intro-
duced in the falcon tubes, filled up to 50 ml with ultrapure
water and agitated during 1, 5, 10, 15, 30, 45, 60, 90, 120,
180, 240, 300 and 1020 min. For each shaking time, three
tubes were prepared. Once completed the stirring time, the
falcon tubes were centrifuged in Colcor brand equipment for
a period of 2 min at 750 rpm and filtered with Millipore
filters of 0.45 microns pore size. The water solution was
stored in plastic bottles, and the pellets were kept apart and
dried at a temperature of 50 °C for 48 h.

For each stirring time, measurements of conductivity,
temperature, alkalinity and pH on water samples were
conducted. Temperature and conductivity were measured
with WTW Cond 197i equipment. The pH was determined
with pH meter N6123. Water potentiometric titration
allowed to estimate alkalinity (mg/L of HCO;™) in water.
Flame photometry was used to determine Ca®", Na* and
K" concentration. Fluoride concentrations were obtained
using direct colorimetry with Alizarin and silica content by
UV-Vis spectrophotometry with the silicomolybdate
method.
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Data processing

Experimental data were analyzed with the program Origin
7. A first-order reaction process equation was adjusted to
the experimental results. This enabled to calculate the
values of k and [A]O. The rate constant is represented by k,
and [A]O is the concentration of ions in solution at infinite
time. The initial rate of ion incorporation in solution was
then calculated with Eq. (1).

r = k[A]O (1)
Saturation index was calculated for some minerals with
the code PHREEQC (Parkhurst and Appelo 1999). The

code NETPATH (Plummer et al. 1991) was used to check
the mass balance of the proposed processes.

Analyses on sediments
The distribution of L1 particle sizes was determined with

sieve analysis (Ingram 1971) using the Folk and Ward
method (1957). In order to determine the mineralogical
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Fig. 2 Picture of the Pampeano aquifer where samples of calcrete C1
A, mixed sample of calcrete and loess M1 B, and loess L1 C have
been collected

composition of the sediments, 30 g of L1 and C1 was sent
to INMAT laboratory, UNICEN University, Province of
Buenos Aires, Argentina. Samples were analyzed by X-ray
diffraction with Philips Analytical X-Ray B.V. PC-APD
diffraction software.

The pellets of L1 and C1 were analyzed by binocular
loupe (x20) and a Petrography Microscope Olympus
Bx51TF (x400) before and after 1020 min of reaction. The
pellets of C2, L2 and M2 were separated to observe the
changes in the smallest sediment grains structure and
chemical composition. The Brunauer—-Emmett—Teller
(BET) methodology (Fagerlund 1973) and Micropore sur-
face area measurements were performed on L2 and C2
before and after batch reactions in the CINDECA labora-
tory, La Plata, Buenos Aires. Semi-quantitative analyses on
L2, C2 and M2 before and at the end of experiments were
performed with a scanning electron microscope (SEM) and
EDAX technology (SEM/EDS), at the microscopy labora-
tory from the National University of Mar del Plata. Each
sample was measured 15 times to obtain a general average
of its chemical composition in percentage of its weight
(%w). To compare the semi-quantitative composition of
the samples before and after the essays, Wilcoxon signed-
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rank test for paired data was applied to the chemical ele-
ments, since normality and homoscedasticity assumptions
were not achieved (Zar 1984).

Results

Physical properties and mineralogical
characterization

According to the particle size distribution (PSD) determi-
nation, L1 is constituted by 23 % of medium sand, 15 % of
fine sand, 25 of very fine sand and 37 % of pelites (silt and
clay). X-ray crystallography showed that minerals com-
posing loess are quartz (SiO,), albite (NaAlSi;Og), anor-
thite (CaAl,Si,Og), brucite (Mg(OH),) and anatase (TiO,).
The calcrete mineral composition is calcite (CaCOs;),
quartz, albite and anorthite. Amorphous minerals cannot be
identified by the used analytical method.

Dissolution experiments
Water analysis

Discontinuous reactions of dissolution were performed on
loess and calcrete. These experiments allowed observing
the changes in water chemistry after dissolving processes
and the influence of grain size (Figs. 3, 4, 5, 6, 7 and 8).
First-order reaction laws have been used to fit curves to
experimental data. In most experiments, steady values of
ions concentration were reached between the first minute
and 400 min of reaction.

The pH and ion concentration in these experiments are
in general steady between 1 and 400 min of reaction,
except for bicarbonates in calcrete C1 and C2 and silica in
loess L2 where concentration keeps on increasing during
all batch reaction. pH evolution is shown in Fig. 3. L2 and
C2 samples present a higher pH of almost 1 unit. The
highest pH of 8.5 can be obtained when C2 is reacting.

Bicarbonate concentration when sieved calcrete reacts
does not get stable and reaches 12 mmol/L. It is twice the
concentration obtained with C1 or M2. Bicarbonate content
of water with L1 and L2 is similar and much lower of
approx. 0.65 mmol/L (Fig. 3b).

Water calcium content is almost ten times higher when
samples of loess dissolve. It is stable around 3 mmol/L in
loess, whereas this value is steady at approx. 0.3 mmol/L
for calcrete (Fig. 4a). In addition, calcium concentration is
more important when samples are not sieved for both loess
and calcrete.

More sodium is released when loess is not sieved and
sodium concentration in loess is almost twice the concen-
tration obtained with calcrete (Fig. 4b). On the contrary,
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Fig. 3 Kinetics of water pH (a) and incorporation of HCO;~ (b) into water during batch reaction of dissolution of loess and calcrete

there is more sodium when calcrete is sieved. Sample M2
shows an intermediary concentration of 1.7 mmol/L.

Dissolved silica content in water reacting to M2
increases until 2.97 mmol/L (Fig. 5a). This concentration
is twice the concentration obtained when sieved calcrete is
reacting. Content of silica in water dissolving loess is much
lower, under 1 mmol/L, and sieved loess (L2) does not
reach a steady value.

The dissolution of sample C2 results in a much higher
sulfates concentration than other experiments and stabilizes
around 2.39 mmol/L. Water sulfates concentration with
L1, L2 and C1 is steady around 0.3 mmol/L (Fig. 5b).
Potassium release in water in both loess and calcrete is

slightly higher when sieved sediments are used. M2 and L2
present the greatest potassium content of approx. 0.17 and
0.18 mmol/L (Fig. 6a). With calcrete sample C2, the
higher concentration of fluoride of 0.12 mmol/L is reached.
On the contrary, more fluoride is found in solution when
loess is not sieved (Fig. 6b).

The rate r of incorporation of each element in mmol/min
in water during batch experiments was calculated with
Eq. (1) from the value of the parameters A[0] and k deter-
mined by Originlab7 (Table 1). In some cases, experi-
mental data could not be adjusted to the simulated fitting
curves, particularly for calcium in L1, Cl1 and M2 and
sodium in Cl1 and M2. These results are caused by

@ Springer



1231 Page 6 of 14 Environ Earth Sci (2016) 75:1231
= L1 = C1
a
@ e L2 0.4 - e C2
M2
4 n ] L]
- .
| | |
o, °
3 4 o ®a n
s ¢ S 02 -
° = 0.2 4 .
£ g
é 2 4 L] IS °
+ +
N N
@©
S 8
14
g 0.0 4 'y
ol .
T T T T T T T T T T T T 1 T T T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
min min
= L1 = C1
®) o L2 - . C2
N o M2
4.0 - 0]
3.54 1.8 ]
30 ] 164
1 [ )
. 1 1.4 4 °
= 25 e 1 o . °
° ] % 1.2
1 n
E 204 € 104
= 1 £ ] -
+ 154 = 0.8 -}
© ] Z 1 | [ ]
Z )] 06
1 0.4 4 -
0.5 4 ]
] 0.2 4
0.0 [ 0.0 ] 8
-0.5 I . I T T T r T | -0.2 T T T T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
min min

Fig. 4 Kinetics of incorporation of Ca™? (a) and Na™ (b) into water during batch reaction of dissolution of loess and calcrete

variations of the flame photometer during measurements.
The rates were not calculated in those last cases. The
highest incorporation rate is observed for calcium in dis-
solution of L2 with 0.787 mmol/min followed by bicar-
bonate in dissolution of M2 with 0.439 mmol/min. Sieved
calcrete C2 presents the lowest rate of calcium incorpora-
tion with only 0.006 mmol/L. In Table 1, the final con-
centration in solutions A[0] for each sample can be related
to a groundwater sample from a reference study of Marti-
nez et al. (Martinez and Osterrieth 2013). Compared to this
groundwater sample, C1, C2 and M2 have the closest
concentration of bicarbonate, between 5.7 and 12.3 mmol/
L compared to 9.46 mmol/L. However, L1 and L2 show
the most similar concentration in calcium and sodium. L2
is closer for SiO, content (0.7 mmol/L), and M2 has almost
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three times more silica (2.97 mmol/L) than the reference
groundwater sample (0.98). The sulfates content is closer
when C2 dissolves with 0.184 mmol/L.

Saturation index of calcite, quartz and amorphous silica
was calculated for each experiment with the program
Phreeqc (Parkhurst and Appelo 1999). For L1, the values of
saturation index of calcite and silica are under O during all
reaction (Fig. 5a), while it reaches almost 0.8 for quartz. In
dissolution of L2, SI of calcite and quartz goes over O in the
first minutes of reaction. SI of silica stays under O in this
experiment (Fig. 6b). When C1 is reacting SI of calcite is
negative during almost all the reaction time, but then it is
positive at time 1020 min (Fig. 5c). During batch experi-
ment with C2, SI of calcite is approx. —0.5, and then, after
25 min of dissolution, it fluctuates around 0.3. SI of silica
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Fig. 5 Kinetics of incorporation of SiO, (a) and S0472 (b) into water during batch reaction of dissolution of loess and calcrete

goes above 0 after 1020 min of reaction (Fig. 5d). Finally,
SI of calcite was calculated when batch reactions is made
with M2 (Fig. 5e). After 50 min, SI reaches 0.1 and is
again under 0 at time T1020. SI of silica in that experiment
varies around 0.1 after 50 min and is steady until the end of
the experiment. For C1, C2 and M2, SI of quartz reaches
values of 1.2—1.5 in 200 min of reaction.

Inverse models obtained by using NETPATH and con-
sidering pure water as initial solution and L2, C2, M2 as
finals solutions for three different models showed that
calcite dissolution involves CO, incorporation, cation
exchange, releasing sodium and uptaking calcium, and
gypsum dissolution (Table 2). It is also possible to observe
that calcrete (C2) and impure calcrete (M2) reactions
involve the dissolution of double calcite amounts than for

loess samples (L.2) and the Ca”" release to water promote a
higher cationic exchange process. Gypsum dissolution is
needed in order to explain sulfur increase after L2 and C2
reactions, but not significant when M2 reacts.

Sediments analysis

The observation of loess sediments before batch reaction
with binocular loupe (x20) shows presence of aggregates
and isolated minerals. After contact with water, the
smallest aggregates and mineral cannot be observed any-
more. With the microscope, only the thickest aggregates
can be seen (Fig. 6a). Calcrete before dissolution is
observed as a clean mineral with a plain surface, which is
one of the characteristics of this mineral. After reacting

@ Springer
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Fig. 6 Kinetics of incorporation of K™ (a) and F~ (b) into water during batch reaction of dissolution of loess and calcrete

with water, the surfaces have a high level of porosity. At
the microscope, small particles of calcium carbonates were
observed before dissolution, while after contact with water,
the smallest particles of calcium carbonate have mostly
disappeared (Fig. 6b).

Loess samples (L2) have a greater surface area from
BET determinations, 56.6302 £ 0.8004 mz/g, than the
calcrete (C2), 41.7315 + 0.1128 mz/g. After 1020 min of
contact with water, the surface area increases in both
materials to  57.9663 + 0.3366 mz/g (L2) and
43.1886 + 0.1206 m2/g (C2). The same trend was
observed in relation with the micropore area, increasing
after dissolution from 8.1529 to 11.6073 mz/g in L2; and
from 9.5865 to 11.5713 m?/g in C2.
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SEM and EDAX analysis of loess (L2) before contact
with water shows that it is mainly composed of silicon,
38-60 %, aluminum, 12-30 % and carbon, from 5-20 %
(Table 3). Those proportions remain stable after the dis-
solution, except for the carbon that is almost 5 % lower
after batch reaction (7: —79, p: 0.0137). Sodium, magne-
sium, chlorides, potassium, calcium, titanium and man-
ganese compose all together less than 15 % of the loess
sample. Most of the percentages of those elements are
similar after dissolution except for manganese (7: 105, p:
0.001), magnesium (7: 99, p: 0.0019) and titanium (7: 96,
p: 0.0027) that tend to disappear or decrease, instead
potassium (7: —105, p: 0.001) and calcium (7: —105, p:
0.001) that tend to increase. Iron proportions are slightly
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higher after dissolution and go from less than 1 % before  disappear after dissolution (T(Mg): —101, p: 0.004; T(Cl):
contact with water to values around 8 % (T: —105, p: 117, p: 0.0009; T(K): 90, p: 0.01; T(Fe): 92, p: 0.009). The
0.001, Table 1). analysis of M2 shows that the major components of this

In C2, the main components before dissolution are sediment are carbon, 18—41 %, silicon, 22-34 %, calcium,
carbon, 29-43 %, calcium, 20-40 %, and silicon, 0—-19 %, 17-26 % and aluminum, 6-18 %. Sodium, magnesium,
followed by aluminum, around 8 %. After dissolution, the  potassium and iron are less than 10 % of the weight of the
carbon content is 10 % higher (T: —120, p: 0.0007), while =~ sample. After dissolution, carbon percentages of weight
the silicon content decreases about 5 % (7: 101, p: 0.004, increase around 10 % (T: —45, p: 0.008) while weight
Table 1). Sodium, magnesium, chlorides, potassium and  percentages of calcium (7: 45, p: 0.008) and magnesium
iron represent less than 10 % and decrease their content or (T: 42, p: 0.01) decrease.
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(X400)

Fig. 8 Photography of loess L1 (a) and calcrete C1 (b) before (TO)
and after 1020 min of reaction (T1020) in batch experiments

Discussion

Physical properties and mineralogical
characterization

Pye (1995) describes the “typical” loess as being com-
posed mostly of quartz silt particles and containing more
than 50 % of silt size particles, in the size range of
0.002-0.063 mm. In a detailed stratigraphic study in the
zone of Mar del Plata (Zarate 1989), the major size com-
ponent was determined as being fine sand and coarse silt.
Regarding to the mineralogical composition, Pye (1995)
indicated that loess in Argentina has a high content of
feldspar.

From these previous studies, the samples used in this
study can be considered representative of the typical loess-
like sediments in the area. Results of scanning electron
microscopy showed that half of the loess sample is
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composed of silicon and the other principal components are
aluminum and carbon. These results match with the crys-
tallography, as quartz and aluminosilicates principal com-
ponents are silicon and aluminum. Sodium and calcium are
part of the albite and the anorthite feldspars (NaAlSi;Osg,
CaAl,;Si,0g). Magnesium composes the mineral brucite,
and titanium composes the mineral anatase. The major
elements detected by SEM-EDAX in calcrete are calcium,
carbon, silicon and aluminum. The results of this analysis
are coherent, as calcite is made of carbon and calcium,
quartz is made of silicon and aluminosilicates like albite
and anorthite are mostly constituted by silicon and
aluminum.

Dissolution experiments
Water analysis

The results of batch experiments indicate that the chemical
composition of water experiments differs when loess, cal-
crete or mix sample dissolve, evolving in dependence of
the contact time between sediments and water. An impor-
tant effect of the particles size is observed specially for C2.
In that case, the highest pH values are correlated with the
highest concentration of bicarbonate, sulfates, fluoride and
an important content of silica is found. Most of the
chemical differences observed in the final solutions after
each batch essay can be explained by equilibrium reac-
tions, considering 400 min of contact water—sediments. As
an example, the lowest calcium content and the lowest rate
of calcium incorporation into water are obtained for that
sample. The saturation index showed that solution is
oversaturated in calcite; this explains why a low concen-
tration of calcium can be released in solution.

In loess, calcium content and incorporation rate are high,
particularly in total loess. The calcium must be provided by
fast cationic exchange. Bicarbonate content in loess batch
reaction is the lowest, and the resulting solution is under-
saturated and allows the ion Ca”" incorporating rapidly
into water.

Inverse modeling shows that calcite dissolution involves
CO; incorporation, cation exchange, releasing sodium and
uptaking calcium, as well as gypsum dissolution. Those
models validate the mass balance of the previous
discussion.

High concentration of Na* is also obtained when loess
is reacting. SEM shows that chlorides move totally to
solution after batch experiments. The presence of Na™ in
water must come from the dissolution of NaCl. The dis-
solution of albite is a very low reaction that cannot be
affecting the composition of 400-min essays. Sodium
concentration and rate of incorporation are high in impure
calcrete; this is probably due to the release of calcium by
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Table 1 Rate of ion

incorporation in water. source: L1 L2 ¢l © M2 Well P4
(Martinez and Osterrieth 2013) [AjJ0* [Al10 r [A]10 r [A]0 r [A]10 r [A]0
HCO;~ 0.55 0.165 0.70 0.180 5.76 0.046 12.15 0.033 579 0439 9.46
Ca>t 342 0.855 322 0.787 030 0.085 0.18 0.006 0.28 0.016 3.34
Na® 3.58 0.079 3.16 0.029 0.81 0.80 0.043 1.72 0.554 8.26
SiO, 046  0.011 0.70  0.003 1.83 0.014 297 0.060 0.98
Ners 0.27 0.002 0.25 0.004 0.17 0.004 2.39  0.184 0.28
Kt 0.14  0.005 0.17 0.002 0.04 0.057 0.12  0.003 0.18 0.005 0.23
F 0.09 0.0008 0.07 0.013 0.07 0.001 0.12  0.005 0.10 0.029 0.03

# concentrations in mmol/l

® rate in mmol/min

Table 2 Netpath inverse models showing the mass balance for the proposed processes in L2, C2 and M2 after 1200 min of sediment—water

reaction (values in mmol/L)

Final solution after
reacting 1200 min with:

Initial solution

Calcite
dissolution

Exchange (Ca** adsorp.,
Na™ release)

Gypsum
dissol./precip.

Deionized water L2 0.851 0.420 0.471

Deionized water C2 1.741 1.895 0.725

Deionized water M2 1.776 1.290 —0.004

Table 3 Average. oxides . Oxides 12 ) M2

percentage of sediments weight

(%w) from semi-quantitative TO* T1020%* TO* T1020% TO* T1020*

analysis of sieved loess, calcrete

and mixed sample (L2, C2, M2), CO, 12.5 + 4.6 8.0+52 353+ 3.7 457 £ 29 28.9 + 5.8 377+ 4.0

before batch experiments (TO) F0 014023 0.0 &+ 0.0 _ _ _

d after 1020 min of ti

and affer 1O i ot reaction - \a,0 3.0 + 1.0 21408 0.6 + 0.4 02405 04+ 0.6 0.8 + 0.9
MgO 2.6 £0.7 1.6 £ 0.3 1.6 £0.2 1.1 £04 1.7 £ 0.6 1.2 +£0.3
AlL,O3 256 £ 4.4 243 £ 2.0 87+ 13 72 +3.5 133+ 1.9 133 £ 26
SiO, 48.8 £ 5.7 493 £ 32 162+ 14 11.2 + 49 272 + 37 258 + 3.3
Cl,03 0.1 £03 0.0 £ 0.0 07+04 0.0 £ 0.0 - -
K,0 0.8 + 0.7 29 +0.5 09 +03 0.3+ 0.6 1.5+0.2 1.5+£03
CaO 1.34+0.3 26 +04 33.0 + 44 32.0+ 44 21.1 + 3.1 150 + 4.3
TiO 2.0+ 0.7 09 £ 0.5 - - - 0.7 +£04
MnO 26+ 1.6 0.0 £ 0.0 - - - -
FeO 0.6 £0.2 83+ 1.2 29 +05 23+0.7 4.6 £ 0.7 4.1 £0.7

* Percentage of weight for each sample (%w)

CaCOj; dissolution and its cationic exchange by sodium
added to clay particles.

In C2 experiments, a high content of sulfate is observed
and the rate of incorporation of this ion in water is par-
ticularly high in that case. Sulfur could not be identified in
the SEM-EDAX analysis, but gypsum has been found in
the Pampeano aquifer (Auge and Herndndez 1984) which
could be the origin of the ion SO3 2. In general, gypsum is
mixed with calcrete aggregates, which could explain the
high concentration of sulfates when dissolving calcrete and
could also be a source of calcium incorporation. Sieving

calcrete sample must allow the gypsum included in the
aggregates to enter in contact with water. Another source
of sulfates could be mirabilite (Na,SO4-10H,0).

Kitano and Okumura (1973) suggest that fluoride pre-
cipitate during nucleation of CaCO;. The presence of flu-
oride in water reacting with calcrete is probably the result
of the dissolution of the fluoride precipitated with the
calcium carbonates. Furthermore, dissolution of C2 resul-
ted in the highest fluoride content. Previous studies (Turner
et al. 2005) showed that the degree of removal of fluoride is
directly dependent on the calcite surface area. In the batch
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experiment performed in this work, the increasing of sur-
face area by sieving must permit the fluoride to be released
more easily in solution.

Batch reaction on L1 and L2 presents a high concen-
tration of fluoride. The origin of this fluoride is supposed to
be the dissolution of volcanic ashes in loess (Nicolli et al.
1989; Alarcon-Herrera et al. 2013). The highest concen-
tration of fluoride and rate of incorporation are observed in
water dissolving impure calcrete that is composed by the
mix of both loess and calcrete. The high pH and the
presence of more volcanic ashes must be responsible of the
release of fluoride in water for this batch experiment. The
origin of fluoride in sediments of the Pampa as released by
dissolution of fluorapatite presents either as detritic grains
or as forming thin coats onto the volcanic ash has been
recently stated (Garcia et al. 2014). Garcia et al. (2012)
concluded that biotite weathering is the main source of
fluoride in waters in a sector of the center of Argentina, but
not dominated by loess sediments.

The highest concentration of silica is obtained when
dissolving C2 or M2. With impure calcrete, the concen-
tration of silica and the rate of incorporation of this ion in
water are particularly high. This can be explained by the
fact that impure calcrete contains more silica and alumi-
nosilicates than pure calcrete. In general, the dissolution of
SiO, seems to be enhanced in condition of high pH, high
bicarbonate content and a small particle size. When dis-
solving loess or pure calcrete, the concentration of SiO, is
higher when small particle size reacts. SiO, content seems
to be dependent on the surface area dissolving.

Some similarities in ion concentration can be found
between the results of batch dissolution and groundwater
analyses in the sampling zone (Martinez and Osterrieth
2013), but none of the sample allows obtaining the exact
proportion and concentrations of the chemical elements
than the groundwater sample. The water chemistry of this
aquifer must be the result of the dissolution processes of
both components at the same time, and a combination of
reaction rates. Water dissolving impure calcrete has almost
three times more silica than the reference groundwater
sample. As observed earlier, small particle size leads to a
higher SiO, water content. In the aquifer, the sediments are
aggregated and this can limit the incorporation of dissolved
silica into groundwater.

Oversaturation for calcite in sample of sieved loess,
calcrete and mixed sample is reached in the first minutes of
reaction. The positive value of SI in these cases must be
due to the release of calcium from another source than
calcite. Calcium could be released by cationic exchange
with Na*. SiO, in water must be provided not only by
quartz dissolution but also by the dissolution of amorphous
silica minerals, which are very common in the Pampeano
sediments.

@ Springer

An important result according to the objectives of the
paper is the time elapsed, for each analyzed component,
into achieving a constant concentration, i.e., to reach the
equilibrium. Most of the variables (pH and dissolved ions)
reach the equilibrium concentration after 30-60 min of
reaction, but in some cases, more time is necessary
depending on the reactive solid phase. The pH and alka-
linity demand around 600 min for Cl1, and alkalinity is
continuously increasing for C2 (Fig. 3), which is conse-
quence of the progress of calcite dissolution when major
reactive surface is available. Calcium and sodium con-
centrations become stable after about 120 min, in processes
dominated by cationic exchange. The equilibrium in dis-
solved silica concentrations is not achieved after the
1200 min of batch experiments. This can be expected
because of the low solubility of silicates and silica in
general and the observed concentration are supposed
coming from amorphous silica dissolution, mainly for loess
samples.

Sediments analysis

Sediments observation shows that after reacting with water,
the smallest particles mainly disappear. lons in water
originate from the dissolution of the smallest dust and
aggregates in sediments. Quantitative EDAX analysis also
showed significant changes in the proportion of chemical
elements constituting the minerals when ions are incorpo-
rated into water. Another source of ions in water is the
dissolution of coarser sediments particles. Hodson (1998)
and Gauthier et al. (2001) showed that decreasing the grain
size increases BET surface area and micropore surface
area. The increment of surface area is also due to
increasing of external surface roughness (White and
Brantley 1995). Both loess and calcrete samples BET and
micropore surface area increase after batch experiments. In
contact with water, the studied sediments dissolve and the
chemical components are incorporated into the water.

Conclusion

The kinetics of ions incorporation into water was studied
performing batch experiments on loess and calcrete during
10 h. Most of the dissolved ions achieve the equilibrium
concentration during the two first hours of reaction, and it
takes until 6-8 h for the remaining substance. A more
detailed differentiation can be made depending on the type
of material, and the particle size in the experiment.
Nevertheless, the individual dissolution of each com-
ponent of the Pampeano aquifer could not reproduce the
exact chemistry of the groundwater in this region. The
chemistry of the water is the result of both loess and
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calcrete dissolution and their proportion and the size of the
particles dissolving. This reaction time needed to get a
constant concentration is much shorter than the MRT of
groundwater, which is supporting the validity of using
equilibrium assumption in most of the study cases of
hydrochemistry in the Pampeano aquifer. Silica concen-
trations can demand more time to reach the equilibrium
concentration. The changes observed in the sediments
before and after experiment demonstrate an important
dissolution process, despite the limited time of the exper-
iment duration.

Going forward, it will be necessary to realize reaction of
dissolution with flow-through experiments in order to
improve the calculation of the rates of ions incorporation.
This technique enables to avoid both the saturation and the
reprecipitation bias. The size and the surface area of min-
eral particles are an important factor for determining the
chemistry of water. Changes in micropore and BET surface
area were observed in this experience. These variations will
be studied in a forthcoming experiment including vertical
scanning interferometry in order to determine more accu-
rately rate laws. It will be important to consider every
mineral present in the system and their structure when
creating models representing geochemical processes like
dissolution in natural conditions in the Pampeano aquifer.
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