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Abstract The prediction about metals behaviour in soil
requires knowledge on their solid-liquid partitioning.
Usually it is expressed with an empirical distribution
coefficient or Kd, which gives the ratio of the metal con-
centration in the solid phase to that in the solution. Kd
values have been determined for Zn, Pb and Cd from
samples representing the two most exploited aquifers in
Argentina, Pampeano and Puelche, at three different loca-
tions in the province of Buenos Aires. The Pampeano
aquifer presented higher Kd values than the Puelche
aquifer. Comparing Kd values, different relationships could
be observed: (a) Pampeano aquifer: Pb > Zn > Cd, and
(b) Puelche aquifer: Pb > Cd > Zn. Kd for Cd seems to be
linked to cationic exchange capacity, but solid phases
precipitation can be more determining for Pb and Zn.

Keywords Pampeano aquifer - Puelche aquifer -
Distribution coefficient - Heavy metals

The distribution or partition coefficient, Kd, is one of the
most important parameters applied in contaminant migra-
tion studies on aqueous solutions in contact with sus-
pended, superficial, and subsuperficial solids in an
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equilibrated system. It expresses the relative tendency of an
element to become adsorbed (Appelo and Postma 1993).
This is defined as the relationship between the concentra-
tion of the contaminant associated to the solid and the
concentration of the contaminant in the aqueous solution of
the system, once the equilibrium is reached.

Kd = mmol per g solid/mmol per mL water (1)

The Kd can also be used to estimate the potential
adsorption of the dissolved contaminant in contact with the
sediment. The inverse relationship is applied in the retar-
dation factor, an empiric parameter that describes the
relationship between the velocity of the contaminant
transport and the velocity of the groundwater (Domenico
and Schwartz 1990; Appelo and Postma 1993).

Rf:VW/Vc:1/1+(Kd'p/S) (2)

where Ry is the retardation factor, V, is water Darcy
velocity, V. is the compound velocity, p is the specific
weight and € the porosity of the solid material.

From Egs. 1 and 2 it can be observed that if a compound
is not adsorbed (i.e. all remains in solution) Kd value is 0
and then Ry is 1, which means that the compound is moving
at the same velocity of water. A non-conservative solute
which is adsorbed has a Kd > 0, resulting in a lower
velocity. If the compound is a contaminant, therefore low
Kd values imply a faster displacement, and consequently, a
higher potential to contaminate water in the porous media.
On the opposite, if the Kd value is high the contaminant
displacement is low and contamination tends to be atten-
uated (Bethke and Brady 2000).

Normally the Kd can be measured experimentally by
batch or column tests (EPA 1999; Hopp et al. 2002; Beck
and Jankowski 2000; Roy et al. 1992; Stradberg and For-
tkamp 2005). Although this measurements would be more
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accurate and recommended in site specific studies, Kd can
be also estimated using multiple regression models to find
equations describing Kd dependence on metal properties
and soil characteristics (Carlon et al. 2004). Briefly, a
quantity of sediment is mixed with a contaminant solution
of known concentration. This is brought into contact with
the sediment and shaken for 72 h. Then, it is separated and
the concentration of the associated contaminant is deter-
mined by calculating the difference between the initial and
final contaminant contents. These experiments are quick,
and aspects such as the solid/solution relationship, time of
contact, shaken and centrifugation velocity, and the control
of pH and temperature should be considered (Roy et al.
1992; Jeppu and Clement 2012). In some studies applied to
radioactive isotopes, it is necessary to include some addi-
tional parameters to Kd in order to obtain better results
(Samper et al. 2010). The importance of biofilms on metals
adsorption has been recently highlighted by Drahota et al.
(2014).

In spite of the significance of this parameter in the
mobility of contaminants, such as metals, experimental
values are little known in the sediments forming the two
main aquifers Argentina. The Pampa plain constitutes the
most populated and productive agro-economical region in
the country. The sub-region named Wet Pampa has its
main source of water supply in two aquifer systems,
Pampeano and Puelche aquifers. There is a general good
knowledge of their hydraulic and hydrochemical condi-
tions due to their wide area distribution and relatively easy
accessibility. Nevertheless, in relation to contamination
events, there are only few references about partition coef-
ficient values for several chemical species (Martinez et al.
2006; Albouy et al. 2009; Matteoda 2012).

In this contribution, Kds of three heavy metals (Zn, Cd
and Pb) were obtained at three different locations in the
province of Buenos Aires (Fig. 1) on representative sam-
ples of the Pampeano and Puelche aquifers. This infor-
mation would increase the knowledge of the
hydrogeological behavior of the two main aquifers in
Argentina and the mobility of the studied heavy metals.

The Pampa plain in Argentina is divided in many
hydrogeological regions (Auge 2004), mostly based in their
geomorphology and the relationship between the two main
aquifers. This study was developed in the areas corre-
sponding to the Northeastern and Depressed hydrogeo-
logical regions (Fig. 1). These areas show a similar
stratigraphic and hydrogeological scheme, which determi-
nes the hydrogeological units:

Pampeano aquifer formed by Pampeano and Post-
Pampeano sediments (Plioceno-Holoceno), which are
mainly of aeolian origin. The sediments composition is silt-
sandy, with variable clay proportion up to 30 % and low
organic matter content. Nevertheless the presence of
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interbeded paleosoils results in an average organic matter
content of 5 %. The recharge of the Pampeano aquifer is
produced by rain infiltration through permeable superficial
deposits, making it highly vulnerable to contamination.
Pampeano is a phreatic aquifer, whose thickness varies
between 120 m in the northeast and O m in the lower riv-
ers’ basins of the area (Auge 2004).

Puelche aquifer formed by Puelches sands (Pliocene-
Lower Pleistocene) and underlies the Pampeano aquifer in
the NE of the province of Buenos Aires (Auge et al. 2002).
It is formed by fluvial sand deposits, having very low clay
and organic matter contents. It is a semi-confined aquifer
and is the most exploited in Argentina providing water for
Buenos Aires city and the satellite suburban localities
(approximately 15 million inhabitants). It is recharged
directly from the Pampeano aquifer by vertical filtration
and its thickness oscillates between 20 m and 90 m (Auge
et al. 2002).

Methodology

Sediment samples were obtained from borehole drilling
samples’ archives of the Department of Hydrological Ser-
vices of the National Institute of Water. Samples were
collected from drilling debris of two wells located in the
Ezeiza and Tres de Febrero districts, both situated within
the Reconquista and Matanza rivers basins, in the North-
eastern hydrogeological region. Moreover, another well is
placed in the Chascomds district, within the Salado river
basin, in the Depressed Pampa hydrogeological region
(Auge 2004) (Fig. 1).

In the Ezeiza district, the Pampeano aquifer sediments
were selected from samples at 14-24 m depth and the
Puelche aquifer sediments came from samples at 47-51 m
depth. In the Tres de Febrero district, sediments were taken
from the 28-34 m depth as representative of the Pampeano
aquifer and from the 56-64 m depth as representative of
the Puelche aquifer. In the Chascomus district, samples
were taken from 24 to 30 m depth for the Pampeano
aquifer and from 96.5 to 112 m depth for the Puelche
aquifer. Standard size particle distribution, organic matter
content and cation exchange capacity (CEC) were deter-
mined for each sample.

Sediment samples were placed in contact with seven
metal solutions of increasing concentration in a 1:10 rela-
tionship. Moreover, blank samples were performed and
included. Using this sediment/solution relationship, the
more convenient analytical results were obtained to be able
to construct the adsorption isotherms. Solution densities of
1 g/lem® were assumed, independently of their composition.
The initial concentration was denominated C,. It was
continuously shaken at 29 rpm for 72 h. After that,
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Fig. 1 Hydrogeological regions of the province of Buenos Aires s and location of the used samples

temperature, pH, and any change in the adsorbent or
solution were recorded. pH remained invariable in
7.4 £ 0.5, excepting in Zn experiments where a decrease
to 6.35 was observed and then a new experiment was
performed stabilizing pH at 7. The solid phase was sepa-
rated from the liquid by filtration or centrifugation, and
enough supernatant was collected and preserved to deter-
mine the contaminant concentration. Aqueous extracts
were analyzed in the Laboratory of the Agro-Environ-
mental Sector of the “Instituto de Geocronologia y Geo-
logia Isotdpica” (INGEIS, Buenos Aires University)
according to ICP 2070 Spectrometer operator guide Nro.
079369 Rev. A. BAIRD Analytical. The inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES) was
performed using Sequential Atomic Emission Spectrometer
Baird 2070, Argon high purity grade (99.996 %). Argon
auxiliary gas flow rate 1 L/min, Argon coolant gas flow
rate 8.5 L/min, flow rate through peristaltic pump 3 cm?/
min, Argon carrier gas pressure 172.5 kPa, Power, Optical
cell zerny-Turner 850 W, optical length 1 m, scanning
speed 400 nm/s, diffraction grid 1800 grooves/mm,

slit 0.01 nm, generator of radiofrequency 40.68 MHz,
detector hotomultiplier (PM). Certipur® ICP multi-element
standard solution IV was used to prepare solutions
0.05-100 mg/L for Cd and 0.10-100 mg/L for Pb and Zn,
all of them in 0.5 % nitric acid. Limits of quantitation (LQ)
were 0.05 mg/L for Cd, and 0.10 mg/L for Pb and Zn.

The quantity of adsorbed solute by adsorbent mass is
calculated as:

x/m = (Cy—C) x V/m (3)

where x/m = quantity of adsorbed solute by unit of
adsorbent mass, C, = concentration of the initial solute
before the exposure to the adsorbent, C = solute concen-
tration after exposure to the absorbent in equilibrium,
V = volume of contaminant solution added in the reaction
container, m = adsorbent mass.

For the construction of the isotherm, at least 5
solid/solution relationships were analyzed using the x/m
datum.

The concentration in equilibrium C, log C or C/x/m, as
well as the x/m, log x/m or C were plotted in the “x” and
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Fig. 2 Pb adsorption isotherm in the a Pampeano aquifer and b Puelche aquifer of the Tres de Febrero district

[ L)

y” axis, as dependent variables, respectively. Data are
adjusted and the application of a lineal equation, Fre-
undlich-type or Langmuir-type, have been evaluated. The
regression coefficient was calculated and the isotherm with
the regression coefficient closest to 1 was used. Together
with the adsorption isotherm, the experimental tempera-
ture, pH, and concentrations of the stock (Cy) and blank
(Cp) solutions, the soil-solution relationship, the initial (Cg)
and final (Cy) concentrations, the quantity of solution and
adsorbent mass, the equation that corresponds to the best
adjustment (r* ~ 1), and a complete description of the
adsorbent were reported. The slope of the adsorption
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isotherm that is better adjusted corresponds to the Kd value
for the analyzed metal when the relationship is lineal.
Another way to obtain the Kd value is:

Kd = ((Vw x (Cy — Cf)/(Msed x Cf)) (4)

where Vw = volume of the solution, Msed = weight of
the sediment in contact with the solution.From the obtained
Kd value, the retardation factor value, defined as the rela-
tionship between the velocity of the contaminant and the
velocity of water, can be determined as (Deutsch 1997):

R =1+ (pB/n) x (Kf) x (Caq) (5)
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Table 1 Partition coefficient

values (Kd, L/kg) Pb

Ezeiza 7511
Pampeano

Ezeiza 1427
Puelche

Tres de Febrero 8780
Pampeano

Tres de Febrero 554
Puelche

Chascomus >10,000
Pampeano

Chascomus 1682
Puelche

329
Cd Zn Zn
Without pH control With pH control = 7
1197 884 644
177 139 131
914 5633 2558
63 114 144
44 - 10,160
235 - 160

where pB = specific weight of the sediment, 1 = porosity,
Kf = distribution or partition coefficient, Caq = concen-
tration of the solute after the adsorption in the aqueous
phase.

Results and Discussion

Figure 2a, b shows the isotherms obtained for Pb at both
aquifers (Pampeano and Puelche) in the Tres de Febrero
well. Eighteen isotherms were obtained according to the best
adjustment. In the case of Zn, the experiment was done
without controlling pH and with pH stabilized at 7. Kd values
obtained in each case are shown in Table 1. It illustrates that,
for each metal and considering the three locations, Kd values
obtained for the Pampeano aquifer are higher than those
corresponding to the same metal in the Puelche aquifer in all
cases, except for Cd in the Chascomds district. The com-
parison among metals showed a different order in Kd values
from the largest to the smallest value in the Puelche aquifer
than in the Pampeano aquifer being: (a) Pampeano aquifer:
Pb > Zn (controlled pH) > Cd; (b) Puelche aquifer:
Pb > Cd > Zn. A study including the same metals in soil
sediments was performed by Gao et al. (1997) finding a
similar metal affinities sequence Pb > Cu =~ Zn > Cd > -
Ni > Cr at pH 6.5, and linear isotherm adjustments.

The adjustments obtained through Mathlab for each
absorption isotherm function, indicating the type of iso-
therm and the value of ?, are shown in Table 2. Very good
correlation coefficients for all adjustments can be observed,
higher than 0.70 in all cases, and mostly higher than 0.90.
Moreover, in most cases, the best adjustments were
achieved with the Freundlich isotherm.

The most heavy metal contaminants respected the Fre-
undlich isotherm. Results of Kd experimental determinations

indicate that the capacity of sediment adsorption is high, and
greater in the Pampeano sediments than in the Puelches sands,
producing a significant capacity of attenuation and protecting
the Puelche’s water. Pampeano’s Kds reflect higher values
due to the higher content of clays, higher capacity of cationic
exchange, and the pH stabilizing power of the calcite.

It is important to point out that Kd determination of Zn
needed a strict control of pH and registered erratic
behaviors. Zn behaves as an amphoteric element, and at pH
close to 6 it began to precipitate as hydroxide. The equi-
librium processes produced in Zn solutions can provoke
very important variations in pH, so initial pH values were
adjusted with adsorbate and solution already in contact, and
final pH values were controlled after 72 h in contact. For
this element, the processes of precipitation would be the
most important ones. The experiments with Pb demonstrate
a strong soil adsorption compared with Cd and Zn.

The different origin of the sediments forming the aqui-
fers is reflected in the contents of clay and organic matter
that finally determine the CEC. Kd is related to CEC and in
the study case a bulk relationship can be established where
the Pampeano aquifer having the highest CEC values also
showed the highest Kd values (Fig. 3). Nevertheless con-
sidering individually each metal the behavior is rather
variable. In the Pampeano Aquifer, Kd of Pb and Zn
showed an inverse relationship against CEC while Kd for
Cd showed a positive correlation, with increasing CEC
values. This difference can be explained considering other
sinks than adsorption that can result in higher Kd values.
The formation of insoluble oxides or carbonates can be the
cause, because while PbO, or PbCO5; and ZnO, or ZnCO;
are practically insoluble, CdO, has a solubility of 4.8 mg/L
(18°C). Then, Cd is probably in solution as Cd** and
adsorption, linked to CEC, can be the determining process,
while Pb and Zn partition is controlled by a solid phase
formation. At pH around 7 the stable phases for Pb and Zn
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Table 2 Ajustment of adsorption isotherms

Pb Cd Zn Zn
Without pH control With pH control = 7
Freundlich Langmuir Freundlich Langmuir Freundlich Langmuir Freundlich Langmuir
Ezeiza n=>5 n=>5 n==>6 No converge n=3_8 n=3_8 n=7 No converge
Pampeano 0.9795 0.9157 0.9206 0.9126 0.9804 0.9965
Ezeiza n==6 n==6 n=7 n=7 n=7 n=7 n==6 n==6
Puelche 0.9057 0.8938 0.9862 0.9082 0.9846 0.8287 0.915 0.718
Tres de Febrero n=>5 n=>5 n=23_8 n=23_8 n=7 No converge n=>5 n=>5
Pampeano 0.9916 0.6067 0.9946 0.9048 0.8592 0.9939 0.8891
Tres de Febrero n==6 n==6 n=7 n=7 n==6 n==6 n=4 n=4
Puelche 0,9504 0.9615 0.9914 0.9148 0.9846 0.9030 0.9788 0.7742
Chascomus - - n==6 n==6 - - n=26 n==6
Pampeano 0.9755 0.9798 0.9964 0.9899
Chascomus n==6 n==6 n==6 n==6 - - n=>5 n=>5
Puelche 0.9935 0.8672 0.9914 0.9781 0.828 0.7071
12000 ~ 1800
- 1600
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N - 1400
- I (Y
e L ]
= =
S A $ 1200 3 .4 Pb Pampeano
2 p cdP
= | 1000 & E- ampeano
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Fig. 3 Kd versus CEC values. Left Y axis for Pampeano aquifer values and right Y axis for Puelche aquifer values

are carbonates. Low CEC values can be due to lower
organic matter content and consequently less redox reac-
tions. It can result in a lower acidification which favors
carbonates precipitation and stability. For the Puelche
Agquifer, Kd values for Zn and Cd were low and practically
constants, while Pb values were relatively higher and more
variable, due to the insolubility of PbO, and PbCOs;.
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Few previous data exist in the study zone as comparison
values, Martinez et al. (2006) published for the Pampeano
aquifer a Kd value for Zn of 300.95 L/kg, which is in the
same order of magnitude of the Ezeiza measurements and
lower than the obtained for the other locations. In natural
sandy sediments, equivalent to the aquifer Puelches, Has-
san et al. (1996) determined the minimum values of Kds
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for the same metals: Cd (45-48 L/kg), Pb (65-67 L/kg)
and Zn (249-253 L/kg).

Conclusions

Kd distribution coefficient varied among contaminants.
Moreover, depending on the chemistry of the solid and
liquid phases, it will be different for the Pampeano and
Puelche aquifers. Numerical results provided in this study
constitute an basis for future studies on reactive transport
of heavy metals in the two most important aquifer systems
in Argentina, considering their current use.

Heavy metals tend to be more retained into the Pam-
peano aquifer sediments than in the Puelche aquifer due to
its higher CEC. As the Puelche recharge taking place by
leaking from the Pampeano aquifer, its susceptibility for
the metal pollution is very low. The main sinks for heavy
metals in sediments can be adsorption for Cd, and insoluble
oxides or carbonates formation for Pb and Zn. The weak
correlation between Kd and CEC for Pb and Zn can be the
consequence of the low solubility of the solid phases that
can be formed. pH control on the solubility of carbonates
can explain changes at field scale.

If the reactive transport of these metals is considered,
Pb, with the highest Kd, has a higher retardation factor,
followed by Cd and, afterwards, Zn. In this system, Pb
would migrate within a smaller area, being attenuated in a
smaller area, while Cd and, largely, Zn, would migrate
within a larger area, considering similar flow times. This
pattern is similar for both aquifers, but retardation is much
higher in the Pampeano.
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