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Soto).
Diffusion of a synthetic urban landfill leachate through compacted natural illitic clays and the role of
reactive accessory minerals (carbonates and gypsum) in the geochemical behavior of major soluble ions
are evaluated. The leachate is composed of NHþ4 and Na+ (0.25 M) balanced by Cl� (0.25 M), acetate
(0.1 M) and HCO�3 (0.15 M). The pH is 7.8 and it is typical of the mature stage of organic matter degrada-
tion within an urban landfill. Laboratory scale diffusion tests were performed over 4 months (long term
experiment, LT) and 2 weeks (short term experiment, ST). The ST experiments were designed to allow the
measurement of the Cl� gradient as a diffusion tracer in the compacted clay. In the LT experiments the
chemical gradients were already at steady state, but geochemical reactions involving dissolution of gyp-
sum and precipitation of calcite were observed. Evolution of pore-water chemistry, mineralogy, cation
exchange properties, and the specific surface of clays were determined. Numerical simulations were car-
ried out using the geochemical code RETRASO. Chloride transport, precipitation of carbonates, pH buffer-
ing, and Ca2+/NHþ4 cation exchange reactions took place in the laboratory tests. Apparent Cl� diffusion
coefficients were determined by direct modeling of the ST tests and validated with the LT experiments.
These coefficients were considered in the simulation of transport coupled with experimentally calculated
exchange constants and dissolution/precipitation reactions of gypsum and carbonates. Sulfate reduction
coupled with acetate oxidation has been proven to be relevant in the sample with significant concentra-
tion of SO2�

4 (Bailén). This process also includes significant precipitation of carbonates (mainly calcite)
and causes a decrease of SO2�

4 in the porewater.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The adequate performance of landfills requires an engineered
liner system to protect groundwater and surface resources. Com-
pacted clay materials are used in these engineered liners due to
special properties like low porosity, low hydraulic conductivity
(Rowe et al., 1995), slow diffusive transport and high capacity of
cation adsorption (Bourg et al., 2003). They are commonly called
clay barriers.

Physical movement of dissolved species through soils is mainly
governed by two processes: diffusion and advection. However, in
the case of clay barriers, their low permeability renders advection
negligible. Therefore, diffusion is identified as the major transport
process in compacted clay material (Rosanne et al., 2003).The pro-
cess is described by Fick’s law which relates the flux of a chemical
to its concentration gradient;
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where F is the flux (mol/s/m2), De the effective diffusion coefficient
(m2/s), and c the concentration (mol/m3) (Foged and Baumann,
1999; Appelo and Postma, 2005; Tanhua-Tyrkkö, 2009).

For chemical species which are not retarded by adsorption (e.g.
Cl�), the De can be related to the diffusion coefficient of the species
in free water at standard temperature and pressure conditions, Dw.

De ¼ Dwsn

where s is the tortuosity and n is the porosity of the clay sample.
The combined parameter, sn, is often referred to as effective poros-
ity (Foged and Baumann, 1999). Solute transport through clay bar-
riers is not solely governed by physical processes, but also by
geochemical reactions. Therefore, many studies on transport of sol-
utes through clay barriers focus on how geochemical reactions such
as redox reactions, precipitation of minerals, ion-exchange and an-
ion exclusion, affect the confinement properties of clay barriers
(Montes-H et al., 2005; Van Loon et al., 2007; Appelo et al., 2010).

Precipitation of minerals in the landfill barrier produces a
reduction of clay porosity and for the specific case of carbonates,
contributes to pH buffering. Evolution of initial leachate has been
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Table 1
Initial mineralogy of Bailén and El Papiol clays.

Clays Sheet-silicates Qtz Pl Kfs Cal Dol Others

T Kln Ill Sm

Bailén 52 7 33 12 30 1 <1 11 5 Py: 1
El Papiol 58 – 33 16 30 1 1 6 2 Hem: 2

Chl: 9

T: total sheet-silicates content; Kln: kaolinite; Ill: illite; Sm: smectite; Chl: chlorite;
Qtz: quartz; Pl: plagioclase; Kfs: K-feldspar; Cal: calcite; Dol: dolomite; Hem:
hematite; Py: pyrite.
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linked to the degradation of volatile fatty acids (VFAs), primarily
acetate (CH3COO�), and is characterized by an increase of
carbonate concentration and pH values, which may drive CaCO3

precipitation (VanGulck and Rowe, 2004b). The development of
inorganic clogging material (mainly CaCO3) is responsible for
changing the clay barrier properties by reducing the pore volume
and hydraulic conductivity (Islam and Singhal, 2004; VanGulck
and Rowe, 2004a,b).

Compacted clays contain swelling minerals (smectites), non-
swelling minerals (such as quartz, calcite and feldspar) and voids
(Komine and Ogata, 1996). Swelling process in smectite clay min-
erals is one of the main mechanisms for changes in porosity/water
content. These materials increase their volume when water is
added. Water molecules are adsorbed at active sites on the smec-
tites causing it to expand by increasing the interlayer space. The
ability of swelling is related to the layered structure of the mineral
(Kraehenbuehl et al., 1987; Spooner and Giusti, 1999; Pusch, 2006).

The permanent negative charge on clay surfaces and its associ-
ated cation exchange capacity (CEC) influences the behavior of cat-
ions in landfill areas (Christensen et al., 2000). When a saline
solution is in contact with compacted clays, exchange capacity is
the main mechanism used by cations to enter in clay barriers (Bir-
gersson and Karnland, 2009). For this reason, in landfill areas,
monovalent cations, such as, Na+ and NHþ4 are moderately attenu-
ated compared to Cl� (Malusis et al., 2003). Desorption of Ca2+ and
Mg2+ from the original clay occurs during the adsorption of NHþ4
from the leachate (Thornton et al., 2000; Pivato and Raga, 2006)
due to the affinity of NHþ4 , at high concentration, for the cation ex-
change positions (Pivato and Raga, 2006). This affinity is favoured
also by the existence of frayed edge sites of illites, which are pre-
dominantly accessible to cations with low hydratation energies
such as NHþ4 (Bradbury and Baeyens, 2000). Thus, variations in
the exchangeable cations are produced, as a consequence of
changes in the initial soluble cation concentrations of the pore-
water. An increase of Ca2+ in the porewater could produce calcite
precipitation. Anion exclusion occurs in the interlayer pores of
smectites (Bradbury and Baeyens, 2003) due to the electrostatic
repulsions between anions and the negatively charged clay sur-
faces (Molera et al., 2003; Smith et al., 2004). This phenomenon
is relevant in bentonite materials, which often behave as semiper-
meable membranes for anions (Malusis et al., 2003; Kang and
Shackelford, 2010). As a consequence Cl� in compacted bentonite
is concentrated in the interparticle pore space. The extent of this
phenomenon is strongly related to the dry density of the material.
At high dry densities, the effective diffusion is smaller than at low
dry densities, because in a compacted bentonite, the interparticle
space decreases more so than the inter-lamellar volume. The diffu-
sion of Cl� through a compacted bentonite also depends on the
chemical composition of the pore water. At high pore water ionic
strength, the Cl�-accessible pore space (interparticle pore space)
is larger than at low ionic strength (Van Loon et al., 2007).

Diffusion experiments were performed in the laboratory in
order to evaluate the effects of leachates on natural compacted clay
materials used as engineered barriers. Modelling was carried out
using a geochemical transport model which included geochemical
and effective porosity changes. This paper presents the results and
modelling of laboratory tests performed through natural com-
pacted clays from two Spanish deposits, normally used for ceramic
raw materials, composed of illite and small amounts of smectite.

2. Materials and methods

Tests were performed using two different Spanish ceramic
clays, Bailén and El Papiol, with hydraulic conductivity (HC) values
of 1.9 (±0.2) � 10�10 and 5.2 (±0.2) � 10�10 m/s (Rogel et al., 2009)
measured at Proctor compaction dry densities of 1.9 (±0.1) and 2.0
(±0.1) kg/dm3, respectively. The HC were lower than 1 � 10�9 m/s,
the highest permeability allowed by Spanish regulations for liner
shields (Real Decreto 1481/2001). Bailén (Jaén, Spain) clay is of
Miocene age (González et al., 1998) and is composed of illite, smec-
tite, kaolinite, carbonates, quartz, feldspar and pyrite. El Papiol
(Barcelona, Spain) clay is a Pliocene heterogeneous material com-
posed of illite, chlorite, smectite, carbonates, quartz, feldspar and
hematite (Table 1) (Cuevas et al., 2012).

2.1. Diffusion tests

Laboratory scale diffusion tests were performed over 4 months
(long term experiment, LT) and 2 weeks (short term experiment,
ST). In fact, the ST experiments were designed to allow the mea-
surement of the Cl� gradient in the compacted clay, because in
the LT experiments the chemical gradients were already at steady
state.

The tests consisted of diffusion of a synthetic leachate (Table 2)
through a disc of compacted clay. The compacted clay was com-
pacted into a cylindrical column (2.1 cm height and 7 cm diameter)
and was inserted inside a Teflon sleeve into a steel body to avoid
clay deformation. Then, distilled water and the synthetic leachate
were circulated through two porous Teflon filters at either end of
the cylindrical clay column interface (Fig 1).

The experiment was carried out in three steps:

1) Stabilization step: Water was circulated at the bottom of the
cell over two mouths (LT experiments) or 1 week (ST
experiment).

2) Diffusion step: Water (at the bottom of the cell) and synthetic
leachate (at the top of the cell) were circulated over
2 months (LT experiments) or for 1 week (ST experiments).

3) Analysis step: Compacted clay columns were withdrawn
from the teflon cells. The clay material was cut into three
discs of 7 mm thickness (S1, S2 and S3, where S1 is the con-
tact between leachate and clay and S3 is the contact area
between water and clay) in order to characterize mineralogy
and physico-chemical properties.

During the first and second steps, electric conductivity (EC) was
measured daily in the water container using a Metrohm™ AG 9101
conductivity cell.

2.2. Analytical methods

Mineralogical characterization was carried out by X-ray
diffraction (XRD) using a PANalyticalX́Pert PRO diffractometer
with Ge (111) as the primary monochromator, CuKa1 radiation
and an X’Celerator detector. The samples, prepared for the ran-
dom powder method, were recorded over the range 3 < 2h < 70�
with a step size of 0.0167� and a counting time of 100 s for each
step. Mineralogy was studied by XRD, and for data analysis the
DRXWIN software (Primo Martín, 2002) was used. To semi-quan-
tify the minerals in the bulk sample, the method proposed in



Table 2
pH and chemical composition (mol/L) of different leachates: El Garraf leachate and
the synthetic leachate used in the diffusion tests.

El Garraf leachate Synthetic leachate

pH 8.60 7.78
CH3COO� 0.039* 0.10
HCO�3 0.293** 0.15
Cl� 0.253 0.25
NHþ4 0.254 0.25
Na+ 0.196 0.25
K+ 0.059 –
Ca2+ 1.25 � 10�4 –
Mg2+ 0.005 –

* Calculated as CH3COO� from TOC analysis.
** Calculated as HCO�3 from total alkalinity.

Fig. 1. Schematic of the diffusion tests carried out in the laboratory.
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Schultz (1964) was used, described also in UNE 22-161-92. Sam-
ples were previously dried at 105 �C and ground in a Retsch™
MM200 microball mill for 5 min at a frequency of 1/25 s�1. To
compare and to check differences between the very similar ran-
dom powder diffraction patterns obtained, 10% of ZnO was mixed
as an internal standard with the bulk sample (Srodon et al., 2001):
1 g of ground sample and 0.1 g ZnO. Although a 10% relative error
is assumed for this semi quantitative method, the relative differ-
ences between samples could be evaluated when pattern profiles
were represented together. In addition, longitudinal 10 mm sec-
tions of the compacted clay were cut off and embedded in a
LRWHITE Resin (Cobeña et al., 1999).Thin section petrographic
analysis were carried out with a Petrographic Polarization Orto
Plan Pol Leitz Microscope. The sections were also polished and
studied using a Philips-XL 30 scanning electron microscope
combined with EDX (SEM–EDX).

Specific surface area was measured in order to obtain textural
information of the clays. The N2 BET surface was determined in a
GEMINI V micrometrics� porosimeter after degassing under a N2

flow over 18 h at 90 �C (UNE 22-164/94).
Initial porewater of both original clay materials was extracted

by squeezing at laboratory conditions (25 �C) and the soluble ion
concentration was measured by ion chromatography (Metrohm™
882 Compact IC). The water extracted by squeezing was never in
contact with the atmosphere to avoid alkalinity alteration. These
analyses were used to calculate the exchange constants for the
cation exchange reactions and the initial saturation indexes for
carbonates and sulfates.

Soluble salts in the experiments were measured in a 1:20 aque-
ous extract instead of using the squeezing method due to the small
amount of available sample (<30 g). The aqueous extracts were
performed with the sampled clays after diffusion tests using the
methodology proposed by Cuevas et al. (1997). Concentrations of
cations and anions were also determined by ion chromatography.
These analyses cannot be used to calculate equilibrium conditions
because of the artifacts introduced by the dissolution of carbonates
and sulfates. They are used to evaluate only the anion diffusion
after applying a concentration factor to calculate the actual pore-
water concentration. Concentrations of SO2�

4 and Cl� in the water
container at the end of the tests were also measured.

Exchangeable cations were extracted from the clay at room
temperature using the methodology proposed by Thomas (1982).
The NH4 was determined by ion selective potentiometry (ORION™
9512 Ammonia Gas Sensing Electrode), Na and K using a Buck Sci-
entific� PFP-7 flame photometer and finally, Ca and Mg by Atomic
Absorption (Unicam™ Solaar M). Cation exchange capacity (CEC)
was determined by the methodology proposed by Rhoades
(1982) (Na+ homoionization, Na–COO–CH3 1 M, pH = 8, and Mg2+

displacement, MgNO3�5H2O 0.5 M at pH = 5).
3. Geochemical model

Equilibrium and kinetic processes are considered to simulate
the geochemical behavior of compacted clays during the diffusion
experiments. Equilibrium processes described by mass action laws
are sufficiently fast with respect to transport (diffusion), such as
aqueous speciation and ion-exchange reactions. In contrast, kinetic
processes are slower than fluxes and they may never reach
equilibrium, such as oxidation–reduction reactions and dissolu-
tion–precipitation of minerals.

The code ‘‘Retraso’’ (Saaltink et al., 2004) was used for the
simulation of reactive diffusion experiments. The PHREEQC
thermodynamic and kinetic data base was used for the calculations
(Parkhurst and Appelo, 1999). ST tests performed in both clays were
first modeled in order to describe Cl� transport, SO4-reduction,
exchangeable cations distribution and carbonate dissolution/pre-
cipitation. The models were carried out in two steps of 1 week dura-
tion which correspond to the steps of the diffusion experiment:

1) Stabilization step simulated by 13 cells of different thick-
ness, mineralogy and chemical composition (1 water cell, 1
Teflon porous filter cell and 11 clay cells) (Fig. 2a).

2) Diffusion step simulated by 15 different cells (1 water cell, 2
Teflon porous filter cells, 1 leachate cell and 11 clay cells)
(Fig. 2b). LT test were modeled after the ST using the same
boundary conditions and by just changing the time
(2 months).

The modeling results for the chemistry of the clay porewater
obtained in the stabilization step were the initial values used in
the second step of the simulation.

Dolomite was assumed to dissolve according to the kinetic law
described by Chou et al. (1989), and calcite was assumed to precip-
itate rapidly at equilibrium. Minerals with slow dissolution kinet-
ics such as quartz, clays and feldspars were not included in the
model and they were considered to be non-reactive at the time
scale of the experiments (Drever, 1998).

Cation exchange was calculated from the measured CEC and ini-
tial composition of the exchange complex. Exchange reactions



(A) (B)

Fig. 2. Schematic of the simulation. (A) Stabilization step. (B) Diffusion step.

Table 3
Exchange coefficient (logK) calculated for Bailén and El Papiol. Comparison with
values given in PHREEQC database (Parkhurst and Appelo, 1999).

Bailén El Papiol PHREEQC

NaX 0 0 0
KX �0.42 �1.92 �0.70
CaX2 �0.90 �1.13 �0.60
MgX2 �0.80 �0.99 �0.60
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were formulated according to the Gaines–Thomas convention
(Saaltink et al., 2004; Appelo and Postma, 2005):

1
zi

Izi þ 1
zj

Xzj
� J

� �
¼ 1

zi
Xzi
� I

� �
þ 1

zj
Jzj

where z is the electric charge of the cation. The expression (Xz � I)
indicates that each exchangeable cation occupies z exchangeable
sites. According to this convention the activity of an exchangeable
cation is approximated to its equivalent fraction:

aðXzi � IÞ ¼ bI ¼
½Xzi � I�eqPJ¼Nc

J¼1 ½Xzi � I�eq

¼ ZI½Xzi � I�M
CEC

where [Xzi � I]eq and [Xzi � I]M are the number of equivalents and
moles of the exchangeable cation per kg of water, respectively; bI

is the equivalent fraction, CEC is the cation exchange capacity,
and NY the total number of exchangeable cations. The exchange
coefficient for the reaction under the Gaines–Thomas convention is:

KI=J ¼
a

1
zj

j b
1
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I

a
1
zi
i b

1
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J

The value of the exchange coefficients for both Bailén and El
Papiol clay were calculated from the initial composition of the
exchange complex and the initial pore water (extracted by
squeezing), with the exception of the NHþ4 exchange coefficient.
This constant was calculated from Bailén clay data obtained by
porewater squeezing extraction and subsequent exchangeable
cation displacement in a 4-a leachate diffusion column (0.5 m
thickness) experiments (Hervás et al., 2010). The same NHþ4
constant was used for both clays. Cation exchange coefficients of
Bailén clay are similar to PHREEQC database constants (Table 3).
However, in El Papiol clay constants differ. The new calculated ex-
change coefficients better approached the exchangeable cation re-
sults for both Bailén and El Papiol than the general PHREEQC
constants and were used in the modeling trials.

Finally, SO4-reduction by dissolved organic C was considered in
the model as:

2CH2Oþ SO2�
4 ! H2Sþ 2HCO�3

First order kinetics with a rate constant of 2.5 � 10�5 s�1 (Rolle
et al., 2008) was assumed for SO4-reduction.
4. Initial and boundary conditions

4.1. Initial clay porewater composition and pH

The concentration of ions in the initial porewater in the studied
clays conditioned the diffusion of soluble salts through the com-
pacted clay material. Bailén initial porewater is characterized by
a high soluble salt content. Calcium, Mg, SO4 and Cl are the domi-
nant soluble components. Saturation Indexes (SI) of calcite, disor-
dered dolomite and gypsum have been computed using PHREEQC
software version 2.17 (Parkhurst and Appelo, 1999). Undersatura-
tion of the solution with respect to dolomite was found for Bailén
porewater, whereas gypsum and calcite are virtually at equilibrium
(SI = 0.09 and 0.02, respectively). In El Papiol clay, undersaturation
of the initial porewater with respect to these sparingly soluble
minerals was also computed (Table 4). Textural differences be-
tween the clays regarding carbonates are the existence of fine
grained carbonates in Bailén clay and coarse grains in El Papiol
clay. The coarse grains are not as rapidly dissolved compared to
fine grains during the aqueous extraction of porewater. For this
reason El Papiol clay porewater shows an undersaturation condi-
tion with respect to calcite.

In Bailén clay, there is a 5.3 � 10�4 mol/L concentration of gyp-
sum that precipitates due to the amount of Ca and SO4 in the pore
water. Due to this small amount of gypsum (<5‰ solid weight),
this mineral is not recorded by DRX techniques (Table 1).

pH values in the initial clays obtained by squeezing were 7.5 in
Bailén and 7.2 in El Papiol clay (Table 4). It is worth mentioning
that pH values are higher in the 1:20 aqueous extracts (7.7 in
Bailén and 9.6 in El Papiol; not shown). This pH increase is
produced by the dissolution of carbonates during the aqueous



Table 4
Chemical composition (mmol/kgw), electrical conductivity (S/m), pH and saturation Index of calcite (Cal), dolomite disordered (Dol) and gypsum (Gp) of initial Bailén and El Papiol
porewater.

Clay Na
(mmol/kgw)

K
(mmol/kgw)

NH4

(mmol/kgw)
Ca
(mmol/kgw)

Mg
(mmol/kgw)

Cl
(mmol/kgw)

SO4

(mmol/kgw)
H2CO3

(mmol/kgw)
EC
(S/m)

pH
(S/m)

Saturation Index

Cal Dol Gp

Bailén 10.2 8.8 1.7 16.2 12.4 12.5 27.9 1.78 0.87 7.5 0.09 �0.36 0.02
El Papiol 5.3 0.3 0.2 1.6 1.4 3.7 2.9 0.40 0.13 7.2 �1.14 �2.76 �1.36

Fig. 3. Electrical conductivity in the water container of the diffusion tests for both clays. (A) LT tests. (B) ST diffusion tests. (C) Enlargement of the first week of the diffusion
step for both ST and LT tests.

Table 5
Sulfate and chloride concentrations in the water container after LT tests (mol/L).
Sulfate and chloride concentration measured in 1:20 aqueous extracts of the original
clays (mol/kgw).

SO2�
4

Cl�

Water container (ST) Bailén 1.8 � 10�3 3.6 � 10�4

El Papiol 1.2 � 10�4 8.0 � 10�4

Water container (LT) Bailén 1.4 � 10�2 2.5 � 10�2

El Papiol 2.4 � 10�4 2.9 � 10�2

Aqueous extracts Bailén 2.65 3.6 � 10�2

El Papiol 1.4 � 10�2 2.3 � 10�2
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extraction. For this reason, these data are not representative of the
porewater chemistry when aqueous extracts are used instead of
squeezing data.

4.2. Boundary solutions

Two boundary solutions have been used in the model (Fig. 2),
distilled water and synthetic leachate. First, the distilled water
container was simulated as water with very low solute concentra-
tions (lower than 1 � 10�6 mol/kgw). Second, the synthetic leach-
ate has a comparable chemical composition to the leachate
obtained from El Garraf landfill (Barcelona). The leachate from El
Garraf landfill is a leachate from the methanogenic phase of the
organic matter degradation in landfill areas (Cuevas et al., 2009).
This leachate is characterized by high pH (around 8), a high content
of NHþ4 salts and low concentration of organic anions (Table 2).
5. Results and discussion

5.1. Solute diffusion and pH

The monitoring of salt concentration in the water container by
means of Electrical conductivity (EC) shows a significant increase
of this parameter shortly after the beginning of the second step
(leachate diffusion). In both laboratory tests, values of EC are high-
er in Bailén clay than in El Papiol clay due to the fact that initial
concentrations of solutes are higher in Bailén than in El Papiol pore
waters.



Fig. 4. Chloride and SO2�
4 soluble content in the samples after diffusion tests. (A) Cl� data, (B) SO2�

4 data.

Fig. 5. pH values in the aqueous extract of the performed samples after diffusion
tests.
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A constant increase of EC was shown in the water container of
the ST tests for both clays. However, the slope of the EC in LT tests
was higher in the diffusion step than in the stabilization step, due
to the arrival of the solute diffusion from the leachate. The increase
of the slope of EC values was not constant during the whole
Table 6
Mineralogical composition (%) and specific surface area by BET N2 adsorption method (m2

Clays T Qtz Pl

ST Bailén S1 45 33 <1
Bailén S3 52 28 <1
Papiol_S1 65 23 1
Papiol_S3 56 31 1

LT Bailén_S1 48 30 <1
Bailén_S3 53 27 <1
Papiol_S1 54 32 2
Papiol_S3 57 26 2

T: total sheet-silicate content; Qtz: quartz, Pl: plagioclase; Kfs: K-feldspar; Cal: calcite;
leachate diffusion step. For approximately 5 days the increase
was smaller than during the rest of the experiment (Fig. 3).

Sulfate concentrations in the water container at the end of the
LT experiments were higher in Bailén than in El Papiol, in accor-
dance with the initial SO2�

4 concentration measured in the 1:20
aqueous extracts of the original clays. However, Cl concentrations
are quite similar for both clays (Table 5). There are differences be-
tween SO2�

4 concentration of the initial clay obtained by aqueous
extracts (Table 5) and the SO2�

4 concentration obtained by squeez-
ing (Table 4) due to the fact that sulfates are dissolved during the
aqueous extract but not during the squeezing process.

Chloride concentration measured in the clay subsamples
showed smaller values in ST tests than in the LT tests (Fig. 4A).
In LT tests, the amount of Cl is constant in all samples. However,
in ST tests, higher amounts of Cl were found in the solid subsample
S1 than in S3. The SO2�

4 concentration showed the opposite trend
compared to the Cl concentration. Sulfate concentration is signifi-
cantly higher in the ST test than in the LT test (Fig. 4B). The reason
for this can be related to both SO2�

4 diffusion to the reservoirs and
with SO4-reduction processes. Sulfate-reducing bacteria take SO2�

4

from the porewater in order to degrade organic material (acetate)
(Owen and Manning, 1996). Because Eh was not measured, the
contribution of these two processes was evaluated later in the
modeling of the experiments. The high concentration of SO2�

4 in
Bailén clay is caused by the dissolution of gypsum in the aqueous
extraction method.

While diffusion of Cl� is expected for Bailén clay, SO2�
4 will

diffuse to both leachate and water container. In contrast, El Papiol
is a clay material with a small concentration of solutes in the
/g) of both clays used after diffusion tests.

Kfs Cal Dol Others BET

<1 14 5 Py: <1 25 ± 2
<1 12 5 Py: <1 30 ± 1
1 6 2 Hem: 2 22 ± 1
1 7 2 Hem: 2 20 ± 1

<1 16 3 Py: <1 29 ± 1
<1 13 4 Py: 1 30 ± 1
1 8 <1 Hem: 2 18 ± 0.5
3 7 2 Hem: 1 19 ± 0.5

Dol: dolomite; Hem: hematite, Py: Pyrite.
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porewater where NaCl and sulfates are the dominant solutes (Ta-
ble 4). Hence the diffusion of ions from the leachate will be the
main process to be observed.

After the diffusion tests, pH values in aqueous extracts were be-
tween 8 and 9 for both ST and LT experiments (Fig. 5). The increase
in pH induces the subsequent precipitation of calcite (Appelo,
1994).

The diffusion coefficients (De) were fitted to the Cl� distribution
in porewater at the end of the experiment, and it was assumed to
be equal for all the aqueous species. The selection of this anion is
because it was not present in significant concentrations in the ini-
tial clay porewater (Table 5), and because it is a conservative anion
and diffusion is the only process which modified its composition in
the clay porewater (Rowe, 1989). El Papiol clay was modeled with
a unique diffusion coefficient (De = 2 � 10�10 m2/s). Bailén
material, however, needed two diffusion coefficients (De = 9 �
10�11 m2/s in the water–clay half and De = 1.5 � 10�11 m2/s in the
leachate–clay half). This fact was initially attributed to a significant
calcite precipitation in Bailén clay after the test in the clay–leach-
ate contact (Table 6) as far as calcite precipitation decreases the
porosity of the clay material (VanGulck and Rowe, 2004a) resulting
in a decrease in the apparent diffusion coefficient of the solutes.
Considering the precipitation of calcite, by increasing its content
by 5% the porosity should decrease from 0.41 to 0.38 (<10%
variation), which cannot explain the variation of the diffusion
coefficients (almost one order of magnitude) calculated. It is clear
that most of the porosity change was caused by either change in
the interlayer volume space or the effective volume available for
the diffusion of anions (i.e., Van Loon et al., 2007). There was no
Fig. 6. Experimental Cl� data and simulation Cl� data of the ST and L

Table 7
Cation exchange composition of the original samples, ST experiments and LT experiments

NaX

Original clay Bailén 0.40
El Papiol 0.9

ST tests Bailén_S1 1.3
Bailén_S2 0.9
Bailén_S3 1.1
El Papiol_S1 1.5
El Papiol_S2 1.1
El Papiol_S3 0.8

LT tests Bailén_S1 2.7
Bailén_S2 3.1
Bailén_S3 2.8
El Papiol_S1 3.0
El Papiol_S2 3.2
El Papiol_S3 2.9

n.d.: not detected.
mechanistic treatment of the behavior of the interparticle spaces
or different types of porosity in the model. This kind of treatment
will be necessary for a more detailed understanding of the trans-
port phenomena in compacted clays. In spite of this, the data ob-
tained in the simulation matched the analytical data for both
clays (Fig. 6). The different approach needed for the two clays is
also in agreement with the changes in specific surface in the ST
tests for the Bailén clay. Similar diffusion coefficients for Cl� were
obtained in diffusion laboratory experiments performed with nat-
ural clay with carbonates by Barone et al., (1990).
5.2. Cation exchange

Cation exchange capacity (CEC) is 13.2 ± 1 cmol(+)/kg for Bailen
clay and 15.3 ± 0.9 cmol(+)/kg for El Papiol clay (Table 7). CEC did
not change during the diffusion test.

Due to the fact that the analytical method used for the
exchangeable cation extraction dissolved carbonates and sulfates,
the Ca2+ and Mg2+ concentrations are overestimated (Dohrmann,
2006; Dohrmann and Kaufhold, 2010). To correct the error, it is as-
sumed that Ca concentration could be recalculated, following the
next equation:

Ca2þ ¼ CEC� ðNaþ þ Kþ þ NHþ4 þMg2þÞ

This is consistent with the slow kinetics assumed for the disso-
lution of dolomite (Chou et al., 1989). However, in the LT experi-
ments, both Mg2+ and Ca2+ concentrations should become
overestimated. In this case it has been assumed that equilibrium
T experiments for both clays. (A) Bailén data. (B) El Papiol data.

(cmol(+)/kg).

KX NH4X CaX2 MgX2

0.9 n.d. 8.0 4.2
0.9 n.d. 7.7 5.8

0.9 2.5 5.4 3.2
0.9 1.6 6.2 3.7
1.0 1.2 5.9 4.0
0.8 2.6 6.3 4.1
0.8 0.5 8.9 4.4
0.9 0.2 9.4 4.4

0.4 6.2 3.0 1.0
0.3 5.9 3.0 1.0
0.3 6.1 3.0 1.0
0.2 10.6 1.0 0.5
0.2 9.4 1.6 0.8
0.2 9.8 1.6 0.8



Fig. 7. Measured exchangeable cation data and simulation data of the ST and LT experiments. (A) BailénSTdata. (B) El PapiolSTdata. (C) Bailén LT data. (D) El Papiol LT data.
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is achieved and the measured Mg/Ca ratio is maintained in the
exchange complex. Unfortunately it was not possible to perform
the squeezing method to determine porewater chemistry in both
ST and LT samples (see methods section). Exchangeable NHþ4 in
the subsamples clearly shows a significant gradient between S1
and S3 for the ST tests, the concentration of NHþ4 is higher in the
leachate–clay interface than in the opposite area. This was not
observed in samples from the LT tests. In these tests the clay pore-
water reached a steady state condition for the different composi-
tion of the water and the leachate containers. Exchangeable Na+

values show similar distribution patterns as observed with
exchangeable NHþ4 between S1 and S3 for LT and ST experiments
(Table 7). As a consequence NHþ4 and Na+ prevailed in the exchange
clay complex of the clay in LT experiments.

The Ca2+, Mg2+ and K+ concentrations for both clays after diffu-
sion tests decreased compared with the initial cation exchange
concentrations (Table 7). Desorption of these cations occurs during
the sorption of Na+ and NHþ4 from the leachate. This process fa-
vored calcite precipitation at the leachate–clay contact due to an
increase of Ca2+ in the porewater. The precipitation of calcite is
consistent with the SI obtained with PHREEQC for the initial pore-
water from both clays (Table 4).The sorption of NHþ4 is more
important in El Papiol clay than in Bailén material after the LT test
which could be explained by the relatively low reactivity of the
coarse grained carbonates in El Papiol clay.

The model calculations fit the trend of the measured exchange-
able cations in the ST tests. The cation displaced is preferentially
Ca2+, which is exchanged with Na+ and NHþ4 from the leachate.
However, this displacement is not equal in both clays; there is a
relationship between the chemical composition of the cation ex-
change complex and the gypsum content. As expected, the clay
from El Papiol shows that the exchange of Ca2+ for Na+ and NHþ4
from the leachate is more prominent than in the Bailén, whereby
dissolution of gypsum supplies additional Ca2+ to the pore water
(Fig. 7A and B). In LT experiments, measured NHþ4 and Na+ concen-
trations fit the trend of these cation concentrations of the model.
The highest concentrations of NHþ4 are obtained in the leachate
area for both clays due to the incorporation of this cation in the
exchangeable complex and its high selectivity relative to Na+

(Fig. 7C and D). This trend is more pronounced in El Papiol clay.

5.3. Mineralogy and surface area of clays

No significant changes were found in the mineralogy of the
clays (Table 6). The only exception was a minor dissolution of dolo-
mite and precipitation of calcite in the contact area between clay
and synthetic leachate (S1) in LT test. The precipitation of calcite
and dissolution of dolomite is more significant in Bailén than in
El Papiol due to the fact that the carbonate content in Bailén is
higher than in El Papiol (Fig. 8). After the ST test, very small
changes were determined: dolomite in the Bailén clay became al-
tered, the 2.89 Å dolomite peak is partially shifted to 2.92 Å. This
indicates the formation of a Ca2+-rich dolomite (Zhang et al., 2010).

Observations using the optical microscope in the LT tests con-
firm the precipitation of calcite in the leachate–clay region. Small
new crystals of calcite were found in the leachate–clay interface



Fig. 8. Detail of carbonate random powder XRD patterns of Bailén and El Papiol clays after large (A and B) and small scale diffusion test (C and D).

Fig. 9. Polarized optical microscope images of El Papiol clay (LT test). (A) Cross section of the leachate contact. (B) Cross section of the water contact. (C) Amounts of carbonate
grains for Bailén and El Papiol clay cal: calcite grains.
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Fig. 10. Calcium distribution acrossBailén and El Papiol samples by SEM–EDX.
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area (Fig. 9A), which is observed by a number of tiny birefringent
crystals that are less visible at the water contact (Fig. 9B) zone than
in the leachate area. In the case of Bailén, the effect is less evident
because the size of the crystals (0.1–0.4 mm) is smaller than the
crystal size of El Papiol (0.3–0.7 mm). Moreover, along transverse
profiles of the thin sections, greater amounts of carbonate crystals
are observed close to the leachate boundary especially in the Bailén
Fig. 11. Model mineralogical data of the ST and LT experiment. (A) Bailén
clay (Fig. 9C). The SEM–EDX of element profiles also confirm an
enrichment of Ca in the leachate–clay contact (Fig. 10). The in-
crease of Ca is more pronounced in the case of Bailén than in El
Papiol, which is consistent with the significant calcite precipitation
in this clay observed by XRD and the study of thin sections.

Values of N2 BET specific surface of the initial clays are: Bailén,
29 ± 1 m2/g and El Papiol, 19 ± 0.5 m2/g. The external specific sur-
face of platy clay particles is related to the degree of coherent
stacking of quasicrystals (Metz et al., 2005). The El Papiol clay
shows a very small variation of the initial external specific surface.
The Bailén clay shows a significant decrease of external specific
surface, from 29 to 25 m2/s in the ST experiments at the section
in contact with water. The difference is not significant in the LT
experiments. The perturbation of this property could be linked to
an initial rearrangement of particles due to the clay expansion at
the dilute water side. This expansion is favored by the increase
of pore space in the high salinity leachate side and the shrinking
of the Double Diffuse Layer between clay platelets. This pore space
is eventually reduced by the swelling pressure generated by the
smectite component on the dilute water side (Arasan et al., 2010)
and finally stabilized as porewater salinity is homogenized in the
LT experiments.

Changes in the mineralogical composition of the studied clays
are also calculated with the models; precipitation of calcite is ob-
tained for both clays in the leachate area after ST and LT diffusion
tests (Fig. 11) in accordance with the mineralogical results
STdata. (B) El PapiolSTdata. (C) Bailén LT data. (D) El Papiol LT data.



Fig. 12. Comparison of data from Bailen model with SO4-reduction and Bailén model without SO4-reduction. (A) Calcite concentration. (B) SO4 concentration. (C) Comparison
of analytical SO4 concentration with total SO4 concentration in the models (mol/kg).
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obtained by XRD (Table 6) and with the decrease of porosity
suggested by the Cl� diffusion modeling. In the Bailén clay, SO4-
reduction produces dissolution of gypsum. The incorporation of
SO4-reduction in the Bailén model involves a decrease of the
SO2�

4 concentration and a significant precipitation of calcite due
to the increase in the HCO�3 concentration in the final porewater.
In agreement with the model, the amount of calcite precipitated
in the S1 slice of the LT tests (7 mm thickness) is 0.3%, or 1% if
SO4-reduction is considered (Fig. 12A). The experimentally deter-
mined increase of calcite in this section is about 3–5%, which is
more consistent with SO4-reduction processes. Then, the process
should be more developed in the experiment for the model predic-
tion. The existence of SO4-reduction is also consistent with the sig-
nificant decrease of total SO4 (gypsum + porewater SO2�

4 ) over the
long term (LT; Fig 4). The total SO4 in the LT experiment is about
1/10 of the original value, which is consistent with the model pre-
diction when total SO4 is calculated according to the remaining to-
tal SO4 in the LT related to the mass of solid (Fig. 12 B).The model
without SO4-reduction predicts a decrease of 1/4 by pure diffusion.
6. Conclusions

Natural clay materials contain small amounts of soluble acces-
sory minerals such as calcite, dolomite and gypsum, which condi-
tion the transport and reaction properties of clay barriers used for
landfill leachate attenuation.

Landfill leachates usually contain high concentrations of Cl�,
NHþ4 and soluble low molecular weight organic acids. The diffusion
of Cl� has been used in this work to determine the overall fluid
transport behavior in compacted clays. Apparent diffusion coeffi-
cients for Cl� transport have been calculated for both clays. El Pap-
iol clay with a small initial concentration of soluble salts shows a
larger diffusion coefficient (De = 2 � 10�10 m2/s) than Bailén clay
(De = 9 � 10�11 and 1.5 � 10�11 m2/s). Variation for Bailén clay is
related to a decrease in porosity in the leachate–clay contact,
mostly attributed to interparticle volume decrease near the leach-
ate, rather than a significant precipitation of calcite. This precipita-
tion is driven by NH4 and Na exchange with the initial cations of
the exchange complex (mainly Ca). This process produces an in-
crease of Ca in the porewater of the clays and supersaturation of
calcite in the porewater.

Sulfate reduction coupled with acetate oxidation has been pro-
ven to be relevant in samples with a significant concentration of
SO2�

4 (Bailén). This process also promotes significant precipitation
of carbonates (mainly calcite) and produces a decrease of SO2�

4 in
the porewater. These reactions potentially ensure a buffer capacity
that provides a high enough pH (8–9) to offer a suitable long-term
retention of metal ions precipitated as hydr/oxides or carbonates
(Mostbauer, 2003). Regadío et al. (2012) and Regadío (2012) have
determined, in clay substrata studied below old landfills, a lack
of migration at depth of Cu, Cr, Cd and Zn, which content were pos-
itively correlated with the increase of calcite. Calcite was found
concentrated within shallow depths in the clay materials held in
contact with leachate and waste. However, although the presence
of these accessory minerals would add valuable performance func-
tions to clay barriers, it is obvious that excessive precipitation of
calcite or high amounts of SO2�

4 will compromise the surface reten-
tion properties of the barrier materials (pore clogging), or will pro-
mote undesirable sulfide gas generation. Therefore, suitable limits
for these reactive accessory minerals should be examined in future
research.
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