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Abstract: Three cationic tracers, Sr2+, Co2+ and Cs+ were tested with a modified electromigration de-
vice by applying 2V, 3V and 4V voltage gradients over an intact Grimsel granodiorite rock sample. An
ideal plug-flow model and an advection-dispersion model were applied to analyze the breakthrough
curves. Matrix characterization by C-14-PMMA autoradiography and scanning electron microscopy
showed that in the centimeter scale of Grimsel granodiorite rock, the interconnected matrix porosity
forms a well-connected network for diffusion. Micrometer-scale fissures are transecting biotite and
chlorite minerals, indicating sorption of the studied cations. The ideal plug-flow model indicated that
the effective diffusion coefficients (De values) for Sr2+, Co2+ and Cs+ tracer ions within the Grimsel
granodiorite rock were 3.20 × 10−13 m2/s, 1.23 × 10−13 m2/s and 2.25 × 10−12 m2/s, respectively.
De values were also derived from the advection-dispersion model, from which 2.86 × 10−13 m2/s,
1.35 × 10−13 m2/s and 2.26 × 10−12 m2/s were calculated. The diffusion speed for the tracers was in
the sequence of Cs+ > Sr2+ > Co2+ that is in the same sequence as their diffusion in diluted water. The
distribution coefficients (Kd values) calculated from the models covered the range of two magnitudes
(from 10−7 m3/kg to 10−5 m3/kg). The result indicated that the sorption process of the studied
elements did not reach equilibrium during the electromigration process, mainly due to the too much
acceleration of the migration speed by the voltage gradients applied over the rock sample.

Keywords: electromigration; intact crystalline rock; sorption; diffusion; porosity; pore structure
of minerals

1. Introduction

Geological disposal has been widely accepted as a realistic option for nuclear waste
management in many countries, such as Finland, Sweden, France and Switzerland. Experi-
ments, both in-situ and laboratory scale, have been performed to provide solid parameters
for concept development and safety assessment of a nuclear waste repository [1,2]. For
example, the Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra)
has been conducting in-situ field experiments in its underground rock laboratory (URL),
named the Grimsel Test Site (GTS), to assess the relevance of laboratory data to repository
scales and to evaluate the diffusion and sorption properties of radionuclides in in-situ
conditions [3–5].

In tandem, supporting laboratory experiments were conducted to gain information on
the validity of the methods and data to provide an opportunity to improve the modeling
results and hence the safety analysis [4,6,7]. The migration and retention of radionuclides
such as 133Ba, 79Se, 226Ra, 134Cs, 22Na, 3H, 131I, in the matrix of the GTS bedrock, Grimsel
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granodiorite, has been provided both for the in-situ condition and laboratory-scale experi-
mental conditions. The results show that matrix diffusion into the rock and sorption onto
the mineral/rock surfaces are the most significant processes that can retard the transport of
radionuclides from the spent nuclear fuel or low- and intermediate level radioactive waste
repositories to the surrounding biosphere. Thus, in the safety assessment of a nuclear waste
repository, the effective diffusivity (De), sorption distribution coefficient (Kd) and pore
space characterization (e.g., porosity ε) are the key parameters to evaluate the retardation
processes of radionuclides under expected underground conditions [8].

The characterization of pore spaces and surfaces of an intact rock sample have been
studied with various techniques. A resin technique for impregnating and imaging rock sam-
ples with a 14C-labelled polymethylmethacrylate (C-14-PMMA autoradiography) method
was developed to allow investigation of the spatial distributions of accessible porosity of
centimetric scaled rock samples [9–11]. Quantitative measurements of total or mineral-
specific local porosities have also been obtained using image analysis tools [12]. This
method was used to characterize crystalline rock samples from GTS and Onkalo, Olkiluoto,
Finland [13,14]. By combining the C-14-PMMA autoradiography with other techniques,
such as X-ray tomography, scanning electron microscope (SEM) and energy-dispersive
X-ray spectroscopic analyses, this technique can provide a detailed relationship between
microstructure, mineralogy and porosity in centimeter-scale rock cores. For the acquisition
of De and Kd parameters, the use of the electromigration technique has received more
attention in the last two decades [15–20]. Compared with traditional diffusion experiments,
the electromigration technique can decrease the experimental time from months to days
due to the acceleration of the migration of studied ions by an electric field. The technique
also has the advantage of providing Kd values for intact rock samples to avoid the crushing
effects of them as used in batch sorption studies. Therefore, the electromigration tech-
nique has received increasing attention for directly providing sorption and diffusion data
under intact rock conditions. With the electromigration device that has four chambers, Löf-
gren et al. [21] obtained the De values for both I− and Cs+ through a 15 mm thick crystalline
rock sample and concluded that the De values were in agreement with the ones provided
by in-diffusion experiments. To improve the stability of the device and reduce experimental
errors, Li et al. [19] modified the electromigration device by introducing a potentiostat that
has four electrode experimental functions. The potentiostat keeps the voltage over the rock
sample constant and enables the automation of the system. However, studies focusing on
the impact of properties of rock samples (e.g., pore structure, mineralogical heterogeneities
and porosity) on tracer diffusion and sorption under applied external electric fields are
still rare.

Two anions, I- and SeO3
2-, which have non-sorbing or slightly sorbing properties, were

successfully tested with the modified electromigration device by Li et al. [19]. However,
the sorption data (Kd) produced with the electromigration method is still quite rare, which
limits the use of this powerful technique in providing reliable parameters for sorption
of elements in intact rock samples. In addition, the heterogeneity of the pore space of
crystalline rock should be taken into account in interpreting the diffusion and sorption
results of electromigration experiments.

This work aims to discuss the electromigration results of three strongly sorbing cations
(Cs+, Sr2+ and Co2+) in light of pore space characterization data (heterogeneous mineralogy
and pore structures) obtained from C-14-PMMA autoradiography and scanning electron
microscopy and energy-dispersive X-ray spectroscopy analysis (SEM/EDS). The combi-
nation of the electromigration technique and C-14-PMMA autoradiography will provide
insight into the diffusion and sorption processes in heterogeneous Grimsel granodiorite
rock core) concerning the main migration pathways and minerals around them.
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2. Materials and Methods
2.1. Rock Sample Processing

Grimsel granodiorite (Figure 1) was chosen as the studied intact rock sample because
of the extensive characterization of the parameters (e.g., porosity, permeability, mineralogy
and pore structure distributions) and wide studies with batch sorption experiments and
through diffusion experiments [4,6,22–24].

The mineral composition of Grimsel granodiorite was measured by X-ray Diffraction
(XRD, D8 Discover (A25) powder diffractometer equipped with LYNXEYE detector) and
thin section analysis with polarizing microscopy in the Geological Survey of Finland
(Table 1). The XRD spectra were recorded for 3 h at an angle interval of 4-100◦ 2θ (CuKα)
with a step size of 0.0092◦ 2θ. Grimsel granodiorite is a mixture of several minerals with
around 40 wt.% of plagioclase, 20–25 wt.% of K-feldspar, 20–30 wt.% of quartz, 6–10 wt.%
of biotite and 5 wt.% of chlorite. Biotite and chlorite content is up to 15 wt.% of the material
and these minerals have a relatively large specific surface area compared to the other
minerals existing in Grimsel granodiorite.
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Figure 1. Left: Grimsel granodiorite rock core that was sealed in a cylinder for the electromigration
device (Left). The same sample was impregnated with C-14-PMMA for autoradiography. Right: The
sample sawing procedures and the surfaces for autoradiography and SEM/EDS analysis.

Table 1. Mineralogy analysis of Grimsel granodiorite by using the XRD (wt.%) and polarizing
microscopy (point-counting by 500 points, vol.%) performed in the Geological Survey of Finland.

Minerals XRD (wt.%) Thin Section Analysis (vol.%)

Plagioclase 40 36.5
K-feldspar 25 17.2

Quartz 20 32.8
biotite 10 6.4

Muscovite + sericite — 2.1
Epidote — 1.1

Amphibole — 3.2
chlorite 5 0.3

The diameter and length of the rock sample were measured to be 49.5 mm and 26.5 mm,
respectively. After cutting and polishing, the rock sample was immersed in background
electrolyte (0.2 M NaCl + 0.002 M NaHCO3) for at least two weeks for the purpose of
background saturation. The 0.2 M NaCl in the background water simulates the salinity of
the common groundwater, while 0.002 M NaHCO3 was added as a pH buffer to resist the
pH change caused by hydrolysis reactions occurring on electrodes during the operation of
electromigration experiments. After saturation, the rock sample was sealed tightly with
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epoxy in a plastic cylindrical shell, which has the same inner diameter as the diameter of
the rock sample (Figure 1). A detailed method for sealing the sample holder was described
in our previous work [19]. The tightness of the holder was also checked, and the results
show that the tracer ions can only migrate through the rock sample by its micropores [19].

2.2. C-14-PMMA Autoradiography

C-14-PMMA autoradiography was applied to the Grimsel granodiorite studied for
porosity measurement. C-14-PMMA autoradiography is based on measuring the radiation
resulting from the C-14-labeled tracer compound within the rock [9–11,25]. The sample is
first dried and then impregnated with a tracer solution of C-14-labeled methyl methacrylate
(C-14-MMA). This tracer intrudes into the sample’s connected porosity. Once the tracer
has intruded into all accessible pore spaces, the tracer is fixed in place by polymerizing
it. When the tracer has been polymerized, the sample can be sawed, polished and placed
on an autoradiographic film for film autoradiography or an imaging plate for digital
autoradiography [24,26].

C-14-PMMA autoradiography images the spatial distribution of the C-14-labeled
PMMA within the pore network of the sample along two dimensions with the use of storage
phosphor screen imaging plates. BAS TR2025 phosphor-europium complex imaging plates
were used in this work. The scanner used to read the autoradiography imaging plates in
this work was the Fuji FLA-5100.

The 16-bit digital images are produced and the optical densities are calculated accord-
ing to the equation as follows:

OD = OD′0 ×A k′ (1)

where OD is the optical density, OD′0 is the optical density for A = 1 Bq/mL, A is the local
activity and k’ is the fitting coefficient.

This equation can be converted to the equation of local activity:

A =

(
OD
OD′0

) 1
k′

(2)

Using these two equations, the local activity can be solved and placed into the equation
of porosity. The beta correction must be taken into account in the porosity calculation due to
the range of C-14 beta emissions in materials of different densities. Thus, the beta correction
is proportional to the sample’s grain density and the PMMA density [9,10,27]. Here, a grain
density of 2.7 g/cm3 for rock material and a PMMA density of 1.2 g/cm3 are used:

φi =

ρm
ρresin

1 + Ai
A0
×
(

ρm
ρresin

− 1
) × Ai

A0
(3)

where φi is the local porosity (%), ρm represents the material grain density (g/cm3), ρresin
is the PMMA resin density (g/cm3), Ai is local activity (Bq/mL) and A0 is tracer activity
(Bq/mL).

2.3. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopic Analyses

The morphology and elemental distribution were studied with field emission scan-
ning electron microscopy (FE-SEM) and with energy-dispersive X-ray spectroscopic anal-
ysis (EDS) on the C-14-PMMA impregnated rock sample. The FE-SEM-EDS was used in
high-vacuum mode with a backscattered signal, 20 kV accelerating voltage, and 1-5 nA
probe current. Backscattered electron (BSE) images were obtained. EDS analysis provides
quantitative elemental composition data that was used to identify the mineral phases by
comparison to literature values. The elemental analyses were calculated into oxide percent-
ages and normalized to 100%. One autoradiographed Grimsel granodiorite sample surface
was carbon coated for the SEM analyses, which were performed using a field emission
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scanning electron microscope (FE-SEM) Hitachi S-4800 (Hi-tachi, Tokyo, Japan) model
with an Oxford instruments X-sight X-ray diffractometer. The energy resolution of the
EDS detectors used is about 130 eV for Mn Kα with a processing capabilities multichannel
analyzer with 2048 channels at 10 eV ch–1. The FE-SEM-EDS systems were operated by
Oxford Instruments INCA software. The analytical data obtained was semi-quantitative
and the sum of the components was normalized to 100%. Typical detection limits in point
analysis for different elements range between 0.3 and 0.5 wt%.

2.4. Electromigration Device

An electromigration device modified in the work of Li et al. [19] was used in the study.
The modification of the electromigration device was based on the former design of Löfgren
and Neretnieks [20] and André et al. [15] by introducing a potentiostat that can maintain
a constant voltage across the rock sample and by adding NaHCO3 buffer to stabilize the
pH conditions of the background electrolyte. The modified electromigration device has
the functions of voltage-self-controlling, continuous-current-recording and solution-pH-
stabilization. Long-term running of the device becomes possible because the voltage over
the rock sample will be adjusted automatically by the device itself to keep a constant value
when the resistance of the rock sample changes.

A schematic figure of the electromigration device is shown in Figure 2. The volume
of the source and recipient chambers is 152 mL, while the volume of the two electrode
chambers at both ends is 250 mL. The four-electrode plates with a dimension of 1 cm
× 2 cm are made of titanium metal. A platinum wire was used to connect the titanium
electrodes. A voltage meter and an ampere meter were utilized to record the instant voltage
over the rock sample and the current going through the whole device, respectively. The
filters (Äspö underground rock, 0.7% porosity) with a length of 1 cm were used to separate
the electrolyte in the two electrode chambers from the electrolyte in the source/recipient
chambers. A constant potential of 2 V, 3 V and 4 V was applied over the rock sample, while
the whole voltage applied to the electromigration device changes with time according to
the resistance change of the rock sample. This process was controlled by the four-electrode
system and the Amperometric i-t curve technique [28] of the potentiostat. The current
going through the electromigration device was also recorded continuously as a function of
experimental time by the potentiostat.
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2.5. Electromigration Measurements

The diffusion experiment was performed with three tracers, CsCl, SrCl2 and CoCl2.
The concentrations of the tracers in the source chamber as well as other running conditions
are shown in Table 2. Before running the electromigration experiments, the speciation of
the tracers in the background electrolyte (pH 8) was checked by Phreeqc with the database
of Thermoddem V1.10 (15/12/2020) which is a database that gathers the thermodynamic
properties of mineral phases from wastes and natural environments. The percentages of
the tracers that exist in the sample dissolved ionic form are Cs+ (91%), Sr2+ (96%) and
Co2+ (76%). The remaining tracers exist in Cl-complexing formats, such as CsCl, SrCl+ and
CoCl+. To simplify the system, we assumed that all the tracers were in the speciation format
of Cs+, Sr2+ and Co2+. Three voltages 2V, 3V and 4V, were applied in the experiments to
study the effect of different voltages on the retardation processes. The ionic strength of the
tracer ions was designed to be the same to avoid the influence of the electric double layer.
Thus, the initial concentration of Cs+ (0.1 M) was 3 times higher than the concentration
of Sr2+ and Co2+ (0.033 M). The background electrolyte was 0.2 M NaCl and buffered by
0.002 M NaHCO3 to simulate the ionic strength and pH value of normal groundwater.

Table 2. The initial conditions of the electromigration experiments. “×” means no additions.

Tracer Cs+ (M) Sr2+ (M) Co2+

(M)
Voltages

Tested (V) Background Electrolyte

CsCl 0.1 × × 2, 3, 4 0.2 M NaCl +2 mM NaHCO3

SrCl2 × 0.033 × 2, 3, 4 0.2 M NaCl +2 mM NaHCO3

CoCl2 × × 0.033 2, 3, 4 0.2 M NaCl +2 mM NaHCO3

Before running the electromigration experiments with tracers, the device was stabilized
by running it with background electrolyte under the applied voltage overnight to saturate
the rock sample with background electrolyte. After stabilization, tracers were added to the
source chamber, resulting in the final concentration of the tracers being listed in Table 2.
To balance the ionic strength throughout the through-electromigration cell, NaCl with the
same ionic strength as the tracer was immediately added into the recipient chamber.

After the addition of the tracers, the source and recipient chambers were both stirred for
5 min by magnetic stirrers for full dissolution. At the same time, 100 µL of sample from the
source chamber and 1 mL of sample from the recipient chamber were taken to determine the
original concentrations of the tracer ions at the beginning of the experiment. After sampling,
the same amount of background electrolyte was added into the chambers to keep the hydraulic
pressure and the volume of solutions constant. During the experiments, the electrolytes in
the source and recipient chambers were stirred all the time by a magnetic stirrer. The tracer
concentrations in the recipient chamber were followed by taking out 2 mL of electrolytes from
time to time and then adding the same amount of background electrolytes.

The concentrations of Cs were analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS), while the concentrations of Sr and Co were analyzed by Microwave
Plasma-Atomic Emission Spectrometry (MP-AES). After dilution and centrifugation, all
the samples were acidified by adding strong supra pure HNO3 (Romil) until 0.5 M concen-
tration. Then, aliquots of the sample were filtered with 0.2 µm polypropylene membrane
filters for analysis.

2.6. Data Analysis Approach

By following the concentration change of the tracer ions in the recipient chamber, a
breakthrough curve was obtained from the experiment. The ideal plug-flow model was
previously used by researchers for the analysis of electromigration results [15,21]. It consid-
ers only the effect of the electromigration process on the behavior of the tracers. For more
accurate and realistic data analysis, the advection-dispersion model was developed [29].
The advection-dispersion model takes into account electromigration, electro-osmosis and
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dispersion and thus can provide better parameter identification with smaller uncertainties.
For the comparison of the two models and for comparing our modeling results with other
researchers, both models were applied in our data analysis processes. A brief introduction
of the two models is described in the following section.

2.6.1. Ideal Plug-Flow Model

To use the ideal plug-flow model, a linear line will be drawn over the data points of
a breakthrough curve where the tracer concentration increases seemingly at a constant
rate. The intercept of the regression line with the time coordinate gives an estimate of the
apparent advection time, whereas the slope of the regression line approximates the rate
of change of the tracer concentration in the recipient chamber, from which the effective
convection velocity or the effective mass flux can be estimated.

The use of the law of Einstein [30] for the relation between diffusivity and ionic
mobility allows the effective diffusion coefficient (De) to be estimated from the slope
(dc/dt) of the regression line by

De =
V× k× T× dcR

dt

A× ct × e× z× dφ
dx

(4)

where V (m3) is the volume of the recipient chamber, k (m2·kg·s−2·K−1) is the Boltzmann
constant, T is the temperature (K), cR (mol/m3) is the tracer concentration in the recipient
chamber, t (s) is the measurement time, A (m2) is the cross-section area of the rock sample,
ct (mol/m3) is the test concentration in the supply chamber, e (C) is the electron charge, z is
the charge of the species and dΦ/dx (V/m) is the electrical potential gradient applied to
the rock sample.

The ideal plug-flow model implicitly assumes that the tracer flux into the rock sample
is constant during the experiment and that the rock sample has been fully in equilibrium
with the tracer concentration in the source chamber after the breakthrough time. This is not
the real case, but it facilitates evaluation of the Kd value of the test tracer by making a mass
balance of the tracer ions over the rock sample, giving:

Kd =
V× dcR

dt × tbr −Vr × εt × ct

m× ct
(5)

where tbr (s) is the breakthrough time determined by the intercept of the linear regression
line with the time axis of the breakthrough curve, Vr (m3) is the volume of the rock sample,
εT is the porosity associated with the transport, ct (mol/m3) is the source concentration of
the tracer ions in the supply chamber and m (kg) is the mass of the sample.

It should, however, be noted that the above two expressions are valid only under
the assumption that the tracer concentration in the source chamber (ct) remains constant
during the running of the experiments. Since, in practice, only 1/105 or 1/106 fraction of
the tracer ions may migrate through the rock sample within the limited experimental time,
we can reasonably ignore the change of the source concentration to simply apply the above
equations for data analysis.

2.6.2. Advection-Dispersion Model

The advection-dispersion model was formulated based on the equation of continuity
describing the mass balance of the tracer ions over a rock sample perpendicular to the
direction of mass transport, i.e.,

(εTS + ρdKd)
∂c
∂t

= −εTvc
1
τ2

∂c
∂x

+ εTδDD
1
τ2

∂2c
∂x2 (6)

where vc is the convection velocity, ρd is the dry bulk density of the rock sample, Kd is the
distribution coefficient, εTS is the porosity available for both transport and storage, εT is
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the porosity associated with the transport, δD is the constrictivity, considered to depend on
the ratio of the diameter of the ions to the pore diameter, and τ is the tortuosity, defined as
the ratio between the real distance of the transport path and the experimentally measured
end to end distance.

For the electromigration experiments under consideration, the full solution of Equation (6)
can be written in the Laplace domain as:

cR = −
exp

(
Pe
2

)
Scsch(S)

Pe[
1
2 + βLs + Scoth(S)

Pe

][
1
2 − βRs− Scoth(S)

Pe

]
+
[

Scsch(S)
Pe

]2βLc0 (7)

where cR is the Laplace transformed solution of tracer concentration in recipient chamber
(cR), Pe is the Péclet number, βL and βR are the relaxation times of the source and recipient
chambers, respectively, s is the Laplace variable, S is a s- and εTSR-dependent variable. A
more detailed description and derivation of the Equation (7) are shown in Meng et al. [29].

The inverse Laplace transform of Equation (7) to the time domain by use of e.g., De
Hoog algorithm [31] to numerically transform gives the tracer concentration cR at the
recipient chamber and it can, for a given experimental setup, be generally written as,

cR = f(ve
c , De, εTSR, c0, t) (8)

This equation indicates that the numerical solution of cR depends on ve
c , De and εTSR.

As a consequence, these parameters can be evaluated by fitting the numerical solution cR to
the measured data of the breakthrough curve using, for example, a nonlinear least-squares
algorithm supplemented with suitable lower and upper bounds.

3. Results and Discussions
3.1. C-14-PMMA

Autoradiography and scanning electron microscopy. Autoradiography results ob-
tained are shown in Figure 3. The mean porosity was determined to be 0.56%. The surface
scan shows that there is observable foliation in the sample. The C-14-PMMA autoradiogra-
phy results also indicate that this foliation is observed in the spatial distribution of porosity.
The pore network appears to be well connected, with small clusters of highly porous areas
here and there. While there is notable intergranular porosity, all of the grains themselves
also appear porous. The porosity map highlights how some highly porous minerals are
found among the sample matrix, although considerable porosity is found in all mineral
phases. Möri et al. [32] described the porosity of Grimsel granodiorite as consisting of 4
main types of pores. Besides the grain boundary pores, there are also sheet silicate pores in
shear bands and mica bands, solution pores in altered plagioclase and perthitic lamellae
and microfractures, found throughout the matrix.

Results obtained via SEM/EDS analyses are shown in Figure 4. Plagioclase, potassium
feldspar and quartz were found as large grains. These minerals were often fractured and had
fissures running through them. Biotite was found in lamellae of different sizes ranging from
hundreds of micrometers to a few tens of micrometers. The biotite lamellae have interlamellar
porosity and some of the lamellae were fractured. Biotite was also sometimes found together
with muscovite grains. Biotite had altered in several places to chlorite, with the lamellar
structure intact. There were also small grains of titanite found sporadically. The fissure
population is dominated by open cleavage cracks in mica and grain boundary cracks and an
interconnected network of micro fissures exists in the whole granodiorite matrix.



Minerals 2022, 12, 231 9 of 18Minerals 2022, 12, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 3. Left: Surface scan of the autoradiography sample. Center: Corresponding autoradiograph. Right: Corresponding 

porosity map. The diffusion direction in the electromigration experiment was from left to right. 

Results obtained via SEM/EDS analyses are shown in Figure 4. Plagioclase, potas-

sium feldspar and quartz were found as large grains. These minerals were often fractured 

and had fissures running through them. Biotite was found in lamellae of different sizes 

ranging from hundreds of micrometers to a few tens of micrometers. The biotite lamellae 

have interlamellar porosity and some of the lamellae were fractured. Biotite was also 

sometimes found together with muscovite grains. Biotite had altered in several places to 

chlorite, with the lamellar structure intact. There were also small grains of titanite found 

sporadically. The fissure population is dominated by open cleavage cracks in mica and 

grain boundary cracks and an interconnected network of micro fissures exists in the whole 

granodiorite matrix. 

Figure 3. (Left): Surface scan of the autoradiography sample. (Center): Corresponding autora-
diograph. (Right): Corresponding porosity map. The diffusion direction in the electromigration
experiment was from left to right.

Minerals 2022, 12, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 4. SEM results. (a): Plagioclase and feldspar grains, and chlorite grains. (b): Biotite lamellae and quartz grains. (c): 

Quartz grains, Potassium feldspar grains, Biotite and chlorite lamellae. (d) Plagioclase and feldspar grains. Biotite and 

muscovite lamellae. Legend: Bt: Biotite, Chl: Chlorite, Kfs: Potassium feldspar, Ms: Muscovite, Plg: Plagioclase, Qz: Quartz, 

Ttn: Titanite. 

The pore structure of the sample has some amount of foliation to it, which is at an 

angle compared to the diffusion direction in the electromigration experiment. This likely 

influences the pathway the tracers take. This could cause the pathway to be longer than 

in a sample with no foliation. The sample matrix also contained several highly porous 

areas interspersed throughout the sample. These highly porous areas are biotite and its 

alteration product, chlorite. The fissures of micrometer-scale transecting biotite and chlo-

rite grains form a part of the network of main migration pathways in Grimsel granodio-

rite. Biotite is known to be rather porous, and alteration products such as chlorite are 

known to be highly porous. They also appeared highly porous on the SEM results. These 

minerals, biotite and chlorite, also have high specific surface areas and could act as sites 

of enhanced sorption for the cationic tracers used in electromigration experiments. As 

these mineral clusters appear relatively evenly spread throughout the sample, it is likely 

that their retarding effect on the diffusion applies more or less uniformly on the electromi-

gration experiment, although possible sorption sites are of course spread out and diffu-

sion profiles are affected. Transport of cesium in Grimsel granodiorite was studied in the 

Long-term Diffusion (LTD) project and the effect of microscale heterogeneities in mineral 

and pore structure was studied from cored samples [33]. It was found that heterogeneity 

of the mineral structure significantly affects the diffusion and sorption of cesium in Grim-

sel granodiorite at the centimeter scale. However, the strength of the effect will differ 

based on the affinity of the tracer for minerals. For example, Lehto et al. [34] studied the 

sorption of Cs and Sr with batch experiments in crushed crystalline rock and biotite. Their 

Figure 4. SEM results. (a): Plagioclase and feldspar grains, and chlorite grains. (b): Biotite lamellae
and quartz grains. (c): Quartz grains, Potassium feldspar grains, Biotite and chlorite lamellae. (d)
Plagioclase and feldspar grains. Biotite and muscovite lamellae. Legend: Bt: Biotite, Chl: Chlorite,
Kfs: Potassium feldspar, Ms: Muscovite, Plg: Plagioclase, Qz: Quartz, Ttn: Titanite.
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The pore structure of the sample has some amount of foliation to it, which is at an
angle compared to the diffusion direction in the electromigration experiment. This likely
influences the pathway the tracers take. This could cause the pathway to be longer than in
a sample with no foliation. The sample matrix also contained several highly porous areas
interspersed throughout the sample. These highly porous areas are biotite and its alteration
product, chlorite. The fissures of micrometer-scale transecting biotite and chlorite grains
form a part of the network of main migration pathways in Grimsel granodiorite. Biotite is
known to be rather porous, and alteration products such as chlorite are known to be highly
porous. They also appeared highly porous on the SEM results. These minerals, biotite and
chlorite, also have high specific surface areas and could act as sites of enhanced sorption for
the cationic tracers used in electromigration experiments. As these mineral clusters appear
relatively evenly spread throughout the sample, it is likely that their retarding effect on
the diffusion applies more or less uniformly on the electromigration experiment, although
possible sorption sites are of course spread out and diffusion profiles are affected. Transport
of cesium in Grimsel granodiorite was studied in the Long-term Diffusion (LTD) project
and the effect of microscale heterogeneities in mineral and pore structure was studied from
cored samples [33]. It was found that heterogeneity of the mineral structure significantly
affects the diffusion and sorption of cesium in Grimsel granodiorite at the centimeter scale.
However, the strength of the effect will differ based on the affinity of the tracer for minerals.
For example, Lehto et al. [34] studied the sorption of Cs and Sr with batch experiments in
crushed crystalline rock and biotite. Their findings indicate that Cs sorbed more strongly
than Sr in crystalline rock. Cs sorption was noted to be high in biotite and biotite-containing
rocks, and less so in rocks poor in biotite. Sr sorption was smaller rather constant across
the different rock types studied. Sr has, however, been noted to sorb strongly on calcite and
also on clay minerals [35].

3.2. Electromigration Results with SrCl2
Sorption of cations, such as Cs+, Sr2+ and Co2+, is known to be strong on biotite,

which will retard their migration processes through rock samples [36–39]. Three voltages
(2V, 3V and 4V) over the rock sample were applied in the electromigration experiments
with SrCl2 using the modified electromigration device. The potential gradients over the
rock sample were 75.47 V/m, 113.21 V/m and 150.94 V/m, respectively. The original
concentration of SrCl2 in the source chamber was 0.03 M and the concentration of Sr2+

in the recipient chamber was followed for about 3 days. The breakthrough curves as a
function of experimental time recorded by potentiostat are shown in Figure 5.

First, the traditional ideal plug-flow model was applied to analyze the experimental
results by drawing a linear regression line with the last several data points where a pseudo
steady state seemed to be established (Figure 5). The breakthrough time for Sr2+ ions
migrating through the rock sample and the concentration change rate of the Sr2+ ions in the
recipient chamber can be evaluated from the intercept and the slope of the linear regression
line, as given in Table 3. The results show that the effective diffusion coefficients evaluated
from the ideal plug-flow model (Equation (4)) for Sr2+ migrating through the rock sample
is around 3.2 × 10−13 m2/s (the average value under three different voltage gradients).
Compared with the reported De values of Sr2+ migrating through a crystalline granite rock
sample traditionally used through diffusion experiments, the De values obtained by the
electromigration method are quite reasonable. For example, Yamaguchi et al. (1993) [40]
reported the De values of Sr2+ to be (0.32–1.7)× 10−13 m2/s in an Inada granite sample with
a similar porosity (0.68±0.03%) using 0.1 M KCl as the background electrolyte. However,
the evaluation of Kd using Equation (5) gave nearly zero or negative values, which may
indicate that the migration speed for Sr2+ ions was too quick and that the sorption process
was not completed during the experimental process or that the ideal plug-flow may give
results with large errors because of some unrealistic assumptions.
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The numerical solution of the advection-dispersion model in the Laplace domain
(Equation (7)) can be easily achieved by the De Hoog algorithm [31]. The De and Kd values
as well as other parameters, the effective dispersion coefficient, Dd and formation factor,
Ff, which can be deduced from the advection-dispersion model are listed in Table 4. The
De values calculated by the advection-dispersion model are in agreement with the De
values calculated by the ideal plug-flow model (average 2.86 × 10−13 m2/s), especially for
the results when 2V voltage was applied. The similarity can also be shown by Figure 5,
where the comparison of the two models is depicted. However, the advection-dispersion
model is believed to be a more accurate modeling method because it avoids the use of
many unrealistic assumptions associated with the ideal plug-flow model. In addition,
the advection-dispersion model takes into account the effect of dispersion, which plays
a non-negligible role in the ionic transport through the rock sample. For example, the
breakthrough curve shows a clear curvature at the moment around the breakthrough time
and this signifies the effect of the dispersion. The ideal plug-flow model can only use a
small portion of the experimental data when a pseudo-steady state is established. However,
sometimes it is difficult to define such a pseudo-steady state. The Kd values calculated from
the advection-dispersion model vary from the magnitude of 10−7 m3/kg to 10−5 m3/kg.
The large distribution of the modeling results may indicate that the sorption process was
not completed due to the great acceleration of the migration speed. Taking into account the
experimental time (within 80 h), this conclusion is reasonable since the typical equilibration
time in batch sorption experiments is one or two weeks.

Table 3. Electromigration modeling results with ideal plug-flow modeling of Sr2+ migrating through
the rock sample.

Voltage (V) Voltage
Gradient (V/m)

Breakthrough
Time (h) Slope (mol/L/h) De (m2/s)

2 75.47 39.59 3.398 × 10−6 3.84 × 10−13

3 113.21 21.47 3.459 × 10−6 2.61 × 10−13

4 150.94 16.74 5.862 × 10−6 3.32 × 10−13
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Table 4. Parameter evaluation of the breakthrough curves of Sr2+ migrating through the rock sample
using the advection-dispersion model.

Voltage (V) Dd (m2/s) De (m2/s) Ff Kd (m3/kg)

2 5.57 × 10−9 3.78 × 10−13 4.77 × 10−4 8.90 × 10−7

3 1.20 × 10−7 2.43 × 10−13 3.07 × 10−4 6.94 × 10−6

4 2.29 × 10−7 2.38 × 10−13 3.01 × 10−4 1.13 × 10−5

3.3. Electromigration Results with CoCl2
The migration behavior of Co2+ ions was tested with the same rock sample under the

same experimental conditions. The original concentration of CoCl2 in the source chamber
was 0.033 M. The breakthrough curves as a function of experimental time recorded by the
potentiostat are shown in Figure 6. The breakthrough time and the slope data deduced
from the linear regression line as well as the De values calculated from Equations (4) and (5)
are given in Table 5. The modeling results with the advection-dispersion model are shown
in Table 6. The average De value by the advection-dispersion model is 1.35 × 10−13 m2/s,
which is quite similar to the results from the ideal plug-flow model. The results show
that the average effective diffusion coefficient of Co2+ ions is 1.23 × 10−13 m2/s, which is
about one-third or half of the diffusion coefficient of Sr2+. In dilute aqueous solutions, the
diffusion coefficient for Co2+ is 7.32 × 10−10 m2/s while the diffusion coefficient for Sr2+ is
7.91 × 10−10 m2/s [41]. The much smaller diffusion coefficient for Co2+ was obtained from
the electromigration experiments and may indicate that sorption plays an important role
when we compare the diffusion coefficients of Co2+ and Sr2+ ions in the rock samples. Our
idea is supported by the former observations that Co2+ has a different sorption mechanism
than both Sr2+ and Cs+ ions [42–44]. Previous studies show that, on the same fracture filling
materials of granite, the Kd values of Co2+ is one and a half orders of magnitude higher
than that of Sr2+ [42]. The sorption mechanism of Sr2+ on crystalline rock was concluded
to be ion exchange [45–47]. The much stronger Co2+ sorption indicated that complexation
reactions between Co2+ and surface sites have formed. Ebner et al. [48] also compared
the sorption behaviors of Cs, Sr and Co ions on magnetite; it shows that the sorption of
these three ions on magnetite follows the sequence of Co2+ > Sr2+ > Cs+. Thus, the smaller
diffusion coefficient of Co2+ than Sr2+ observed from the electromigration results can be
explained by the different sorption mechanisms of these two ions.

Table 5. Electromigration experimental results with ideal plug-flow modeling of Co2+ migration
through the rock sample.

Voltage (V) Voltage
Gradient (V/m)

Breakthrough
Time (h) Slope (mol/L/h) De (m2/s)

2 75.47 43.35 8.648 × 10−7 9.79 × 10−14

3 113.21 28.84 1.783 × 10−6 1.35 × 10−13

4 150.94 22.01 2.387 × 10−6 1.35 × 10−13

Table 6. Parameter evaluation of the breakthrough curves of Co2+ migrating through the rock sample
using the advection-dispersion model.

Voltage (V) Dd (m2/s) De (m2/s) Ff Kd (m3/kg)

2 1.86 × 10−8 1.59 × 10−13 4.73 × 10−4 1.62 × 10−6

3 1.09 × 10−7 9.43 × 10−14 2.62 × 10−4 1.14 × 10−5

4 8.41 × 10−8 1.52 × 10−13 4.24 × 10−4 5.71 × 10−6
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3.4. Electromigration Results with CsCl

The third kind of cation tested was Cs+ which has +1 charge compared with Sr2+ and
Co2+, the charges of which are +2. The original concentration in the recipient chamber was
0.1 M in order to maintain the same ionic strength as the tested Sr2+ and Co2+ experiments.
The experimental results as well as the modeling data from the ideal plug-flow model and
the advection-dispersion model are shown in Figure 7. The modelled De and Kd values as
well as other parameters from these two models are summarized in Tables 7 and 8. Both the
ideal plug-flow model and the advection-dispersion model give almost the same De values.
The average De value from the ideal plug-flow model is 2.25 × 10−12 m2/s and the average
De value calculated by the advection-dispersion model is 2.26 × 10−12 m2/s. The value is
about 8 times larger than the modelled De value for Sr2+ diffusion and 18 times larger than
the modelled De value for Co2+ diffusion. It is quite reasonable that the diffusion of Cs+ is
much quicker than the diffusion of Sr2+ and Co2+ ions. The diffusion coefficient of Cs+ in
diluted water is 2.056 × 10−9 m2/s which is much larger than the diffusion coefficient of
both Sr2+ and Co2+ ions (0.791 m2/s and 0.732 m2/s, respectively).

Table 7. Electromigration experimental results with ideal plug-flow modeling of Cs+ migration
through the rock sample.

Voltage (V) Voltage
Gradient (V/m)

Breakthrough
Time (h) Slope (mol/L/h) De (m2/s)

2 75.47 43.35 3.216 × 10−5 2.37 × 10−12

3 113.21 28.84 4.178 × 10−5 1.87 × 10−12

4 150.94 22.01 6.931 × 10−5 2.51 × 10−12
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Table 8. Parameter evaluation of the breakthrough curves of Cs+ migrating through the rock sample
using advection-dispersion model.

Voltage (V) Dd (m2/s) De (m2/s) Ff Kd (m3/kg)

2 1.52 × 10−8 2.38 × 10−12 1.16 × 10−3 9.34 × 10−6

3 6.82 × 10−9 1.89 × 10−12 9.21 × 10−3 4.51 × 10−6

4 2.25 × 10−8 2.50 × 10−12 1.22 × 10−3 9.65 × 10−6
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3.5. Factors Affecting Kd Evaluations

The Kd values calculated from the advection-dispersion model in this work were
in the range of 10−7–10−5 m3/kg for Sr2+ and 10−6–10−5 m3/kg for Co2+. For Cs+, the
model predicted Kd values to be in the magnitude of 10−6 m3/kg. Puukko et al. [49]
determined the sorption of Cs and Sr on intact crystalline rock samples with a two-chamber
electromigration device and the sorption time was long enough to assure equilibrium.
They determined the Kd values for Cs and Sr to be between (0.12–26.2) × 10−3 m3/kg and
(1.4–13.3) × 10−3 m3/kg, respectively. The Kd values of Sr were (3-4) × 10−4 m3/kg from
the in-situ experiments performed in Onkalo in the REPRO project in biotite rick veined
gneiss rock [41]. In-situ experiments performed with Sr in Olkiluoto bedrock (biotite rick
veined gneiss) measured the Kd values to be (3-4) × 10−4 m3/kg [50]. The Kd values of Cs+

were measured to be between 10−3 to 10−2 m3/kg in the in-situ experiments performed at
the Grimsel Test Site [7]. Compared with the former work and in-situ experimental results,
the Kd values obtained in this work were 2 magnitudes smaller. The main reason was
attributed to the high voltage applied in this work. As shown in Figure 8, the breakthrough
time measured at 2V was larger than the linear trend of the breakthrough time measured at
3V and 4V. This indicates that the accelerated migration speed causes incompletion of the
sorption process, thus adding considerable error to the experimental results. The sorption
mechanisms of these three tracers may also differ from each other. Previous studies show
that Cs can form a ternary complex with the surface sites, and Sr sorption is dependent on
solution pH, while Co sorption is independent of pH in Na2CO3 solutions [51]. Because of
the complex sorption mechanisms, sufficient sorption time should be provided to obtain
accurate sorption data. The breakthrough time was under 30 h for all the tracers when the
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voltage applied over the rock sample were above 2V. Electromigration experiments with
lower voltages could give more accurate Kd values. In addition, as shown in Figure 3 and
discussed in Section 3.1, the heterogeneity of the pore structure of Grimsel granodiorite will
further hinder the diffusion of the studied tracers into all of the small aperture pores. Thus,
we can conclude that the sorption process was not in equilibrium under the experimental
conditions. Therefore, the Kd results do not reflect the different sorption affinities of the
tracers for all the minerals found in the samples.

To evaluate the sorption coefficients in a precise way, one needs to assure sufficient
diffusion time to allow equilibrium in all pore surfaces. In addition, modeling methods
that take into account the heterogeneity of the mineralogy and microstructure of the
rock samples are also necessary. The modeling of the electromigration process is still
a challenge since the transport mechanisms induced by the application of an external
electric field are complex. Accurate modeling of the electromigration processes should
consider the coupling effects of physical (fluid flow, solute transport), chemical (reactions
in groundwater and surface) and electrostatic (Coulombic interactions between charged
ions) processes and the application of the electric field. The advection-dispersion model
applied in this work assumed that the rock sample was homogeneous. Recently, an NP-
PhreeqcRM-EK simulator was developed based on Nernst-Planck-Poisson equations and
on aqueous speciation reactions in pore water [52,53] to handle heterogeneities along
diffusion paths. This simulator coupled COMSOL Multiphysics and PhreeqcRM to solve
the fluid flow/solute transport behaviors and geochemical reactions, respectively. The
mineralogical and structural heterogeneities can be integrated into this simulator, and this
could provide us with a direction to solve the current problem of Kd measurements.
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4. Conclusions and Outlook

In this work, the diffusion and sorption of three cationic tracers, Sr2+, Co2+ and Cs+

ions, were studied in Grimsel granodiorite with the modified electromigration device. Three
voltages, 2V, 3V and 4V, were tested for these tracers. It was found that the modified electromi-
gration device shown in this work can give stable and accurate experimental results for all the
studied tracers. The rock structure was characterized with C-14-PMMA autoradiography and
SEM/EDS to obtain information on the porosity and mineralogical distributions.

In the centimeter scale of Grimsel granodiorite rock, the interconnected matrix poros-
ity forms a well-connected network for diffusion. This was studied by C-14-PMMA
autoradiography and electron microscopy. Micrometer-scale fissures are transecting bi-
otite and chlorite minerals, indicating the possibility of sorption of the studied cations.
The De values derived from the ideal plug-flow model for Sr2+, Co2+ and Cs+ ions
are 3.20 × 10−13 m2/s, 1.23 × 10−13 m2/s and 2.25 × 10−12 m2/s, respectively. Simi-
lar De values were derived from the advection-dispersion model, 2.86 × 10−13 m2/s,



Minerals 2022, 12, 231 16 of 18

1.35 × 10−13 m2/s and 2.26 × 10−12 m2/s, respectively. The diffusion speed for the tracers
is in the sequence of Cs+ > Sr2+ > Co2+, which is in the same sequence of the diffusion speed
in diluted water. The Kd modeling results show that sorption is not completed during
the experimental period, and this conclusion was also proved by the comparison of the
breakthrough time of all three tracers under different voltage gradients. It is therefore likely
that the sorption affinities and therefore the mineral composition of the sample material
played only a minor role in these results. Since all of the tracers have rather low and
differing distribution coefficients, it is possible that the tracers did not see all of the porosity
in the sample, especially the smaller aperture pores. This small aperture porosity also
tends to be the intragranular porosity and the porosity found in altered phases, which
often account for much of the sorption. Perhaps by increasing the diffusion time, a plateau
could be achieved where the sorption is completed but the experimental time is shortened
compared to traditional diffusion experiments. In the future, the sorption process during
electromigration experiments could be characterized using radioactive tracers. In such
cases, after the electromigration experiment is completed, the samples could be sawed
and spatial distribution of sorbed tracers studied with autoradiographic techniques. This
would allow for the sorption characteristics to be directly correlated with different mineral
phases of intact rock.

More questions were exposed during the experimental processes and studies should
be performed to give a better understanding of the electromigration technique. The explana-
tion of the current data, which relates to the ionic distribution of ions inside the rock sample,
was not clear at this moment. Studies such as slice-sawing and performing autoradiography
to obtain a diffusion profile may give a better understanding of the current data. In addition,
a reactive transport model that takes into account the interactions between different tracer
ions and background electrolytes and sorption on mineral surfaces is also helpful to give a
deeper insight into the electromigration process. The experimental results from this work
are not quite successful for sorption studies because of the too high acceleration of the
migration speed. More voltages, especially at lower voltage conditions, should be studied
to illustrate the effect of voltages. Other influencing factors, such as ionic strength, are also
crucial to the understanding of the electromigration process. More studies are needed to
justify the application of the electromigration technique as an ordinary method in diffusion
and sorption studies under nuclear waste disposal conditions.
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