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Abstract

Colloids present high sorption for many solutes and are considered potential contaminant carriers in geological environments.
Experimental quantitative data are required for an adequate description of colloid-mediated contaminant transport within natural
media. In this study, a methodology applying the nuclear ion beam technique Rutherford Backscattering Spectrometry (RBS) was
used to measure colloid diffusion in crystalline rock and to analyze the effects of colloid size. It was found that colloids diffused
within granite, colloid diffusion being both size-dependent and size-limited. Smaller colloids showed faster diffusion while
diffusion was hindered for larger colloids of 250 nm. The measured apparent diffusion coefficients (D) ranged from 7E-18 m?/s for
2 nm to 1.5E-18 m%/s for 100 nm colloids. These diffusion coefficients measured for gold colloids in granite are about five orders
of magnitude lower than values found for weak or non-sorbing solutes, under the same experimental conditions. The experimental
evidence of colloid diffusion in granite is described here for the first time.

© 2007 Elsevier B.V. All rights reserved.

Keywords: diffusion; colloids; crystalline rock; RBS; radioactive waste

1. Introduction

Colloids present high sorption capacity for many
solutes and are considered potential contaminant
carriers in natural media (Kersting et al., 1999; Ryan
and Elimelech et al., 1996). Colloid-driven transport has

* Corresponding author. Tel.: +34 913466183; fax: +34 913466542
E-mail address: ursula.alonso@ciemat.es (U. Alonso).

0012-821X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.epsl.2007.04.042

been implicated in the migration of heavy metals and
radiotracers and it is a cause of concern in assessing the
long-term performance of deep geological repositories
(DGR) of radioactive waste, especially those hosted in
crystalline rock, currently considered suitable rock
formations for a DGR (Missana et al., 2006). Colloids
are present in many granitic media (McCarthy and
Degueldre, 1993; Degueldre et al., 1996) and can
contribute to the radionuclide transport. However,
colloid contribution to radionuclide transport in a
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DGR is not always accounted for because of the existing
uncertainties and the shortage of experimental quanti-
tative data on colloid migration in geological environ-
ments (Alonso et al., 2006).

In fractured rocks, contaminant and colloid transport
is assumed to take place by advection in the fracture
network favored by the water flow (Grindrod, 1993;
James and Chrysikopoulos, 1999; Kosakowsky, 2004;
McCarthy and Zachara, 1989; Mori et al., 2003a; Smith
and Degueldre, 1993; Oswald and Ibaraki, 2001).
Colloid transport largely differs from solute transport
because of physical factors including: water velocity,
particle size, particle surface charge, particle density or
surface area accessible to collisions within the rock
surface that can lead to filtration (Hunter, 1986).

Colloid diffusion in a rock matrix can eliminate
colloids from the flow paths, but experimental evidence
of colloid diffusion remains scarce. The extent of
diffusion is expected to be dependant on rock porosity
and pore size and therefore size-dependent (Cumbie and
McKay, 1999), resulting from exclusion caused by the
smaller pore spaces or by the existence of tortuous
paths; and after initial colloid diffusion, the particles
clog the pores, limiting further diffusion.

Since crystalline rock presents very low porosity
(0.2—1%) (Mori et al., 2003b; Kelokaski et al., 2006),
colloid diffusion is considered a minor mechanism, but
often the concept of matrix diffusion is invoked to
interpret the tailing behavior of colloid breakthrough
curves in transport experiments (James and Chrysiko-
poulos, 1999; Kosakowsky, 2004; Mdri et al., 2003a).
As experimental values are lacking, the diffusion
coefficients used to describe the tail of the curve are
the parameters which best fit the experimental data but
the validity of the parameters obtained is difficult to
verify. The experimental determination of colloids
diffusion coefficients would be useful to gain a more
precise description of colloid transport within crystalline
rock.

The aims of this study are: to demonstrate that
colloids diffuse within crystalline rock, to estimate their
diffusion coefficients and to evaluate colloid size
dependence. As no previous experimental work on
colloid diffusion within granite existed, primarily
because conventional techniques for studying diffusion
in low porosity media require long experimental times
even for solutes, a novel approach is required.

A methodology applying the nuclear ion beam
technique Rutherford Backscattering Spectrometry
(RBS) was developed to measure colloid diffusion in
crystalline rock and to analyze the effects of colloid size.
This technique, widely applied in material science,

allows a quantitative in-depth compositional analysis at
the micrometer scale (Chu et al., 1978), but is
infrequently used for studying geological materials
because of their heterogeneity.

In a previous study, this technique was successfully
used to study uranium diffusion within granite (Alonso
et al., 2003a,b) measuring diffusion coefficients similar
to those obtained by “conventional experiments”
(Ohlsonn and Neretnieks, 1997). RBS analysis of
colloid diffusion on a non-perfectly smooth surface, as
granite, needs to be carefully treated. The coexistence of
surface roughness, particle retention on the surface and
colloid diffusion could lead to a wrong interpretation of
the RBS spectra. Therefore, a previous complementary
study was carried out to support and to validate the RBS
analysis of colloid diffusion on granite and it was
published elsewhere (Patelli et al., 2006). In this
complementary work it was concluded that it is possible
to analyze colloid diffusion within granite by RBS, and
that neither granite sample roughness nor particles
accumulated on the surface influenced the RBS spectra
and further obtained diffusion coefficients for colloids,
supporting the validity of the measurements presented
here.

2. Materials and methods
2.1. Gold colloids characterization

Commercial gold colloid suspensions obtained
from HAuCl4 were used (BBInternational). The
negatively charged nanoparticles were produced by
gold reduction with the negative charge believed to
come from dichlorogold (I) ions adsorbed on the
colloids outer surface (Hayat, 1989). As indicated by
the supplier, the colloids were suspended in pure
water and only containing a residual gold chloride
concentration of 0.001%. Gold colloids were selected
for their stability, easy identification with RBS in
geological materials and their availability in mono-
disperse size distributions.

The diffusion experiments were performed with Au
colloids of 2, 20, 40, 100 and 250 nm to evaluate size
dependence. Previous to these diffusion experiments,
the size and the stability of all commercial gold colloids
were verified by measuring their hydrodynamic dia-
meter with Photon Correlation Spectroscopy (PCS). The
PCS measurements performed for all colloid suspen-
sions gave similar values to those indicated by the
supplier (Table 1) except the 20 nm Au colloids, which
could not be verified with PCS, because they showed
strong adsorbance at A=514 nm (the wavelength of the
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Table 1

Summary of the main characteristics of the “as-received” gold colloids

Colloids Particles Concentration Conductivity Hydrodynamic diameter Zeta potential pH
(ml) (ppm) (nS/em) (nm) (measured by PCS) (mV)

Au 2 nm 15-E+13 12.1+0.2 8.0+£0.2 54+0.7 -31.3+0.7 6.19

Au 20 nm 7T-E+11 56.8+0.2 8.0+0.2 Not determined (*) —32.5+1.2 6.06

Au 40 nm 9-E+10 58.2+0.2 8.0+£0.2 47.3+0.6 —-34.1+1.5 6.16

Au 100 nm 5.6'E+9 56.6+0.2 9.0+0.2 95.0+2.6 —29.8+2.4 5.46

Au 250 nm 3.6cE+8 56.8+0.2 8.0+£0.2 221.0+£2.4 —-59.8+£0.5 7.80

(*) High absorbance observed at the wavelength used in PCS.

PCS laser), as confirmed by UV-Vis spectrometry
(Alonso et al., 2005).

Stability of the gold colloid suspensions, diluted in
deionised water (1:25), was studied evaluating the
coagulation kinetic with PCS as a function of the pH.
The mean colloid size remained constant during the
observation time (1 h) at pH 6 and higher, whereas a
significant increase in colloid size was observed at pH 3,
indicating coagulation. Under the experimental condi-
tions selected for the diffusion experiments (pH ~ 6), the
gold colloids were stable (Alonso et al., 2005).

A Malvern Zetamaster equipped with a 5 mW He—
Ne laser (=633 nm) was used to measure the zeta
potential ({) as a function of the pH in diluted (1:25)
suspensions. Gold colloids are negatively charged over
almost the whole pH range with an isoelectric point near
pH 3, responsible for the rapid coagulation near this pH
(Alonso et al., 2004). A summary of the colloids main
characteristics: concentration, conductivity, pH, hydro-
dynamic diameter and zeta potential ({) is presented in
Table 1. For diffusion studies, the colloid suspensions
were used “as-received”.

2.2. Granite

The natural granite selected in this study is
granodiorite type and comes from “Los Ratones” mine
located in the Albala Granitic Pluton, in the Variscan
Iberian Massif (Caceres, southwest Spain). Its mineral
composition consists of quartz (33—35%), plagioclase
(29-32%), K-feldspars (26—28%), muscovite (5—-6%)
and biotite (2—-3%). Additionally, it presents corderite,
andalucite, ilmenite and zircon (Buil, 2002).

Samples were sectioned with a diamond slab saw to a
thickness of approximately 400 pum, mechanically
grinded to 30 pm and polished with carborundum to
standardize surface roughness, looking for proper
interference colors by using a cross-polarized light
microscope. Surface roughness of the granite samples
was experimentally studied by Atomic Force Micro-
scopy (AFM) in contact-mode. The typical values of

statistical parameters including Ra (arithmetical average
roughness) and Rz (ten points height) were respectively
0.21 pm and 1.1 um, on a scale of 6 x6 mm?. The effect
of this roughness on the RBS measurements was
investigated under our experimental conditions in the
above - mentioned complementary study (Patelli et al.,
20006).

Typical pore size for this type of granite ranged from
50 to 200 nm, with some fissures in the micrometer range
(Alonso et al., 2003b). The diffusion-accessible inter-
connected porosity of the granite samples was deter-
mined with '*C-PMMA impregnation technique and
film autoradiography, full details on this technique can
be found elsewhere (Hellmuth et al., 1993). In average,
this granite presented an accessible porosity of 0.3%.

The main mineral specific porosities were also
analyzed: quartz minerals showed no accessible poros-
ity, and feldspars showed porosity coincident with the
granite in average (0.3%). Dark minerals that represent
about an 8% in volume had higher porosity values
(>1.1%) (Leskinen et al., 2007). Significant artifacts on
the granite samples caused by the preparation method
can be discarded (Hellmuth et al., 1993; Leskinen et al.,
2007).

The {-potential of the crushed granite and its major
minerals was measured in a separate study. Powder
granite had, in average, a negative surface charge in the
all pH range, with a mean { value of approximately
—20 mV for pH >4. The major minerals, quartz,
plagioclases or feldspars had similar {-potential to the
granite in average. Only biotite, that represents a 2% in
volume of the total granite, presented a positive charge
(¢ =15 mV) for pH lower than 6 (Alonso et al., 2004).

The possible attachment of gold colloids to granite
surface was evaluated on crushed granite with batch
sorption tests using 40 nm colloids (diluted 1:5 in water,
granite concentration 1 g/mL, pH 5.7). The distribution
coefficient (R4) was calculated with:

GGV

R
d Cq m

(1)
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C; and Cy are the initial and final gold concentrations in
the solute, 7 solute volume and m the mass of the rock.
The gold concentration, before and after the separation
of the rock phase, was determined with UV—Vis
spectrometry (A=527 nm). Low colloid sorption on
granite was observed, with R4 of ~1 mL/g.

2.3. Diffusion experiments

Granite slices, previously saturated in low miner-
alized granitic water (Na-HCO; type, pH 8.3 and
conductivity 282 pS/cm), were immersed in gold colloid
suspensions (Table 1). Six contact times ranging from
5 min to 4 days were selected taking into account the
maximum penetration depth that can be investigated by
RBS under our experimental conditions (Alonso et al.,
2003a).

After contact with the gold colloid suspensions, the
granite samples were cleaned with ethanol to minimize
the presence of particles accumulated on the surface that
could bias the analysis of the diffusion process. The
granite surfaces were later analyzed with Rutherford
Backscattering Spectrometry (RBS) under the same
experimental conditions as previously described herein
(Alonso et al., 2003a; Patelli et al., 2006).

RBS spectra were analyzed with the X-RUMP code
(Windows version of RUMP) (Doolittle, 1986; http://
www.genplot.com/). This computational algorithm
simulates the backscattering phenomenon and provides
a highly effective tool for interpreting RBS data.
Spectrum simulation is performed, in an iterative
manner, by defining a theoretical sample substrate,
with a specific elemental composition and structure, to
achieve an optimum set of parameters allowing a fit of a
given spectrum. Impurities and diffusion profiles are
simulated by generating fine layers of a varying in-depth
composition.

3. Results and discussion
3.1. Application of RBS to diffusion studies in granite

RBS is suitable to determine the concentration of
trace elements heavier than the major constituents of the
substrate in the samples near-surface region (several
um). A high energy ion beam (*He’, 2.2 MeV) is
directed at the sample with the number of scattered ions
and their energy providing with the RBS spectrum. The
energy of the backscattered ions basically depends on
the incident ion energy and on the mass of the irradiated
sample atoms. For elastic collision, the amount of
energy transferred to the sample atom and to the

backscattered ion depends on the mass ratio of the
incident ion and the sample atom. Therefore, the
measurement of the backscattered ion energy allows
the elemental sample composition to be derived. If the
incident ion does not hit the sample atom at the surface,
but instead hits a deeper lying atom, the backscattered
ion loses energy proportionally to its penetration depth
and the samples stopping power (Chu et al., 1978). This
means RBS can also be used to define a depth profile of
the sample composition. Details of the RBS technique
can be found elsewhere (Chu et al., 1978).

The application of RBS on granite samples initially
presented difficulties because it is a multi-element
material spatially heterogeneous. The area analyzed by
RBS is approximately I mm? allowing the characteriza-
tion of the surface of a single mineral: therefore from an
area to another the spectra can vary significantly.
However, the RBS spectra from “whiter areas” of the
granite specimen corresponding to minerals such as
feldspars, quartz or plagioclases, did not show sig-
nificant variation (Alonso et al., 2003a). Since these
three minerals, that represents a 90% of the granite
constituents, have the same zeta potential that the whole
granite and feldspars had the same porosity than the
granite (0.3%) in average, in this study only feldspars
areas were analyzed with RBS. As one of the aim of this
work was to analyze size-dependant colloid diffusion
coefficients, it is important to perform the RBS analyses
on areas with comparable spectra.

Fig. 1A shows an example of the RBS spectrum of a
granite sample. The channels (energy) corresponding to
the main elements of the granite are indicated, as well as
their contribution to the spectrum. Elements with high
mass produce high yields (intensities in the RBS
spectra) and elements of lower mass produce lower
yields but all the signals appear superimposed in the
spectrum, as shown in Fig. 1A. Fig. 1B shows a
magnification of the higher energy region of the granite
spectrum. It is clearly seen that, in granite, no signal is
detected for energies corresponding to elements heavier
than Ba. In the investigation of diffusion profiles in
granite it is thus recommended to select heavy elements
such as Au.

To obtain an average granite composition, the
simulation RBS spectra (plotted as a continuous line)
was performed with the RUMP code. It resulted in an
elemental composition, given in atomic weight (%),
presented in Table 2, together with the composition
reported in the literature for the same granite (Buil,
2002). It can be appreciated that the values obtained by
RBS are fully comparable with those reported for the
granite (Buil, 2002). The relative analytical error of



376 U. Alonso et al. / Earth and Planetary Science Letters 259 (2007) 372-383

(A) Energy (MeV)

1.0 1.5 20
20—

O  GRANITE RBS SPECTRUM

SIMULATION

== & SIGNAL K
= SIGNAL SI

Normalized Yield
=)

PR S T IS S ST S A ST SN TR N ST SO N

Fe Ba
0 —
200 300 400 500 600 700 800 900
Channel
(B) Energy (MeV)
1.4 1.6 1.8 2.0
n— =

- u] GRANITE RBS SPECTRUM - HIGHER ENERGIES REGION
| == eme SIM Granite + SURFACE LAYER 100 nm Au 0.005 %
memen SIM Gi LAYER 100 nm Au 0.01 %

8 [oessssese SIM Granite + SURFACE LAYER 250 nm Au 0.01 %

[ emesmm SIM Granite + SURFACE LAYER 250 nm Au + Au DIFFUSION
=R ]
2 I 1
= 6 i
T | ! ]
= i
] - i
= 4 ! -
= ]

(=} B I' 4

z t : ]
—— g™

.e -t H i

2N v’ 1

b“-.- =

600 650 700 750 800 850 900
Channel

Fig. 1. (A). Experimental RBS spectrum of feldspar with the
simulation. The signals from K, Si and Al are plotted. (B)
Magnification of the spectrum limited to the higher energy region:
the dash (red) line corresponds to the simulation of a 100 nm layer at
the granite surface with a Au (0.005 at.%). The (green) dash-dot line
corresponds to the simulation of Au surface layer with doubled
concentration. The (blue) dot line corresponds to the simulation of
250 nm Au layer at the surface (0.01 at.%). The (magenta) dash dot dot
line corresponds Au at the surface and diffused within granite. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

RBS, in determining elemental concentration is below
5%, with a sensitivity of 10''~10'? atoms/cm? and with
a resolution of 100-300 A at depths of 1 mm.

After the composition of the granite substrate was
defined, to simulate that a heavy element was diffusing
it was necessary to show that a concentration gradient
within this substrate existed. Therefore in the simulation
the entire substrate defined for the granite sample was
divided into thin sub-layers (with same composition) in

which the concentration of the diffusing impurity (Au)
was gradually varied.

Possible behaviors of a Au impurity at the granite
surface or diffusing within granite are simulated in Fig.
1B. The open-points plot represents the experimental
spectrum of granite “substrate”; the dashed line
represents the hypothetical simulated RBS spectra of a
granite sample peak with a certain Au concentration
(0.005% in atomic weight) at a surface sub-layer of
100 nm (limited to the energies of interest for Au). It can
be seen that the Au peak (2.1 MeV) is relatively narrow
and symmetric. In this example, the Au concentration is
lower than the concentration of Fe within the granite
substrate (0.02 %), but the Au signal is much more
visible than the Fe one. Even having the same
concentration, high atomic masses produce a high
yield and low atomic numbers (Fe), appearing at lower
channels (1.7 MeV) produce a lower yield.

When the gold concentration at the granite surface
sub-layer of 100 nm is doubled, the Au peak height
increases correspondingly, but the width is constant
(Fig. 1B, dash-dot line). The Au peak can be widened by
increasing the thickness of the surface sub-layer from
100 to 250 nm (Fig. 1B, dotted line), given the same Au
concentration.

If Au is not only located on the surface but also
diffuses within the granite, the existence of a sequence
of sub-layers, each with different Au concentration,
must be considered. The shape of the peak when the Au
diffuses in the granite substrate is asymmetrical
reflecting lower backscattered energy. The dashed-

Table 2

Comparison of the mean chemical composition (wt.%) of the Spanish
granite reported in (Buil, 2002) and obtained simulating the RBS
spectra with RUMP

Element % atomic reported % atomic composition
composition RBS spectrum simulated
(0] 57.67 60.32
Si 16.00 17.38
Al 16.06 13.29
Na 4.19 3.58
K 3.69 3.89
Ni 1.19 0.03
Cl 0.45 0.51
Ca 0.30 0.20
Mg 0.26 0.20
Ti 0.08 0.02
P 0.03 0.51
Mn 0.03 0.02
Fe 0.02 0.02
Ba 0.01 0.01
Rb 0.01 0.01
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dotted-dotted line represents the hypothetical spectrum
of granite with Au at the surface (0.01 in atomic %) but
also with Au diffusing in granite (0.005% atomic). Au
diffusion is revealed by a clear decreasing tail pointing
towards lower energies caused by the energy loss
through the sample (Chu et al., 1978). The signal of Au
diffusion within the granite can affect the RBS signal of
other elements (see for example the variation of K
signal) as a result of signal superposition, but no
variation of the granite substrate composition is needed
to simulate these effects. The spectrum is simulated
considering a gold impurity diffusing within the granite
substrate.
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In RBS analysis, the energy scale is converted to a
distance scale (x, diffusion length) given the energy loss
in the sample, considering a mean density for the
material (p), of 2.67 g/em? for granite. The uncertainties
related to this assumption of average granite were
considered overestimating the uncertainties in the
diffusion coefficients calculations.

3.2. Colloid diffusion: RBS results
Fig. 2 shows the RBS spectra of granite after

immersion in gold colloid suspensions. Only the spectra
in those energies near the region of interest for Au
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Fig. 2. RBS spectra of granite after the contact with the gold colloids of (A) 2 nm, (B) 20 nm, (C) 40 nm and (D) 100 nm. Contact time: (A) 5 min, (H)
2 h, (%) 4 h, (@) 1 day, (A) 2 and 1/2 days, ([J) 4 days. The simulations are plotted as continuous lines.
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(1.85-2.05 MeV) are shown. Fig. 2A, B, C and D
present the results obtained with gold colloids of 2,
20, 40 and 100 nm, respectively. For all the RBS
spectra obtained, the signal of Au is clearly visible
with Au peak height increasing over time, correspond-
ing to an increasing concentration of Au at the surface
caused by sorption/deposition. Moreover, the peaks
are asymmetrical presenting a tail pointing towards
lower energies and are more pronounced over longer
times.

Both the existence of the tail of the Au peak pointing
towards lower energies and the tail increasing over time,
suggested that Au is penetrating in the granite over time,
and was therefore diffusing. The RBS spectra of granite
in contact with the 250 nm colloids are presented in
Fig. 3. The Au is again detected at the granite surface,
and the gold peak is quite wide, as expected, resulting
from their larger size. However, there is no temporal
dependence on the height and tail of the Au peak:
therefore the hypothesis that a diffusion process is
occurring is difficult to defend.

As explained earlier in this paper, the RBS diffusion
profiles of Au were analyzed with the X-RUMP code to
determine the diffusion lengths of the Au.

Since the diffusion of colloids and not solutes was
studied, the RBS analyses entailed additional difficul-
ties. The system singularity in which surface roughness,
particle accumulation on the surface and colloid
diffusion coexist required further checks to isolate the
different contributions. Both the granite surface mor-
phology and colloid geometry, accounting for different

Energy (MeV)
1.7 1.8 1.9 20
15 — — — —T T T

A Au 250 nm 5 minutes

* \u 250 nm 4 hours
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Fig. 3. RBS spectra of granite after the contact with the gold colloids of
250 nm. Contact time: (A) 5 min, (%) 4 h, (@) 1 day, (A) 2 and 1/
2 days, ([]) 4 days. The simulations are plotted as continuous lines.

colloid sizes, were considered to distinguish real colloid
concentration profiles from other artifacts.

Several authors studied surface topography effects on
the features of RBS spectra, as island growth on a
surface (Campisano et al., 1975; Slotte et al., 2000;
Metzner et al., 1998; Shorin and Sosnin, 1992) or
different sample inhomogeneities (Baglin et al., 1998),
as spherical or columnar inclusions in a matrix (Stoquert
and Szorényi, 2002). In our case, the coexistence of
roughness and colloids depth profiles, leads to the
overlap of two effects in the Au signal in the RBS
spectrum. According to Mayer’s model (Mayer, 2002) it
is possible to distinguish and theoretically describe two
different cases: smooth film on rough surface and rough
film on smooth surface.

To evaluate the impact of surface roughness in the
diffusion RBS spectra, a separated study was per-
formed (Patelli et al., 2006). A code based on Monte
Carlo theory (MC) was developed to define RBS
spectra of a smooth film of Au colloids on a rough
granite surface. The sample roughness, measured
experimentally by AFM, was described by a Lorentzian
distribution. The model and complementary measure-
ments demonstrated that samples roughness had no
effects on the RBS spectra of diffused Au. In the
complementary work (Patelli et al., 2006) it was also
demonstrated that the asymmetric measured gold peaks
(Fig. 2) and the observed time and size dependence (for
colloids from 2-100 nm) can be only reproduced
considering that the higher energy contribution of the
Au signal came from sphere colloids attached to the
surface while the tail of the Au signals came from Au
concentration gradient deeper in the granite (Patelli
et al., 2000).

3.3. RBS spectra analyses and diffusion coefficient
calculations

To demonstrate the occurrence of Au diffusion in
granite, the RBS spectra must be simulated either with
an equation assuming an Au concentration gradient in
the granite and/or analyzing the temporal dependence of
diffusion lengths.

To simulate the full spectra with the RUMP code in
the same way, an average granite composition, pre-
sented in Table 2, was used as “substrate” allowing
small variations (<5%) of the Fe or K content. In this
“substrate”, a Au concentration gradient was introduced
to simulate colloid diffusion. A constant Au concentra-
tion in the upper layer, with a thickness approximately
coincident to one or two layers of the colloid particle
size was needed, to account for the presence of colloids
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adsorbed/deposited on the surface. These first layers
were not considered for estimating diffusion lengths.

In most of the RBS spectra obtained with the 250 nm
colloids (Fig. 3), it was not necessary to introduce an Au
concentration gradient, since the spectra could be
simulated accounting only for a surface signal. Again,
it is difficult to defend that diffusion occurs when using
250 nm colloids.

All the simulations, matching the experimental data,
are shown as continuous lines in both Figs. 2 and 3. The
diffusion lengths were obtained from the Au concentra-
tion gradients that more closely match the RBS spectra.

Fig. 4 shows the diffusion lengths, as a function of
time, for all sized colloid. Diffusion length increases
over time with the smaller colloids presenting larger
diffusion lengths, indicating size dependence. Since a
clear diffusion process was not observed in the case of
250 nm colloids, they were not included in the plot.

As a first approximation to obtain the diffusion
coefficients (D), the dependence of diffusion lengths (x)
on time () was analyzed. Diffusion length dependence
over time in a diffusion-controlled process can be
approximated with the equation:

x =+/(Dr) (2)

The experimental data in Fig. 4 were matched using
Eq. (2) and the obtained diffusion coefficients are shown
in Table 3 including the simulation correlation coeffi-
cient (R). Less diffusion is observed with greater colloid
size but the maximum variation is limited to one order of
magnitude. The minimum and maximum D obtained,
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Fig. 4. Diffusion lengths (in m) as a function of the contact time (in s).
Colloid size: (A) 2 nm, (H) 20 nm, (%) 40 nm, (®) 100 nm. The dash
lines correspond to the simulation performed with equation (Eq. (2)).

Table 3

Estimation of (apparent) diffusion coefficients as a function of the
colloid size, determined by two different methods (with Eqgs. (2) and
(3)

Colloid D (from Eq. (2)) D (from Eq. (3)) D (from Eq. (3))

size (m%/s) (m%/s) (m?/s)

(nm) (t<2 1/2 days) (t=4 days)

2 (5.6+0.5) E-18 (7.0+0.5)-E-18 (3.0£0.5)-E-18
(R=0.98)

20 (3.4+0.5) E-18 (3.0+0.5) E-18 (1.0£0.5) E-18
(R=0.94)

40 (2.1+0.5) E-18 (2.5+0.5) E-18 (7.0+0.5) E-19
(R=0.95)

100 (1.4+0.5) E-18 (1.5+0.5) E-18 (3+0.5) E-19
(R=0.95)

250 Not determined Not determined Not determined

The third column includes the lower D, required to simulate spectra at
4 days with Eq. (3).

considering possible experimental errors are included in
Fig. 4.

In a second step, to strengthen interpretation of the
data, direct analysis was performed on the Au
concentration profiles within the granite with a RUMP
modeling subroutine. From the experimental conditions,
the granite can be considered as a semi-infinite medium
(x>0) where the boundary is maintained at a constant
concentration (Cg). The initial concentration is zero
throughout the medium.

The equation used to simulate the concentration
profiles within the solid was a solution of Fick’s second
law which satisfies the boundary conditions C=Cjp,
x=0, >0 and the initial conditions C=0, x>0, =0 is
(Crank, 1956):

C= CBerme (3)

Since the determination of the diffusion coefficient is
made in transient conditions by analyzing Au concen-
trations in the solid (where retention may occur) the
value is defined as the “apparent” diffusion coefficient
(D,) (Garcia_Gutiérrez et al., 2000).

The D, values used for simulating the spectra with
Eq. (3) are included in Table 3. The determinations were
made with a trial and error procedure to obtain the D,
value that best reproduced all the spectra obtained at
different times and for each size colloid.

Fig. 5 shows the comparison between the simulation
obtained for r=2 1/2 days for the colloids from 2 to
100 nm, using the diffusion coefficient obtained using
Eq. (2) (diffusion lengths) or Eq. (3) (erfc function),
respectively. For all the spectra collected over shorter
times (generally <2 1/2 days), these coefficients did not
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Fig. 5. Comparison of the simulations performed for the RBS spectra using the diffusion coefficients obtained with equation Eq. (2) (diffusion
lengths, continuous line) or Eq. (3) (erfc function, dashed-dotted line). (A) RBS spectra of granite samples after the contact with gold colloids
suspensions of (A) 2 nm, (B) 20 nm, (C) 40 nm and (D) 100 nm, respectively.

differ significantly from those obtained with the
previous method (Eq. (2)) and the simulations of the
spectra given these profiles closely matched those
presented in Fig. 2. At 4 days Au concentration profiles
could not be simulated with Eq. (3) using the same D,
and required a lower diffusion coefficient, a possible
indication that, at longer times, particles begin clogging
pores, making diffusion more difficult. These values are
included in Table 3.

The spectra obtained from the experiment with
250 nm colloids, were simulated with only a gold
layer on the surface. When a small concentration
gradient was observed it could not be successfully
simulated with Eq. (3).

Our results demonstrate that gold colloids, from 2 to
100 nm, diffuse in granite and that, the D, are all in the
range of E-18 m?/s. These values are about five orders
of magnitude lower than a low sorbing solute (U)
determined under the same experimental conditions
(Alonso et al., 2003a,b). Even when size dependence is
observed, it is not pronounced. Oswald and Ibaraki
found that matrix diffusion did not increase linearly as
colloid size decreased, even if the smallest colloids
diffused deeper in the matrix (Oswald and Ibaraki,
2001).

Since this is the first time that the effect of colloid
diffusion in granite is experimentally analyzed, the
comparison of our data can only be made with



U. Alonso et al. / Earth and Planetary Science Letters 259 (2007) 372-383 381

theoretical values. In general, in the literature “effective”
diffusion coefficients (D) are reported (Ohlsonn and
Neretnieks, 1997; Garcia_Gutiérrez et al., 20006).

A short description of the relationship between
diffusion parameters is given below. More details on
the theory of diffusion in crystalline rock can be found
elsewhere (Ohlsson and Neretnieks, 1995; Neretnieks,
1980).

The diffusion coefficient of a spherical particle in an
unconfined liquid (D,), is related to temperature (7),
with the dynamic viscosity (77) of the liquid and with the
hydrodynamic radius of the particle () determined by
the Stokes—Einstein equation:

kT
° 6y

4)

where k is the Boltzmann constant. The D, values
calculated for the colloids used in this study, considering
a water dynamic viscosity of #=8.9E-4 Pa's, T=298 K,
and the colloid hydrodynamic radius measured by PCS,
are included in Table 4. The maximum variation of D,
as a function of colloid size is within 2 orders of
magnitude.

In porous media, diffusion occurs in the water within
the pores, with tortuosity (tr) and constrictivity (9)
hindering diffusion in solids (Buil, 2002). The diffusiv-
ity in the solid pores (D,,) is expressed as:

0
D, =D, 2 (5)

These D, values are smaller than the diffusion
coefficients in a unconfined liquid (D,), since the ratio
T% = G (or geometric factor) is less than one. An
empirical relationship between G and the accessible
porosity (&) in crystalline rocks is G=0.71g%8
(Parkhomenko, 1967; Jakob, 2004). As mentioned in
the Materials and methods section, the measured
average porosity of our samples was 0.3%, but for
negatively charged species, an accessible porosity one

order of magnitude lower than that measured is usually
taken (Ohlsonn and Neretnieks, 1997), since colloids
suffer anionic exclusion because both the colloids and
the granite surface on average are negatively charged.
For calculations, an accessible porosity value of 0.03%
was considered.

The effective diffusion coefficient (D,) is related to
the pore diffusion coefficient (Dp) by:

D, = ¢D, (6)

The relation between D, and D, is given by
(Garcia_Gutiérrez et al., 2006):

Da :De/OC (7)

where a=e+p-Rq is the dimensionless rock capacity
factor, and Ry the distribution coefficient.

Table 4 summarizes the apparent diffusion coeffi-
cients experimentally found for the different colloids in
this study (D,) and the calculated D, and D, values,
respectively with Egs. (4) and (5).

Given the properties of the rock matrix, the D, for
negatively charged Au colloids, calculated with Eq. (6)
(¢=0.0003) and included in Table 4, varied from 1.75E-
16 m?/s (2 nm) to 4.3E-18 m?/s (250 nm). The rock
capacity factor and the R4 values were estimated using
the experimentally evaluated D, values with Eq. (7)
(also included in Table 4). The Ry values obtained from
these analyses, decreased with increasing colloid size
from 2.5 ml/g (100 nm) to 9.3 ml/g (2 nm). Small but not
null sorption on granite is shown. Smaller particles are
more likely to come into contact with the rock surface
(James and Chrysikopoulos, 1999; Oswald and Ibaraki,
2001) (because of their higher D,) explaining their
higher probability to attach/sorb to the surface produ-
cing higher Ry values. Smaller colloids with higher
retention on the rock surface and higher diffusion
coefficients will be more easily removed from the flow
paths than larger ones.

Table 4
Evaluation of D,, Dy, D, o and Ry for the gold colloids of different size
Hydrodynamicradius D, Dy D, D, o Ry
(m) (m*/s) (m?/s) (m?/s) (m?/s) (ml/g)
2.70E-09 7.0E-18 9.08E-11 5.83E-13 1.75E-16 25.0 9.37
1.00E-08 3.0E-18 2.45E-11 1.58E-13 4.73E-17 15.8 5.90
2.36E-08 2.5E-18 1.04E-11 6.68E-14 2.00E-17 8.0 3.00
4.75E-08 1.5E-18 5.16E-12 3.32E-14 9.95E-18 6.6 2.48
1.10E-07 ND 2.23E-12 1.43E-14 4.30E-18 ND ND
£=0.0003
G=6.4E-03

ND=not determined.

D, values are the ones experimentally determined from diffusion studies (Table 2).
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This study allowed experimentally determining very
low diffusion coefficient for colloids (E-18 m?/s). These
diffusion coefficients would not explain alone the tailing
behavior of colloid breakthrough curves obtained from
colloid transport experiments (James and Chrysikopou-
los, 1999; Kosakowsky, 2004; Mori et al., 2003a) if
diffusion was the only mechanism accounted for colloid
filtration, indicating that matrix diffusion cannot be the
only mechanism responsible for colloid filtration.

4. Conclusions

A new methodology based on the RBS technique
allowed the evaluation of apparent colloid diffusion
coefficients within granite, overturning the belief that
colloids did not diffuse within low porosity media.

Apparent colloid diffusion coefficients (D,) were
determined as a function of colloid size, with values
from 7E-18 m?/s for the 2 nm colloids to 1.5E-18 m?*/s
for 100 nm colloids. The 250 nm colloids did not diffuse
within the rock, emphasizing the influence of the pore to
colloid size ratio. Given the properties of granite, the
effective diffusion coefficients (D,) could be estimated,
and were several orders of magnitude lower than that of
a solute (ranging from 1.75E-16 m?/s for 2 nm colloids
to 4.3E-18 m?*/s for the 250 nm colloids). These
diffusion coefficients can be included in models used
for evaluating colloid-mediated radionuclide transport
in granite. But, these values indicate that, even though
matrix diffusion is a possible mechanism, it cannot be
the only mechanism responsible for colloid filtration,
and thus other filtration mechanisms should be experi-
mentally studied.

Our proposed technique and methodology are appli-
cable to study colloid diffusion within other natural media.
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