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Summary. In order to assess the geochemical retention
properties of rocks, which will be the final barrier for radionu-
clide transport to the biosphere in the case of a failed deep
underground repository for spent nuclear fuel, radionuclide
sorption experiments are usually made with crushed material.
This raises the issue of extrapolating results obtained from
laboratory experiments to the field scale. As sorption is gen-
erally related to the surface area of the geological material,
it is then important to consider the dependency of the spe-
cific surface area on the particle size. In this work, BET
surface area determinations of samples of different particle
sizes are conducted on two minerals commonly found in
granite: labradorite and magnetite. The results show a linear
relationship between BET surface area and the inverse of
the particle size, up to a certain particle size. Furthermore,
results also show that the specific surface area for intact,
larger pieces is much smaller than the one predicted by
a linear extrapolation of results on crushed material. There-
fore, extrapolation of BET area for fine particles to the field
situation will lead to an overestimation of the surface area and
thereby also the radionuclide sorption, if sorption coefficients
are extrapolated as well. Also of importance is that these
results show that sorption experiments on crushed material
may dominantly reflect properties of new surface, created
during the mechanically treatment of the samples.

1. Introduction

Nuclear power is an important source of energy for the pro-
duction of electricity in many countries around the world and
causes less greenhouse gas emissions than fossil fuel based
energy sources [1, 2]. However, the handling of the spent nu-
clear fuel remains an important issue. One solution is the
storage of the waste in a deep underground repository, either
with or without reprocessing (separation, transmutation).In
a worst-case scenario of a failed underground repository, the
host rock would be the last barrier to prevent the transport of
radionuclides to the biosphere. For safety assessment of a fi-
nal repository, it is therefore essential to estimate the reten-
tion properties of the host rock. The sorption of radionuclides
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on the rock material, which contributes to geochemical re-
tention, is commonly determined in small-scale experiments
in laboratory, using crushed material. A problem with this
method is on how to extrapolate the results of the laboratory
experiments to the field situation.

A linear correlation of the surface area with the distri-
bution coefficient for radionuclide sorption, Ry (m3/kg),
for particular geological material of different size fractions
of crushed material in laboratory experiments have been
observed in several studies (granitic sand: [3]; granitic
rock: [4,5]). Here, it should be noted that whereas surface
area determinations using the BET method (acronym for
Brunauer-Emmet-Teller, who first developed the method [6])
relies on sorption of a multilayer of gas molecules onto the
entire physical surface, the sorption of radionuclides through
surface complexation and/or ion exchange mechanisms in-
volves the attachment of the radionuclide to specific sites at
the surfaces. From theory, a linear relation between R; and
the BET surface area would be expected for, for example,
isotropic materials with an even distribution of evenly reac-
tive sites over all exposed physical surfaces. For anisotropic
materials, or materials with different reactive sites, a lin-
ear correlation can be expected, if the relative abundance
of faces and sites between the samples of different specific
surface area equal.

Based on the experimentally observed linear relation be-
tween Ry and BET, it has been proposed that the specific
surface area can be used to predict Ry values for any size
fraction of the material, even including the intact material.
Already Skagius et al. [7] proposed that the particle size de-
pendency of the sorption of Cs and Sr onto crushed granite
in the size fraction range of 0.1-1.5mm, which they ob-
served, could be explained by sorption onto an inner and
an external surface area, where the external surface area is
proportional to the inverse of the particle size. The data of
Byegard et al. [4], however, shows that the linear relation-
ship between the Ry value and the BET specific surface area
of granitic rock is not necessarily valid when a wider particle
range (0.045—-4 mm) is studied, which may, for example, re-
flect different surface properties of the size fractions.

When a rock sample is drilled out of the host rock and
crushed and sieved to a given size fraction, many of these
operations can alter the rock’s surface properties. In the nat-
ural rock environment, the material is under high pressure
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due to the weight of the surrounding rock. When a drill
core sample is taken out of the rock matrix, the release from
this pressure allows the opening of small fractures, thereby
increasing the microporosity and the internal surface (see
summary in [8]). The process of drilling and sawing may
itself damage the outermost layer of the drill core creating
a disturbed zone, up to centimeter thick in the sampled ma-
terial [9, 10]. New surfaces, not previously exposed, are also
created during the crushing process. The internal and ex-
ternal area increase, and the fresh surfaces exposed during
these processes can have different surface properties than the
intrinsic surfaces. All these effects may have considerable
influence on the sample surface properties, which in turn
may affect radionuclide sorption.

An effect of the damaged zone on the BET surface area
can be observed up to a certain particle size in granite [8].
By the use of centimeter-sized or larger pieces of mate-
rial in laboratory studies, experimental results that are not
dominated by the properties of the disturbed zone can be ob-
tained. However, also for such large samples, the issue of
the release of the rock load remains. Establishing a relation-
ship between particle size and the specific surface area is
one essential tool for understanding the studied system and
it may also be a help for understanding sorption onto intact
material.

The relationship between particle size and specific sur-
face area has previously been studied by several authors.
Bradbury and Baeyens [11] compared centimeter pieces
with crushed material of particle size less than 63 um. They
found that for clay minerals (illite, zeolite), bentonite and
a few sedimentary rock samples; the specific surface areas
were similar between the large piece and the crushed mate-
rial for each mineral or rock sample. However, for calcite,
orthoclase and a crystalline rock sample (granodiorite), the
surface area of the crushed material was a factor 7-19 times
larger than for the large piece of the same material.

André et al. [8] observed that the dependency of the sur-
face area on the inverse of the particle size is linear for small
particles of granite, which is also consistent with the ex-
perimental results of Byegard et al. [4]. For larger pieces,
the specific surface area appeared to be considerably smaller
than expected from this linear trend [4,8]. A similar be-
havior was observed for sanidine (a K-feldspar) and chlo-
rite [12]. This was interpreted as a disturbed zone domi-
nating the properties of the material below a certain par-
ticle size [13]. As the size increases, the disturbed zone no
longer dominates and this yields a lower specific surface
area. The aim of this work is to establish a relationship be-
tween specific surface area and particle size for two minerals
commonly found in granitic rock, labradorite and magnetite.
This helps evaluating the extrapolation of sorption coeffi-
cients from laboratory scale experiments to the field scale.
Specific surface areas for different size fractions of the min-
erals are determined by gas adsorption, interpreted through
the BET [6] model.

2. Theory

A theory for the particle size dependency of the specific
surface area of granitic rocks and minerals is described by

André et al. [8]. For simplicity, particles were assumed to
be spherical, with an external and internal surface area fol-
lowing the suggestion by Skagius et al. [7]. Starting from
a simple model for perfectly smooth particles, the external
specific surface area (SSA., in m?g~) can be expressed as
follows, from the area and volume of the particle (see [7] for
details):

4n R? 3
SSA=+—— = —, 1

where R [m] is the radius of the spherical particle and p
[gm~3] is the density of the material. Deviations from the
perfectly smooth particles are introduced via a roughness
factor, X [unitless], expressed as follow:
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where SSA,, is the real, external specific surface area of
a rough particle and SSAq. is the external, specific surface
area of the ideal, smooth particle. Assuming a rectangular
distribution of particle sizes between the lower and upper
sieve cutoffs, 2R, and 2R,, the representative particle radius
is given by (see [8]):
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The internal specific surface area (SSA;y) is assumed to be
proportional to the volume of the sample, but independent of
the particle size, as follows:

SSA = @)
0

where a, [m*m~3] is the internal surface area per rock vol-
ume. The mechanical processing of the rock, drilling and
sawing, creates a millimeter to centimeter thick disturbed
zone in the rock. The increase in porosity comes along with
an increase in the internal specific surface area of this dis-
turbed zone. The crushing down to a certain particle size
implies that part of or the entire volume of the particles
consists of a disturbed zone. Thus, extrapolation to the in-
tact rock would include surfaces naturally present as well as
surfaces created by the mechanical processing. This would
result in an overestimation of the specific surface area for
intact material.

To account for this disturbed zone, the model was modi-
fied to account for an additional internal surface area, agiy
[m2m~2], associated with the mechanically created micro
cracks within a disturbed zone of thickness é [m] [8]. For
simplicity ags, Was assumed to be constant throughout the
disturbed zone. After simplification, the specific surface area
for the disturbed zone (SSAp;) was expressed as [8]:

Aist

SSAp; = forR<$ (5a)

for particles smaller than the disturbed zone, and as

L(3R25 — 3R82 4 82
SSA,, = Ayist (3 3 +69)
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for R> 6§ (5b)
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for particles larger than the disturbed zone, that is, particles
that contain a mechanically undisturbed core.
Experimentally, all areas are determined simultaneously

SSAt = SSAe + SSAi + SSAR; . (6a)

For small particles (R < §) a linear relationship between the
specific surface area and the inverse of the particle size is
expected

3_)" +i+ Agist

PR p p
However, for larger particles (R > §) a negative deviation
from this linear relationship is expected through

SSA[(J[ = fOI’ R S 8 . (6b)
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Deviation from spherical or cubic form of the particle pri-
marily affects the first term of Eqg. (6) and would in our
case be lumped into A in the first term, and would also af-
fect the third term in Eq. (6¢) (see Dubois et al. [12]). We
note that for particles of rectangular cuboid form, a thin
particle would increase the apparent A; with the apparent A
being derived from the slope of the straight line as obtained
from plotting the surface area against the inverse of the par-
ticle size, assuming spherical or cuboid form of the particles
(term 1 in Eq. (6c)). On the opposite, a thick particle would
decrease it. In this work, Eq. (6b) is used for extrapolation
of specific surface areas to large particles, more similar to
the field situation. In this, A and (a + aqs) are fitting pa-
rameters, using 0SSA; as the independent variable, with p
and SSA; being experimentally determined. For large par-
ticles, the first and third terms of Eq. (6¢) are small; therefore
pSSA: approximates a,.

3. Material

The minerals studied here typically occur in granitic mate-
rial. The rock material from the Aspo site is taken as a ref-
erence for mineral composition of granite. The Aspé Hard
Rock Laboratory is a demonstration and research facility for
a final repository for radioactive waste, on the east coast of
Sweden [14]. The two minerals studied here are labradorite,
a tectosilicate from the feldspar group, and magnetite, an
iron oxide. Labradorite belongs to the plagioclase under-
group, which in turn belongs to the sodium/calcium feldspar
group. This group contains important rock-forming miner-
als, which make about 60% of the Earth’s crust, commonly
found in rocks, sediments and soils [15]. It represents ~ 13%
of the Aspo material and additionally ~ 13.2% as aged pla-
gioclase [16]. All minerals that have a composition varying
between the sodium end-member albite (NaAlSi;Og) and the
calcium end-member anorthite (CaAl,Si,Og) are included
in this undergroup. Labradorite is an intermediate mineral,
with 50 to 70% calcium.

Magnetite is a mixed valence iron oxide, where iron is
present in two oxidation states, ferrous and ferric iron, with
the general formula Fe;0, (Fe**[Fe**Fe®*+]0,). It is a com-
mon mineral in igneous rocks, such as granite, and has been

Table 1. Chemical composition [wt%] and density p [kgm~3] for mag-
netite and labradorite.

Element [%] Magnetite Labradorite Uncertainty %
SiO, 0.797 53.4 19
Al, O, 0.194 25.3 17
CaO <0.1 10.2 11
Fe,0; 97.9 3.41 11
K,0 0.152 0.504 9
NaO <0.05 3.26 12
MgO 0.447 2.45 13
C <01 <02 9
S <0.001 <0.01 8
o (kgm~2) 4.85 x 10° 2.70 x 10® 10

often studied for its sorption capacity (see [17—20] amongst
others). Opaque minerals, consisting mostly of magnetite,
represent 0.6% of the Asp6 rock material [16].

The minerals used here are natural minerals. The labrad-
orite comes from Madagascar, and the magnetite from
Kiruna, in the north part of Sweden. Density measurements
were made by weighing a sample of dry mineral and the
amount of water displaced by the same sample.

The chemical composition of the materials used in this
study was determined by ALS Scandinavia AB, Luled, Swe-
den, by dissolution either in HNO; in a microwave oven in
an enclosed Teflon container or in a LiBO, melt followed
by dissolution in HNO,. Elemental analyses of the result-
ing solution were performed by Inductive Coupled Plasma
— Atomic Electron Spectroscopy, — Quadrupole Mass Spec-
trometry or — Sector Mass Spectroscopy (ICP-AES, -QMS
or -SMS). Additional determinations were made for sulfur
through dissolution in HF, HCIO;, and HNO; with heating
followed by analyses of the solution with ICP-OES.

Results from the chemical analyses and density de-
terminations are summarized in Table 1. The chemical
composition of labradorite was tentatively established as
(Nag 20Cap50M0o.17) (Aly 3gF€0.12Si5.46)Og,where Mg and Fe
substitute some Ca and Al respectively. The chemical for-
mula of the magnetite specimen is that of ideal magnetite,
Fe;0,, with some noticeable impurities (Mg, Si, Al), proba-
bly associated with silicate minerals that were of amorphous
character or were below the detection limit of the XRD
method.

4. Method

After visual inspection of the mineral specimens with the
help from a geologist, impurities were removed, based on
differences in color, texture, structure, hardness, etc. The
minerals were then sawed into parallelepipeds of 3 x 3cm
basis, and about 5 cm long, for a first BET surface area de-
termination (see below). Thereafter, the pieces were mech-
anically crushed, first roughly in a plastic bag, then in
an agate mortar for finer particles. The crushed material
was sieved (Retsch stainless steel sieves, 200 mm & x 250
and/or 500 mm) on a shaking machine, first vigorously for
20-30 min, then at a low speed for one hour. Five fractions
were collected: 0.075-0.125; 0.125-0.25; 0.25-0.5; 0.5-1;
1-2; 2-4 and 4-8 mm. The collected fractions were then
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washed with 95% ethanol until ultrafine particles had been
removed as indicated by the clarity of the ethanol.

BET surface area determinations [6] were made on dif-
ferent particle size fractions, using a gas adsorption process.
The BET method is based upon the phenomenon of phys-
ical adsorption of gases on the external and internal sur-
faces of a porous material. This material is surrounded by
and in equilibrium with a certain gas, at a temperature T
and a relative vapor pressure p/p,, and physically adsorbs
certain amount of gas. The amount of adsorbed gas is de-
pendent on its relative vapor pressure and is proportional to
the total external and internal surface of the material [21].
The accuracy of the instrument (ASAP 2020, Micromerit-
ics) was assured by analyses of standard samples of alumina
(pnr: 004-16816-00, lot nr: 152624-5, Micromeritics) and
carbon black (pnr: 004-16833-00, lot nr: D-4, Micromerit-
ics) with specific surface area of 0.27 +0.03m?/g (Kr),
0.28 +0.03 m?/g (N,) and 24.1 m?/g (not gas-specific), re-
spectively, with obtained values agreeing within the error
limits to the standard values.

Before surface area determinations, the samples need to
be dried under vacuum. In order to preserve the miner-
als from any surface modification, the degassing was made
at room temperature. Degassing lasted one week for the
centimeter-sized pieces, and 25 h for the crushed material.
Some measurements have been made after a degassing time
of only 10 h on the largest particle size fractions: 4-8 and
2—4 mm for both minerals. The results were consistent with
the ones obtained after 25 h, thus confirming that the de-
gassing time was sufficient. The degassing time of 25 h was
chosen to reduce uncertainty. Measurements were mainly
done using Kr as the absorbant and a ten point isotherm,
with relative pressures varying from p/p, = 0.05 to 0.20.
A few comparative measurements were also done using N,
as the adsorbant gas, otherwise using an identical procedure
as with the Kr gas.

5. Resultsand discussion
5.1 Effect of analytical gason the observed BET area

Fig. 1 shows the results of replicate BET area determina-
tions performed on labradorite and magnetite samples from
the 0.075-0.125 and 1-2 mm size fractions using Kr and N,
gas. Error bars in the figure indicate the analytical error in an
individual determination. In Fig. 1, the line indicates identi-
cal results from analysis using the two different gases. For
specific surface areas larger than 0.05m2 g~ the proximity
of data points to the line indicates that for both magnetite
and labradorite similar BET areas are obtained by analyses
using the two different gases. At lower specific surface area,
the data scatter more, and are slightly spread above the line
(higher values obtained from N, than from Kr measure-
ments), probably reflecting the approach of the analytical
limit of the instrument using N, gas (~ 0.01 m?/qg).

The uncertainty in an individual determination was
0.0001-0.0011 m?/g, the standard deviation between repli-
cate determinations was usually considerably larger
(0.0001-0.0063 m?/g). From Fig. 1, we note that both the
uncertainty in an individual determination and the standard
deviation between replicate determinations were smaller for
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Fig. 1. Specific surface area as obtained from nitrogen (N,) gas ad-
sorption [m?/g] vs. values obtained using krypton (Kr) gas adsorption
[m2g~1] for labradorite (A) and magnetite (<>) from size fractions
0.075-0.125 and 1-2 mm. The line represents perfect match between
measurements using the two analytical gases. Error bars represent the
analytical uncertainty in an individual determination expressed as one
standard deviation. Note that for Kr, the standard deviation is too small
to be visible on the plot.

krypton than for nitrogen. Based on this and also the lower
detection limit of krypton (~ 0.0004 m?/g, the lowest value
that could be measured), we conclude that it is preferable to
use krypton as adsorbing gas for the experiments, although
similar results were obtained between the two gases.

5.2 BET surface area of labradorite and magnetite

Fig. 2a shows experimentally determined pSSA, [M? m~%]
as a function of the inverse of the representative particle
radius for different particle fractions of labradorite and mag-
netite, as determined using Kr gas. Fig. 2b represents a part
of the same data set plotted for large particles only (R™* up
to 5 mm-~?) for clarity. For both minerals, the trends observed
in Fig. 2a show an increase of the surface area as the particle
size decreases. Comparing the two minerals, the surface area
values for large, not crushed pieces are quite similar (0.0027
and 0.0022m2g~* for labradorite and magnetite, respec-
tively, the data appear in the lower left corner in Fig. 2b).
For the crushed material, magnetite has a larger specific sur-
face area than labradorite for the large particle sizes; for the
size fractions 2—-4 mm to 0.25-0.50 mm, the specific sur-
face area [m?m~—3] for magnetite is about two times that
of labradorite. The fraction 0.125-0.250 mm presents simi-
lar surface area for both minerals. For the smallest fraction,
however, labradorite shows a larger surface area than mag-
netite (Fig. 2a).

5.3 Particle size dependency of the BET area

For labradorite, a linear relationship between the specific
surface area and the inverse of the particle size was found
for particles sized 1-2 mm and smaller, as predicted from
Eq. (6b) (Fig. 2a). A similar behavior was observed for sani-
dine and chlorite, by Dubois et al. [12]. In a linear regression
of Eq. (6b) to experimental data of labradorite, the fitting
parameters were the roughness factor A = 8 and the entity
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Fig.2. BET surface area (0SSA[m~]) as function of the inverse
of the representative particle radius [mm~!], for magnetite (<>) and
labradorite (A), using Kr gas adsorption. The vertical error bars rep-
resent three standard deviations of replicate BET area determinations.
The horizontal error bars represent the upper and lower cut-off of the
particle size, and is thus not associated with an experimental uncer-
tainty. Broken lines show linear regression of Eq. (6b) to data (see
text). (a) Data for the entire particle size range studied; (b) data for
particles larger than 0.25mm (subset of data in Fig.2a; R™* up to
5mm?).

o(a + agis) 36 x 10° m~1. A negative deviation, not observed
for sanidine [12] from the linear trend is observed as the
particle size increases (i.e. as 1/R decreases, Fig. 2b) for
labradorite, just as proposed by Eq. (6c), indicating that the
disturbed zone to a lesser degree contributes to the measured
specific surface area of these samples.

For magnetite two linear regions can be observed.
A similar behavior was observed for chlorite, a sheet sil-
icate [12]. A linear regression of Eg. (6b) to the data
for the larger particles of magnetite, from the fractions
0.25-0.50 mm to 4-8 mm, yields a roughness factor A = 8.
This is in agreement with results obtained for other types
of rocks [8,22], with sanidine [12] and the labradorite in
this study. However, for the small particle sizes, from the
fractions 0.075-0.125 to 0.25-0.5 mm, a roughness factor

A =1-15 is obtained, implying comparably smooth par-
ticles. For the smaller particles of magnetite, the apparent
(@, + agiq) is 24 x 10* m~* whereas for the larger particles
it is 12 x 10* m~* (compare Fig. 2).

An explanation to the observed complex dependence of
BET surface area of magnetite on particle size may be
that crushing into larger particles creates rougher particles
with a somewhat lower surface area of the disturbed zone,
whereas crushing into smaller particles creates smoother
particles with a more disturbed or larger extent of the mech-
anically affected zone. A disturbed zone with variable sur-
face area would alternatively also comply with the experi-
mental observations, and could be included into the model
by modification of Eq. (6). Another explanation may be
a non-spherical geometry of the crystalline grains. This has
been observed for magnetite in other studies [23]. Such
a non-spherical shape would affect Eq. (6), see for ex-
ample [12] for modifications for a parallelepiped shape.
However, uniform particles between different particle sizes
would result in a constant slope of the BETsurface area with
the inverse of the particle size. Possibly, different distribu-
tions of the particle sizes within an experimental size frac-
tion could also affect the representative particle size, thereby
affecting the analysis carried out here. Further investigations
are needed in order to fully understand the observed behav-
ior of magnetite BET surface area.

54 |Intrinsic, internal surface areas

Extrapolation of the linear relation between specific surface
area and the inverse of the particle size to infinite particle
size (i.e. intact material) has in the literature been proposed
as a means of estimating the internal surface area dominat-
ing the specific surface area of larger pieces. However, as
pointed out by André et al. [8] and shown in Eg. (6b), this
extrapolation yields the quantity (a + ags), with a possible
considerable contribution of the properties of the disturbed
zone created during the mechanical treatment of the sam-
ples. Here, we used determinations of the specific surface
area of centimeter sized pieces, with total specific surface
areas being comparatively less affected by a disturbed zone,
as a second estimate of the intrinsic, internal surface area.

We note that the extrapolated surface areas from the
crushed fractions are 5 to 22 times larger than those ob-
tained by determinations on the large pieces. These results
are in line with those of André et al.[8], who found ratios of
1.3-12 for different granite samples. We furthermore note
that the surface area of the large mineral pieces are just 2—
4% of that of the particle size fraction 0.075-0.125 mm,
which is representative of that employed in many radionu-
clide sorption experiments using crushed rock or mineral
samples. This implies that the majority of the surface area in
such experiments is associated with fresh mineral surfaces,
not originally present, and possibly with different sorption
properties from the large sample.

5.5 Comparison to literature data

The experimentally obtained specific surface areas in this
study are low compared to the data found in the literature
(Figs. 3 and 4, for magnetite and labradorite respectively).
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Fig. 3. Specific surface area (0SSA [m™1]) as function of the inverse
of the particle size [mm~1] for magnetite (this study 4) compared with
data taken from the literature. N.B. Logarithmic scales.
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Fig. 4. Specific surface area (0SSAx [m™1]) as function of the inverse
of the particle size [mm~!] for labradorite (this study) and for granite
(André et al., [7] x; Byegard et al., [4] (J). The dotted lines connect
data for two of the granitic samples investigated by André et al. (2009).

In this comparison, it should be noted that mineral samples
may be very different between different studies, although
the same type or group of mineral has been used. All of
the studies in the literature presented here used nitrogen as
adsorbing gas for their BET determinations. However, as
shown above, the use nitrogen and krypton gas gave very
similar results in our study, thereby indicating that the dif-
ference in analytical gas is not the cause of the observed
difference in surface area. It should be noted that Fig. 3 show
data that are not completely comparable. Catalette et al. [17]
and Rovira et al. [19], used particle size fractions that were
partially open (< 180 um and < 5 pm, respectively) mean-
ing that there may be a large proportion of fine particles
in these samples. Marmier et al. [18] and Ebner et al. [24]
gave only the mean particle size, and not the limits of the
size fraction. Thus the size fractions those authors worked
on are not well defined in the cited references, which makes
the comparison with our results difficult. Granizo et al. [20]
worked on much smaller particle sizes than in this work.
Considering only references where particle sizes are well
defined and comparable to those used in this work, our ex-

Table2. Specific surface area [m? g~*] for large pieces and ratio [unit-
less] of extrapolated to experimentally determined value.

Magnetite Labradorite

Experimental — 0.0022+0.0001  0.0026 £ 0.0002
large piece
Extrapolated —

small particles

Extrapolated —
large particles

Ratio (extrapolated/
experimental)

0.0486+0.0015 0.0133+£0.0022
0.0254 4-0.0015

11-22 4.9

perimental data are still about 30 times lower than Todor-
ovic et al. [25], and 13 times lower than those of Regen-
spurg et al. [26]. Both Todorovic et al. [25]and Regenspurg
et al. [26]used natural magnetite in their experiments, just
as in this study, but from different locations than the spe-
cimen used here. It is not unusual to find that samples of
the same mineral differ of about one order of magnitude in
their surface area, for example as observed for two chlo-
rites [27], sampled at different locations in Sweden, but oth-
erwise treated exactly the same way. Considering the natural
variability in properties between different natural specimens
of the same mineral, we find the observed surface area of the
magnetite in this study in fair agreement with literature data
of other specimen.

No data of specific surface area for labradorite has been
found in the literature. However, as plagioclase is one of
the main components in granite [28] a comparison was
made with data obtained for granite by Byegard et al. [4]
and André et al. [8], as shown in Fig. 4. André et al. [8]
worked with granite, sampled at Forsmark and Laxemar,
on the Swedish East coast. Byegard et al. [4] worked with
Aspo Diorite and Fined Grained Granodiorite, also from the
Swedish East coast. The surface area values for labradorite
obtained in this study were in good agreement with data
from both works, although experimental data for labradorite
are in the lower range of the data for granite. The specific
surface area of labradorite was also similar to that observed
for sanidine by Dubois et al. [12] (note that their b equals
2R; in this study, not shown in Fig. 4).

6. Conclusions

The specific surface area has been determined with Krand N,
gas adsorption, using the BET model, for seven particle size
fractions, including centimeter-sized samples, of two pure
minerals, labradorite and magnetite. Results obtained from
Kr and N, gas adsorption were similar, with somewhat bet-
ter precision from Kr determinations. For the labradorite, the
specific surface area was similar to literature data for simi-
larly sized particles of granite and sanidine. As plagioclase is
one of the main components of granitic material, it seems that
the behavior of the surface areas for labradorite mineral and
for granitic rock appear to be very similar, during the process
of crushing the material to different size fractions.

For our natural magnetite, the specific surface area was
a factor 13-30 lower compared to literature data of other
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natural magnetite samples with well defined particle sizes.
We suggest that such a comparably small difference in spe-
cific surface area between different samples of the same
particle size fraction may be related to differences in par-
ticle geometry, surface smoothness or internal surface area
between the mineral specimens.

Both labradorite and magnetite show decreasing surface
area with increasing particle size for crushed material. Ex-
perimental data for labradorite followed the model proposed
by André et al. [8]. This model assumes spherical (or cubic)
particles with constant but different specific internal sur-
face area between the undisturbed part of the particle and
a mechanically disturbed zone. In contrast, the experimen-
tal data for magnetite showed that the model could not be
fitted to the data for the complete range of particle size
fractions studied. Separate fits could be obtained when di-
viding the size fractions into two groups: one group with
relatively large particles and one group with the fine par-
ticles. This behavior needs to be further studied, and we
propose that it may be related to an internal specific area
(i.e. the porosity) or surface roughness that is not constant
over the particle sizes studied, or a particle geometry that
greatly deviates from spherical or cubic. The particle size
distribution within the fractions may also be a factor that can
contribute to the observed phenomena and would be worth-
while to investigate.

The experimentally determined specific surface area of
the centimeter-sized samples for both the minerals were
considerably lower than the values obtained from linear
extrapolation of results for smaller particle sizes. This re-
sult is in agreement with the results obtained by André
et al. [5, 8] for granite samples, and indicates that the me-
chanical treatment of samples creates new, internal surfaces
(see also [12]). With relevance for the determination of ra-
dionuclide sorption properties of rocks and minerals, this
indicates that the radionuclide sorption for intact material
may be greatly overestimated if it is based on extrapo-
lation of laboratory experiments on crushed material (see
also [12,29]). This furthermore suggests that sorption re-
sults of experiments on crushed material may be dominated
by the properties of fresh surfaces, not originally present in
the rock or mineral.
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