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Abstract
Objectives—Short fibres of amosite asbes-
tos (SFA), obtained by ball milling of long
fibres (LFA), have been shown to be less
pathogenic than long fibres. Accumulat-
ing evidence suggests an important role
for diVerences in surface chemistry be-
tween fibres. Iron has been implicated in
the pathogenesis of asbestos fibres. In this
study infrared (IR) spectroscopy was used
to compare LFA and SFA in terms of the
coordination and oxidation state of iron at
the three cation sites (M1, M3, M1).
Methods— Infrared was used to examine
LFA ad SFA, when dry and when hydrated
in the presence and absence of the
chelators desferroxamine and ferrozine.
With appropriate software the propor-
tions of iron and its oxidation states in the
overlapping peaks were resolved and as-
signed, and the three coordination sites
were identified. Data were obtained from
10 samples of both lengths of fibre for each
of the four treatments. Iron release was
also monitored.
Results—Iron was significantly more oxi-
dised in LFA than SFA. Further oxidation
of the dry fibres with water, ferrozine, or
desferroxamine tended to abolish these
diVerences. There were also significant
diVerences between the proportions of
iron held in the diVerent coordination
sites of the fibres. For LFA, a higher
proportion of its iron was held in the
cation sites coordinating less with iron
and more with Mg. Interestingly, the sites
coordinating single irons were signifi-
cantly more oxidised than multiple sites.
The single iron sites were more oxidised in
LFA than SFA and were more readily oxi-
dised by the treatments.
Conclusions—Important chemical diVer-
ences between LFA and SFA were found.
There seemed to be some mobility of iron
near the surface. Based on these data it is
speculated that the 1 iron surface site may
be important in pathogenesis.
(Occup Environ Med 1999;56:606–611)
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The factors relating to fibre structure that
determine their pathogenicity have been eluci-
dated largely through the use of specially

prepared fibre preparations. In particular, the
systematic manipulation of fibre length has
been used as a way to determine the part that
fibre length plays in pathogenicity. For instance
Wright and Kuschner1 showed that short fibres
obtained by grinding caused less fibrosis in
guinea pig lungs than the parent long fibres.
These results have also been mimicked in vitro
in several studies. For instance Brown et al2

showed that increasing length of fibres was
associated with increasing biological activity in
vitro as measured by two end points.

Two samples of amosite asbestos have been
used extensively to provide data on the role of
fibre length. These samples of long asbestos
and the short sample that was derived from it
by milling were used throughout the 1980s and
into the 1990s to show the role of fibre length
in the pathology of asbestos.3 At equal airborne
mass concentration, the long and short samples
produced very diVerent eVects on the lung with
the long sample being fibrogenic and carcino-
genic whereas the short sample was not
pathogenic.3 Donaldson et al then went on to
use these samples as two models of fibres with
diVering pathogenicity which diVered only in
their length, to investigate the role of length in
fibre pathogenicity at the cellular level. These
studies showed that, compared with the short
fibre sample, long fibre amosite was more
inflammogenic,4 caused more epithelial de-
tachment injury in vitro,5 more release of
superoxide anion,6 and the cytokine tumour
necrosis factor (TNF)7 from exposed macro-
phages, and more chromosomal aberrations in
exposed Chinese hamster ovary cells.8

The importance of this accumulating data-
base on the biological activity of these two
samples of asbestos has lain in the argument
that the two samples diVered only in their
length and that there were no diVerences in
chemistry, and by implication, in the surface
reactivity of the two samples. Recently how-
ever, in the course of studies on the surface
activity of the short and long samples we have
found that the short and long amosite samples
do diVer in three diVerent ways. The long
amosite samples bound more protein, had
more free radical activity, and released more
iron than the short amosite samples, despite
the short fibres having a much greater surface
area.9 10 Wylie et al in 1997 concluded that fibre
dimensions or surface area could not account
for the proliferative response of cells to talc and
asbestos, and that composition was therefore
important.11
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About one third of the mass of amosite fibres
comprises iron12 and reactions due to the
surface iron are increasingly being invoked as
causing asbestos related damage, both in vitro
and in vivo, and the role of iron in the genera-
tion of free radicals has been strongly
suspected.9 13–15 The simple presence of ferrous
ions engaging in Fenton chemistry is not suY-
cient to explain the important chemistry of
damaging reactions. Ferric ions are particularly
implicated by several authors.15–17 According to
Fubini and Mollo, “Only a small fraction of the
ions in a well defined co-ordination and redox
state, appear involved in the toxicity of mineral
dust”.15 If iron’s role is crucial to toxicity and
short amosite fibres are substantially less toxic
than the long fibres and fibre length is not a
determinant, then diVerences in the nature of
the iron need to be investigated.

We show here data from infrared spectros-
copy that shed further light on diVerences
between the two samples. Infrared spectros-
copy is a powerful analytical tool, which can be
used to study molecular vibrations. It can show
the structure, atomic interaction, and bond
types present within molecules. It has been
used to identify types of asbestos,18 to gain
information about the cation distribution
between coordination sites12 and to examine
interactions between asbestos and protein.19

The idealised amphibole asbestos structure is
composed of double chains of linked silica tet-
rahedra, which form a silica layer. These layers
are cross linked with seven bridging cations as
can be seen in figure 1. These cations alter the
interplanar spacings and can aVect the angle at
which the adjacent layers are stacked. Finer
structural details of the silica and cation layers
are also shown in figure 1. Although there are
seven cations, there are only four distinct sites
(M1 to M4), due to symmetry of the cations
about the central cation (M3). Only M1 and M3

(in two sites) interact with the hydroxyl group.
These three sites (M1, M3, M1) are co-
ordinated to four oxygen atoms (each one
attached to one silicon) and two hydroxyl
groups. We conducted an investigation into
short and long fibre amosite centred around
the coordination of the three cation sites (M1,
M3, M1) in the neighbourhood of the hydroxyl
group. Overlapping absorbance peaks are pro-
duced, depending on the type of cation (Mg,
Fe) and valency (Fe2+, Fe3+) present.12 Proper-
ties such as oxidation state and the nature of
the coordination of the iron were monitored in
the long and short amosite samples in their
native form and after various treatments
including iron chelators.

Materials and methods
Samples of short (SFA) and long fibre amosite
(LFA) were supplied by the Canadian Asbestos
Institute (fig 2).3 4 9 A total of 80 samples of
LFA and SFA (1 mg) had no treatment, or
were treated with either 2 ml distilled water or
2 ml 4 mM ferrozine (Fe2+) or desferrioxamine
(Fe3+) specific iron chelators in citrate/
phosphate buVer (pH 4.6). The buVer con-
tained 42.4 mM citric acid and 75.2 mM
Na2HPO4. Therefore, there were 10 samples
for each treatment of each fibre. These were
placed in a rotating incubator at 370 C for 24
hours, the fibres were then removed by
centrifugation at 4000 rpm for 10 minutes. The
supernatant was removed and examined for
iron content with the Beckman DU 7500 diode
array spectrometer at 562 and 430 nm for fer-
rous and ferric iron respectively; the fibres were
washed in 2 ml distilled water, vortexed for 10
seconds and again spun down, this process was
repeated three times. The fibres were dried,
encapsulated into KBr discs and dried in a
vacuum oven at 1200 C for 3 hours. The discs
were prepared by mixing the amosite sample
with dry powdered KBr and pressing under
high pressure in an evacuated die to produce a
thin clear disc. The KBr to sample weight ratio
was typically 100:1. A Perkin Elmer 811 dual

Figure 1 Structural details of amphibole asbestos. (A) The idealised structure is composed
of double chains of linked silica tetrahedra, which form a silica layer. (B) These layers are
cross linked with seven bridging cations, which form the core of the unit cell. Three sites
(M1, M3, M1) interact with the hydroxyl group and can be detected with infrared
spectroscopy.
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beam spectrophotometer was purged with an
air drier (50 l/min), and samples were scanned
200 times, to improve the signal to noise ratio.

Resolving the overlapping absorbance peaks
into individual components was achieved with
Jandel Scientific’s Peakfit software. These
results can be seen for a typical example of LFA
in figure 3. The peaks were assigned as in table
1. Luys et al12 have previously assigned the bulk
iron peaks without resolving the peaks for oxi-
dation states. We were able to resolve and
assign the oxidation states of these peaks, as the
change in oxidation state shifts the peak
maxima by about 5 cm-1. The software used
allowed this resolution. Variations in sample
preparations meant that absolute iron content
could not be assessed, but peak area ratios
yielded valuable information. Examination of
data was performed with Minitab’s analysis of
variance (ANOVA) for balanced designs, where
ratios of the areas of peaks within each sample
type were used for comparison of long versus
short fibre amosite, and also for the eVects of
the various treatments. Data were analysed
with two sample t tests assuming unequal vari-
ance and ANOVA to examine main eVects,
residuals, and interactions. Interpretation of
the data was performed with a combination of
both techniques.

Results
The data presented here are not based on
direct comparisons of single measurements of
LFA and SFA. This was not possible because
of the practical diYculties of creating exact
sample replicates. Therefore, we have exam-
ined the ratios of deconvoluted peak areas
where uniformity was obtained. To do this with
statistical relevance, 10 samples for each treat-
ment of each fibre were studied to gain a
clearer picture of the extent of these variations.
Much information may be obtained from this
type of analysis. A typical range of spectral
absorbances for long and short fibre amosite
have been selected from all the results and is
shown in figure 4. As can be seen, only small
variations occur within SFA, whereas more
notable diVerences appear in LFA. Examina-
tion of the resolved absorbance spectra shows
the presence of several small peaks associated
with the main peaks. The ions located at the
three cation coordination sites (M1, M3, M1)
are described by these peaks in table 1. We refer
to this as site occupancy. We were able to
calculate the depth of penetration of infrared
energy into the amosite fibres, taking account
of scattering by amosite and KBr, absorption
by amosite, and also of reflection from the
proximal and distal surfaces of the sample. Use
was made of the fact that absorption of infrared
energy by amosite is the only one of these phe-
nomena that causes a dramatic eVect at specific
wave numbers within the scan range. The
linear absorption coeYcient for amosite was
found to be 11.1 (1.6) mm-1 and thus the depth

Figure 2 Scanned TEM images of long fibre amosite (LFA) and short fibre amosite (SFA). Note that of the 20 or so
particles of SFA, mostly clumped, only one fulfils the WHO criteria for a fibre (>5 µm long, <3 µm wide, aspect ratio
>3:1). All of the seven fibres of LFA fulfilled the WHO criteria, although the ends of the fibres cannot be seen in this
image.
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Figure 3 Resolution of the overlapping peaks with the Peakfit curve fitting software
package. The peaks (lettered A to H) are shown as having been resolved from the data
points representing the overlapping peaks.

Table 1 Occupation of the three cation co-ordination sites
(M1 M3 M1) for amosite samples. Note that the three
cations shown within any peak can be in any one of three
cation orders—for example, in peak A, the Fe2+ cation can
be in either of the two M1 positions, or the M3 position

Co-ordination site peak
(from fig 3) M1,M3,M1 occupation Iron quantity

A Fe2+, Fe3+, Fe3+ 3
B Fe2+, Fe2+, Fe3+ 3
C Fe2+, Fe2+, Fe2+ 3
D Fe3+, Fe3+, Mg2+ 2
E Fe2+, Fe3+, Mg2+ 2
F Fe2+, Fe2+, Mg2+ 2
G Fe3+, Mg2+, Mg2+ 1
H Fe2+, Mg2+, Mg2+ 1

608 Graham, Higinbotham, Allan, et al
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of penetration at which the energy fell to 36.8%
(the fraction e-1) was 90 (13) µm. This is
significantly larger than the diameter of a typi-
cal fibre (0.2 µm), so it can be assumed that the
data obtained reflect the total iron of the sam-
ples in the M1 and M3 coordination sites and
are not skewed by surface eVects.

A comparison of Fe2+/Fe3+ peak ratios, with
significant diVerences between LFA and SFA,
is given in table 2. The results show that for
both fibres, the bulk of the iron was in the
reduced state (Fe2+) although the two fibres are
significantly diVerent; the reduced iron repre-
senting 89.8% of the total for LFA and 83.9%
of the total for LFA (p<0.01). The iron bound
at the 1 iron site had a far greater proportion of
iron in the oxidised form than at the other sites.
Long fibre amosite had a greater proportion of
iron in the oxidised state than SFA at all the
co-ordination sites. Table 3 shows the relation
between the iron content of the coordination
sites. Significant diVerences between SFA and
LFA are apparent. Most of the iron was held in
the 2 iron and 3 iron sites for both SFA and
LFA although significantly less iron was held in
the 2 iron sites than the 3 iron sites in SFA than
LFA. This was true for Fe2+, Fe3+, and total
iron. Although the least iron was found in the 1
iron sites for both SFA and LFA, significantly
less Fe2+ and total iron was found in these sites
in SFA than LFA. Therefore, overall, the iron
in LFA tended to occupy the lower occupancy
sites more than was the case for SFA.

Experiments were conducted to determine
the eVects of water, the Fe2+ chelator ferrozine,
and the Fe3+ chelator desferrioxamine on the
oxidation states and the occupation of coordi-
nation sites by iron. The oxidation of iron by
the various treatments is shown in table 4, with
the results being expressed as the percentage
of the total iron in the Fe3+ form. In view of
these results, describing the oxidation state of
the total detected material, much of the oxida-
tion is probably represented by surface oxida-
tion. A feature of these results is that water
alone significantly oxidised the iron at all
coordination sites in SFA but only at the 1 iron
site in LFA. Indeed the 1 iron site which con-
tains the least iron and in the most oxidised
form, was the site that seemed to be
substantially more susceptible to oxidation in
both fibres. After all the treatments, the degree
of oxidation of the SFA was similar to the LFA
before treatment (table 4). Desferrioxamine
solutions caused oxidation of the iron at all
sites to a greater extent than water alone. The
results for ferrozine were only greater than
water at some sites. This is probably a
reflection of the chelated iron being more
susceptible to oxidation in an aqueous
environment.

Results of experiments to determine whether
water and chelators could change the relative
occupation of the coordination sites are shown
in table 5. The results show the relation of iron
in the 1 iron site to the 3 iron site. For SFA, for
all treatments, the iron content, both Fe2+ and
Fe3+, shifted from the 3 iron site to the 1 iron
site. This was most marked for Fe3+. No real
diVerence was found between the treatments.
This shift was only seen with the water
treatment in LFA for Fe3+. The SFA, when
treated with water, ferrozine, or desferrioxam-
ine became similar to untreated LFA for the
same variable.

Measurements of the iron content of the
solutions used to treat the fibres were made.
Negligible iron was released when the fibres
were immersed in distilled water. With ferro-
zine, the iron (Fe2+) leached was 34.2 (3.1)
nmol/mg for SFA and 47.0 (4.8) nmol/mg for
LFA. With desferroxamine the iron (Fe3+)
leached was 753 (57) nmol/mg for SFA and
261 (34) nmol/mg for LFA.

Figure 4 Spectral variations within long and short fibre
amosite asbestos. The examples selected represent the range
of variation within each type of fibre, with most spectral
responses lying between samples 2 and 3 for LFA; SFA
produces very little spectral variation.
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Table 2 Comparison of Fe2+/ Fe3+ ratios between SFA and
LFA (both types of fibre are untreated)

Iron sites SFA LFA 95% CI

Total iron 8.77 5.21 1.51 to 5.61*
1 1.62 1.53 −0.60 to 0.78
2 15.63 8.26 2.74 to 10.4*
3 13.15 8.47 −1.49 to 10.9

Results are means of 10 samples of each fibre.
*p<0.05 for total iron (sum total of the 1, 2, and 3 iron sites),
and also individually for the 2 and 3 iron sites.

Table 3 Comparison of site occupancy of iron between the
untreated fibre types of LFA and SFA

Iron
Ratio of site
occupancy SFA LFA 95% CI

Total iron 1:2 0.276 0.437 0.70 to 0.25*
1:3 0.273 0.490 0.13 to 0.03*
2:3 0.987 1.132 0.10 to 0.18*

Fe2+ 1:2 0.185 0.294 0.60 to 0.15*
1:3 0.185 0.332 0.09 to 0.20*
2:3 0.997 1.121 0.09 to 0.16*

Fe3+ 1:2 1.818 1.630 −0.37 to 0.74
1:3 1.516 2.187 −0.02 to 1.36
2:3 0.872 1.457 0.14 to 1.03*

Results are means of 10 samples of each fibre.
*p<0.05 for total iron content and for Fe2+ alone, v all three
ratios of site occupancy. Only the ratio of the 2:3 site occupancy
is significant for Fe3+.
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Discussion
The data presented here represent the first
direct evidence of molecular diVerences be-
tween SFA and LFA samples. Furthermore
these diVerences may have important implica-
tions for the relative toxicity of the two samples.
Our data add to the other chemical infor-
mation aimed at elucidating the exact mecha-
nisms of fibre pathogenicity.14 We have previ-
ously implicated fibre length as the only
explanatory variable for the diVerence in
pathogenicity between the long and short
amosite samples.3 4 However, there are accu-
mulated data showing diVerences in the surface
of the long and short samples that cannot be
explained by surface area. Although the fibre
diameter remains the same for both samples,
surface area of SFA is greater than LFA
because of the ends and shards produced by
ball milling. The diVerences in fibre surface
characteristics evident biochemically and now
at the molecular level could be important
factors in making the long amosite more
pathogenic.

Other studies suggest that surface chemistry
may be a another factor as well as fibre length
and diameter that could modify the pathogenic
potency of fibres. Erionite is a fibre that was
found to be more potently pathogenic than any
other fibre in causing mesotheliomas.20 These
fibres were not particularly long and so chem-
istry of the surface has been suggested as a fac-
tor in pathogenic potency of erionite. Also,
Monchaux et al have shown that treating chry-
sotile under acid conditions which did not
change the fibre number or length, changed the
ability of the fibres to cause mesothelioma
compared with untreated fibres.21 Once again it
is possible to conclude that the treatment has

altered the surface chemistry of the fibres.
Brown et al modified the surface of amosite
asbestos with diVerent long chain fatty acids
and changed the ability of the fibres to cause
mesothelioma.22 In vitro it is relatively easy to
alter the biological activity of fibres by treating
them with proteins that coat their surfaces.6 23

The infrared spectroscopy confirms that
there are profound diVerences in surface iron
chemistry between the SFA and LFA at the
molecular level. In both LFA and SFA, >80%
of the total detected iron was in the reduced
form but a significantly greater proportion of
the iron in LFA was oxidised. Such diVerences
in the structures of fibre surfaces could be a
result of the high stresses imposed on the fibres
by the ball milling process.24 Ghio et al showed
that surface Fe3+ was a determinant of free
radical damage.17 As our method detected the
total M1, M3, M1 iron, then the greater
oxidation of the LFA is probably understated
for the surface. A further finding is that the 1
iron site had a far greater proportion of the iron
as ferric iron than the 2 iron and 3 iron coordi-
nation sites. By coulometric means, Shen et al
showed that for amosite, 75% of the available
redox active surface iron was oxidised. Further-
more, they found that the total accessible redox
active iron was only 3.6 nmol/mg for amosite.25

Further diVerences between LFA and SFA
were found when comparisons between coordi-
nation sites were examined. There tends to be
a lower proportion of iron in the multiple
occupancy (2 or 3) co-ordination sites of LFA,
than SFA. This is true for total, ferrous, and
ferric iron although the results for ferric iron
are less significant due to the lower concentra-
tions of Fe3+. We provide evidence to indicate
that the addition of distilled water to the
amosite asbestos samples causes surface oxida-
tion of ferrous to ferric iron. The eVect of
leaching the surface with either desferrioxam-
ine or ferrozine in conjunction with a citrate/
phosphate buVer (pH 4.6) was to significantly
increase the proportion of ferric relative to fer-
rous iron. This could be due to either preferen-
tial ferrous iron mobilisation from the surface
into solution, or oxidation of ferrous to ferric
iron on the surface, or a combination of the
two. The fact that little iron seemed to be
leached into distilled water suggests that the
oxidation of ferrous to ferric iron on the surface
is the more important. It seems that water is
more important than the chelators in changing
the oxidation status of the fibre surfaces. This
has implications for the interpretation of chela-
tor studies. This increase in the oxidation of the
bulk material, shown by infrared spectroscopy
could not be shown with Mossbauer
spectroscopy.16

During oxidation by water or the chelator
solutions there was a shift in the proportions of
iron coordinated at the various sites. The shift
in all cases, where significant, was to increase
the proportion of iron in the 1 iron site, the
changes were greatest for iron in its oxidised
form.

There is some evidence that outer layers of
amosite fibres have a greater abundance of 1
iron coordination sites than is found inside the

Table 4 Oxidation of iron due to various treatments (% in Fe3+ form)

Fibre type and
iron site Dry Water Ferrozine DSF

SFA:
Total iron 10.2 15.5 (1.8 to 26.0*) 15.2 (2.8 to 7.0*) 19.1 (3.3 to 6.3*)
1 38.2 55.1 (3.7 to 9.6*) 50.5 (0.6 to 9.0*) 57.2 (5.1 to 15.3*)
2 7.0 9.3 (0.8 to 1.5*) 9.8 (0.8 to 1.8*) 11.9 (1.9 to 3.4*)

LFA:
Total iron 16.1 16.2 (−0.03 to 0.03) 22.5 (0.9 to 3.5*) 19.8 (−0.15 to 1.9)
1 39.5 59.5 (7.1 to 15.2*) 59.2 (5.0 to 16.0*) 51.1 (1.7 to 7.2*)
2 10.8 9.1 (−0.17 to 0.85) 15.0 (0.3 to 2.2*) 13.6 (0.18 to 1.2*)

Results are means (95% CIs) of 10 samples of each fibre for each treatment.
*p<0.05 Oxidation of iron in SFA for all treatments v untreated for total iron (iron in sites 1, 2,
and 3), and also individually for the 1 and 2 iron sites. However, p<0.05 oxidation of iron in LFA
is significant for all treatments only in the 1 iron site.

Table 5 EVects of treatments on iron occupation of 1 iron and 3 iron sites, expressed as a
ratio of iron in 1 iron sites to iron in 3 iron sites

Fibre type and
iron site Dry Water Ferrozine DSF

SFA:
Total iron 0.27 0.46 (0.14 to 0.24*) 0.44 (0.09 to 0.25*) 0.50 (0.14 to 0.32*)
Fe2+ 0.19 0.22 (0.00 to 0.08) 0.25 (0.01 to 0.13*) 0.25 (0.01 to 0.13*)
Fe3+ 1.52 5.48 (2.14 to 5.78*) 3.45 (0.65 to 3.21*) 3.20 (1.03 to 2.31*)

LFA:
Total iron 0.49 0.41 (−0.01 to 0.19) 0.48 (−0.09 to 0.11) 0.43 (−0.04 to 0.16)
Fe2+ 0.33 0.18 (0.09 to 0.21*) 0.25 (0.00 to 0.16) 0.24 (0.03 to 0.15*)
Fe3+ 2.19 3.60 (0.26 to 2.02*) 1.78 (−0.27 to 1.09) 1.73 (−0.24 to 1.16)

Results are means (95% CIs) of 10 samples of each fibre for each treatment.
*p<0.05 For SFA in each of the treatments v untreated, increases in the ratio of iron in the 1 iron
sites to iron in the 3 iron sites for total iron (both Fe2+ and Fe3+) and individually for Fe3+ in each
of the treatments. For LFA, the ratios decrease in magnitude for Fe2+ (for water and DSF treat-
ments), and significantly increase for Fe3+ when treated with water.
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fibres. A simple calculation based on a typically
sized fibre and a knowledge, from atomic
dimensions, of the number of silica layers and
cation regions across a fibre, allows us to deter-
mine that 9% of the iron examined is in the
outer layer of cation sites. As it is the outer layer
which is, or becomes oxidised by the treat-
ments, then the data we have where, for LFA,
10% of the iron is in the oxidised form fit well
with the calculation. However, when we exam-
ined the 1 iron site, 38.2 % of the iron was oxi-
dised and this increased to 57.2% on treatment
with water. It is reasonable to conclude that the
1 iron sites tend to be on the surface of the
fibre, unlike the 2 iron and 3 iron coordination
sites.

Consideration of the iron content of the
supernatant removed from the samples,
showed that distilled water oxidised ferrous
iron on the surface of the fibres, but cannot
mobilise it into solution. The two leachants,
however, do result in mobilisation of iron from
the surface, and the significantly higher levels
of ferric iron detected may be due to oxidation
of the ferrous iron before or after mobilisation
has taken place.

It is tempting to speculate that the 1 iron
coordination site may be important in the
damaging processes brought about by amosite.
It is the most oxidised of the sites and the site
most able to change its oxidation state which
supports the contention that it has a surface
position and this form of iron is significantly
more prevalent in LFA than in SFA. The treat-
ments of the amosite seem to be able to shift
iron to this form from the other coordination
forms. There may be a link between the
oxidised redoxactive iron,25 the distinctive
reaction sites described by Fubini et al,14 the
supposition of Gold et al that iron mobility in
the silicate structure may be very important in
chemical reactivity, and the 1 iron coordination
site.16 Further work to elucidate the nature of
the reactive sites will be required.

More generally, this study highlights the
potential pitfalls of using milled or ground
samples of particles. Such samples may have
pathologically relevant diVerences in their sur-
face chemistry, compared with the parent sam-
ple.
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