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Abstract 129I is one of the major dose-determining nuc-

lides in the safety analysis of deep storage of radioactive

waste. Iodine forms anionic species that hardly sorb on the

surfaces of common host-rock minerals. Recently, interest

has arisen on the role of pyrite, an accessory mineral

capable of binding anionic selenium. Whereas the inter-

action of selenium with pyrite is well documented, corre-

sponding results on iodine sorption are still scarce and

controversial. Pyrite is present in argicilleous rocks which

are being considered in many countries as potential host

rocks for a radioactive waste repository. The uptake of

iodide (I-) on natural pyrite was investigated under nearly

anoxic conditions (O2 \ 5 ppm) over a wide concentration

range (10-11–10-3 M total I-) using 125I as the radioactive

tracer. Weak but measurable sorption was observed; dis-

tribution coefficients (Rd) were less than 0.002 m3 kg-1

and decreased with increasing total iodide concentration.

Iodide sorption was connected to the presence of oxidized

clusters on the pyrite surface, which were presumably

formed by reaction with limited amounts of dissolved

oxygen. The results obtained indicated that pyrite cannot

be considered as an effective scavenger of 129I under the

geochemical conditions prevailing in underground radio-

active waste geologic storage.
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Introduction

Aqueous corrosion of nuclear waste planned to be disposed

of in radioactive waste repositories will release long-lived

radionuclides, including 129I. In the current Swiss geologic

storage concepts [1], 129I will be released predominantly

from spent fuel, either as iodide (I-) or iodine (I2(g)). 129I

accumulates on fuel grain boundaries and in the fission gas.

Upon the failure of the metallic containers foreseen to

contain radioactive waste, a sudden release pulse of ra-

dionuclides will occur (‘‘instant release fraction’’) [1, 2].

Anionic species such as I- do not sorb significantly on the

surfaces of major minerals in the repository near-field (e.g.

clays, other silicates, sulfates), since their surfaces are

negatively charged under the neutral to alkaline pHs pre-

vailing in such environments [1]. 129I is therefore consid-

ered to be mobile compared with fission products and

actinides dissolved as cationic species. Natural iodine in

clay formations was found to be associated with carbonate

minerals [3] having both biogenic and inorganic origin.

Although the radioiodine released from the waste could

potentially be trapped by carbonate minerals via isotopic

exchange, this mechanism is judged by the authors to be

ineffective on the short term due to the inaccessibility of

the natural iodine in the carbonate mineral lattice (low

solid state diffusion coefficients). This implies that uptake

of radioiodine by carbonate minerals could only proceed by

surface adsorption, and will be limited by the small specific

surface area of carbonate minerals. Due to the combined

effect of the long half-life (1.57 9 107 years for 129I) and

low retention capacity, this fission product is among the
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major dose-determining nuclides in the safety analysis of

radioactive waste geologic storage [1]. In the context of

performance assessment, compacted bentonite will be used

as the backfilling material for sealing the repository tunnels

of the foreseen Swiss radioactive waste repository. So far,

Rd values for iodine on bentonite were considered to be

low, about 5 9 10-4 m3 kg-1 (3 9 10-5 m3 kg-1 in

Opalinus Clay) [1]. Diffusion experiments with Avonlea

bentonite also showed that iodine could be considered as a

non-sorbing species [4].

Pyrite is a minor mineral occurring in small amounts

(about 0.3 wt%) in Wyoming bentonite MX-80, the refer-

ence material currently considered for sealing the tunnels of

the planned high-level radioactive waste repository in

Switzerland. It is also ubiquitous in the Opalinus clay host

formation (about 1 wt%) [1]. Surface potential measure-

ments for the pyrite surface yielded points of zero charge in

the acidic region, pHpzc * 1.7–2.4 [5, 6] when carried out

under controlled anoxic conditions. According to these data,

the pyrite surface is expected to be negatively charged in the

pH-region of natural waters, therefore electrostatic binding

of cations such as Am3? may occur [7], whereas no elec-

trostatic binding of anionic species like I- or IO3
- should

occur. A second group of measurements [8] was conducted

under oxidizing conditions and indicates much higher val-

ues, pHpzc * 6.4–7. These values are intermediate between

the low pHpzc determined for non-oxidized pyrite and those

(pHpzc [ 8) of ferric oxides [9]. Pyrite surfaces strongly tend

to oxidize once they are exposed to air. 129I is dominantly

anionic in natural aqueous solutions, both under reducing

and oxidizing conditions (I- or IO3
-). Therefore, pyrite is

not expected to have a significant sorption capacity for

iodine in geological environments, unless non-electrostatic

binding mechanisms play a role.

To date, the few experimental studies on iodide sorption

onto pyrite have yielded contradictory results. A summary

of the published data is presented in Table 1. The results

from earlier investigations suggested high sorption values

for iodide onto pyrite. Fuhrmann et al. [10] and Strickert

et al. [11] claimed that up to *100% of the iodide radio-

tracer used in their experiments was sorbed on pyrite.

Zhuang et al. [12] also showed up to 22.8% iodide uptake

at low iodine concentration (*10-13 M). These three

studies were based on experiments carried out with natural

pyrite samples without any surface pre-treatment, at low

iodide concentrations (\10-10 M) and open to the air. In

order to explain the high degree of iodide uptake, Strickert

et al. [11] suggested incorporation into the crystal lattice.

Fuhrmann et al. [10] interpreted the high sorption values

for iodide as being a possible consequence of pyrite surface

oxidation based on X-Ray Absorption Near-Edge Spec-

troscopy (XANES) measurements. Fuhrmann et al. [10]

claimed that oxidation produced a coating of ferric oxides;

in the meantime, sulfuric acid formed and acidified the

solution to pH 4. Since ferric oxides have a point of zero

charge (pHpzc) above 8 [9], the dissolved iodide could have

sorbed onto the positively charged surface of the ferric

oxides coating.

In recent studies carried out under anoxic conditions

iodide sorption onto pyrite was not detectable at high total

dissolved iodine concentrations (10-4–10-2 M) [13, 14].

However, Kaufhold et al. [13] and Naveau et al. [14]

could not exclude that strong iodide sorption could occur

at lower levels of total iodine in aqueous solution. This

study aims at giving an unequivocal answer by investi-

gating iodide uptake on pyrite over a wide range of

concentrations (10-11–10-3 M total I) under nearly anoxic

conditions.

Retention studies of iodide on argillaceous host rocks

being considered for nuclear waste deep storage were car-

ried out on the Boda claystone formation [15] (Hungary),

the Opalinus clay [16] (Switzerland), and on the Callovian–

Oxfordian clay [17] (France). The results presented in these

papers all indicated a very limited retardation of iodine,

although the Opalinus clay and the Callovian–Oxfordian

clay are reported to contain on average *1% pyrite. These

results therefore seem to indicate that pyrite does not play a

major role on the retention of iodide under repository

conditions. With this study we attempt to resolve the con-

tradictory results so far available in the literature by

investigating iodide sorption on pyrite under carefully

controlled experimental conditions.

Materials and methods

Mineral preparation

The use of natural pyrite was preferred due to the complex

synthesis procedures required for obtaining pure pyrite

(a-FeS2) free of other FexSy sulfides [18, 19]. Selected

natural pyrite samples from two separate mines (Huanzala,

Peru and Navajun, Spain) were purchased from Ward’s

Natural Science, Rochester, NY. The Huanzala ore is a

Zn–Pb strata-bound hydrothermal deposit hosted in a

Cretaceous limestone formation in which the pyrite for-

mation occurred in the early stages of mineralization as

fine-grained to coarse-grained granular masses [20]. The

Navajun ore, hosted in a Jurassic marl formation, is char-

acterized by euhedral cm to dm sized cubic pyrite crystals.

The widespread occurrence of chloritoid inclusions in the

pyrite crystals [21] points to a metamorphic origin

(greenschist facies). X-Ray powder diffraction patterns of

samples from both sites were recorded on a Phillips Xpert-

Pro diffractometer (CuKa radiation, 2h from 5 to 70�) and

confirmed pyrite as the only detectable crystalline phase.
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Due to the sensitivity of pyrite towards surface oxidation

[19, 22], special care was taken in the preparation of pyrite

before carrying out the iodine sorption experiments under

anoxic conditions. The adopted procedures followed those

given in Moses et al. [19], which were assessed to be the

most effective way for limiting oxidation artifacts, and

were performed in a glove box (N2 atmosphere;

O2 \ 5 ppm), except for crushing and centrifugation. For

the 125I sorption experiments, Huanzala and Navajun pyrite

fragments were crushed in acetone to a fine-grained pow-

der in a tungsten carbide mill in order to enhance surface

reactivity. The powdered pyrite samples were passed

through a 63 l sieve. The fraction below 63 lm was

thoroughly washed in 12 M HCl (reagent grade, Merck) to

dissolve any possible secondary oxides on the surfaces.

Samples were then rinsed several times with degassed

ethanol, and eventually dried by evaporation at room

temperature in the glove box. Specific surface areas of the

powdered fractions below 63 lm were measured by

Brunner Emmet Teller (BET) method under N2 atmo-

sphere. The sieved Huanzala pyrite and the Navajun pyrite

used for the experiments had specific surface areas of 0.94

and 0.46 m2/g respectively.

Quantitative iodine sorption experiments

The Milli-Q� water used for preparing the solutions was

degassed during 1 h with N2 to purge dissolved O2. A non-

complexing buffer from the Good’s series, HEPES (Sigma-

Aldrich) was used together with NaOH (Merck, analytical

grade) for the pH-controlled experiments [23]. 125I (prev-

alently as iodide) radiotracer (c-emitter, half-life 59.4 days)

dissolved in a slightly alkaline solution was purchased

from Amersham International Ltd. Potassium iodide (KI

analytical grade, Merck) containing only stable 127I was

used to prepare a 0.1 M KI solution.

The pyrite powder was added to the aqueous solution at

various solid to liquid ratios (S/L = 5–50 g L-1) in 50 mL

vials. The suspensions were then spiked with an appro-

priate amount of 125I and when necessary, with a 0.1 M KI

solution to increase the total iodine concentration to the

required value. The solid was then maintained in suspen-

sion on an end-over-end shaker for 7 days.

After 7 days, the suspension was either filtered through

0.45 lm acetate cellulose filters (Fisherbrand) or centri-

fuged at 95,0009g (max) for 60 min. The cut-off size in

the centrifugation process is equivalent to 0.05 lm [24].

The final pH values were measured with a combined glass

electrode (Metrohm). The 125I activities of supernatant

solutions (after centrifugation), or filtrates, were radio

assayed in duplicate in a gamma-counter (c-counter Cobra,

Canberra-Packard) together with standard solutions, and

then recalculated at the sampling time (t0). From the

activity measurements of sample and standard solutions,

the extent of iodide sorption on pyrite could be determined.

The fraction of iodide sorbed, F (%) and the distribution

coefficient, Rd (m3 kg-1) were determined from the fol-

lowing equations:

Table 1 Summary of iodide sorption studies onto pyrite

Ref. Pyrite origin O2

exclusion

Particle

size

(lm)

S/L (g L-1) Starting

solution

Reaction

time

(days)

pH [I] range

(mol L-1)

% Sorbed Rd

(m3 kg-1)

[11] Natural mineral,

unknown origin

No 150–250 500–1000 H2O 4 Free *10-10 *100a 0.3–3

[10] Huanzala, Peru No \180 25 H2O 1–15 8.7 *10-14 82 to *100 0.18–4.0a

[12] China No 125–250 50 H2O 21 Free *10-13 22.8 0.006a

[13] Synthetic HNO3

washed

Yes \50 8 NaClO4 0.05 M 0.25–5 2–12 10-4 Insign. –

[14] Norway and Germany Yes \125 10 H2O 2 Free or 10 10-2 \LD –

This

study

Huanzala, Peru Yes \63 50 H2O 7 Free *10-3 \LD –

*10-6 3.0 0.0006

*10-11 \LD 0.002

Navajun, Spain HCl

washed

Yes \63 50 H2O 7 Free *10-3 0 –

*10-6 2.6 0.0005

*10-11 6.5 0.001

8 *10-11 6.2 0.001

Insign. insignificant, LD limit of detection
a Calculated here for comparison
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F ¼ 1� Asple

Astd

� �
ð1Þ

Rd ¼
F

1� F

� �
� V

m
ð2Þ

where Asple (Bq) is the 125I activity remaining in the filtrate

or in the supernatant after centrifugation at the sampling

time; Astd (Bq) is the standard activity, corresponding to the

total 125I activity initially added to the suspension; V (m3)

is the volume of aqueous solution and m (kg) is the mass of

solid sample. Overall uncertainties were calculated

according to classical error propagation theory [25].

Blank experiments conducted without pyrite indicated

no detectable iodide sorption on the sample bottle walls,

the filters, and the centrifuge tube walls.

Results

125I tracer experiments

Iodide uptake experiments conducted at a solid to liquid

ratio (S/L) of 5 g L-1 resulted in no difference (below 1%

difference) of 125I measured in the standards and the

sample. Subsequent experiments were therefore conducted

at higher pyrite loadings (*50 g L-1), in order to increase

the sorbed quantities of 125I in the samples. The results

discussed hereafter refer to such high S/L ratios.

The uptake of iodide on both samples of pyrite was first

investigated at low concentration (using the 125I tracer

only), without pH buffering. In this set of experiments, the

pH decreased from near-neutral to slightly acidic (pH 4–5).

Acidification during pyrite weathering is a well-known

phenomenon. It occurs even under anoxic conditions since

only a very small O2 contamination is sufficient to oxidize

small amounts of sulfide on the pyrite surface and release it

as sulfuric acid [26, 27]. In addition, we cannot exclude a

contribution from traces of acid remaining from the surface

washing. After 7 days, two aliquots of well-agitated sus-

pension were collected. The first one was centrifuged (cut-

off size = 0.05 lm), and the second one was filtered

through 0.45 lm in order to detect the amount of iodide

sorbed on colloids (0.05–0.45 lm fraction). Within

experimental uncertainties, comparable results were

obtained for both pyrites, revealing a limited but significant

sorption of the iodide tracer (Fig. 1). The percentage sor-

bed was always within *2–10% of the total added iodide.

Approximately one-third could be assigned to uptake by

colloids passing through the filter, but separated from the

solution after centrifugation (0.05–0.45 lm fraction).

Smaller Rd values than previously reported in the liter-

ature were determined in our experiments (Fig. 2), notably

for the Huanzala pyrite, which has the same origin as the

pyrite used by Fuhrmann et al. [10]. For the Huanzala

pyrite, some experiments were repeated using different

batches of pyrite powder. All four replicates yielded similar

results, except for a single outlier showing a higher sorp-

tion with F = 60.9% (±0.7%, 2r) after centrifugation.

This result is considered an artifact but remains

unexplained.

In order to understand the dependence of sorption on the

dissolved iodide concentration, distribution coefficients

(Rd) were determined after centrifugation for both pyrites

and including iodide concentrations ranging from 10-11–

10-3 M. A decrease of Rd with increasing iodine concen-

tration was observed, yielding a non-linear isotherm. Rd

decreased from *1.5 9 10-3 m3 kg-1 at 10-11 M I

to *5 9 10-4 m3 kg-1 at 10-6 M I. At 10-3 M I the Rd

cannot be calculated because no differences could be

detected between the standard and sample concentration.

Finally, the influence of pH and Eh on iodide uptake was

investigated by carrying out two sets of additional experi-

ments: (i) with buffered pH in the glove box, and (ii) with

Fig. 1 F, percentage of I- sorbed at 10-11 M total iodide added in

solution, in pure water for Navajun and Huanzala pyrites

Fig. 2 Rd values for iodide sorption on pyrite, in pure water under

anoxic conditions. Circles pyrite from Navajun, triangles pyrite from

Huanzala
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unbuffered pH under air atmosphere (Table 2). The tests in

air were carried out at low iodide concentration (tracer

only) with Navajun pyrite previously washed in the glove

box, but without any special care taken to prevent an

exposure of the pyrite surface to dissolved oxygen. For this

purpose our experiments were carried out with non-

degassed Milli-Q outside the glove box. The buffered pH

experiments in the glove box were carried out using non-

complexing HEPES buffer and NaOH to maintain pH * 8,

which is comparable to the pH expected in the high-level

radioactive waste repository foreseen in Switzerland [28].

Under anoxic conditions, no noticeable difference was

observed between the results obtained with unconstrained

(free-drift) pH, and the corresponding experiment buffered

at pH 8. For the experiment open to the air, a drop by two

units to *pH 3 was observed. A weaker iodide uptake was

observed at this pH.

As already mentioned, oxidation of pyrite in aqueous

media is frequently observed even in laboratory tests per-

formed at trace levels of O2 [26, 27]. In our batch exper-

iments, a partial oxidation of the pyrite surface could also

not be avoided, as indicated by the observed moderate drop

in pH. In order to interpret the sorption data, we assessed

the maximum amount of oxidized pyrite following the

oxidation rate equation (Eq. 3) proposed by Williamson

and Rimstidt [27], who also used an acid-leached natural

pyrite for their kinetic experiments:

r ¼ 10�8:19 DO0:5

Hþ½ �0:11
ð3Þ

where r is the oxidation rate in mol m-2 s-1, DO the

concentration of dissolved oxygen in mol L-1 and [H?] the

free proton concentration in mol L-1. The amount of dis-

solved oxygen was calculated (i) based on Henry’s Law

using a constant for oxygen gas–water equilibrium at 25 �C

equal to 2.293 9 10-5 [29] and (ii) as a maximum

remaining O2 concentration in the degassed solutions as

estimated by Butler et al. [30]. Complete equilibration with

the gas phase in the glove box (2 m3, 5 ppm O2) would

yield a DO concentration of *10-8 M. Butler et al. [30]

investigated the efficiency of a degassing procedure similar

to the one used in our experiments, by monitoring the

decrease of DO concentration in water against purging

times with high-purity N2. They measured a minimum

residual DO in water after purging N2 during 1 h

of *6 9 10-6 M. Longer purging times did not lower this

concentration. Therefore, we cannot exclude that our

degassed solutions contained similar DO concentrations.

This value of DO = 6 9 10-6 M was much larger than

complete equilibration with the gas phase in the glove box

and was taken as an upper limit for our glove-box exper-

iments. For the experiments open to the air, where the

Milli-Q� water was not degassed, we assumed a DO

concentration in equilibrium with air, DO * 2 9 10-4 M.

Taking into account the BET measurements of our pyrite

samples, the measured pH, and using Eq. 3, the maximum

percentage of oxidized surface was estimated to be less

than 2% for both types of experiments (Table 3).

Pourbaix diagrams

In order to facilitate the interpretation of the results,

Pourbaix diagrams were generated using the software

PhreePlot (beta version, http://www.phreeplot.org/), which

is based on the geochemical speciation and solid phase

saturation model of PHREEQC (Fig. 3). Total S and Fe

concentrations were fixed at values approaching those

relevant for our systems. Thermodynamic data for iron and

sulfur species were taken from the Nagra-PSI database

[31]. Thermodynamic data for iodine were selected from

[32] and [29] in order to obtain a set of equilibrium con-

stants for the most common species, including aqueous (I2,

I3
-, IO3

-, IO4
-, IO-, HIO, HIO3), solid (I2) and gaseous

(I2) phases. In order to make the interpretation easier, the

stability field of pyrite was superimposed on the Eh–pH

diagram for iodine (Fig. 3b). Even though only the Pour-

baix diagram for 10-6 M I- is shown in Fig. 3b, calcula-

tions for higher and lower concentrations did not change

the stability relationships.

Discussion

Thermodynamic stability

Even for the experiments open to the air, carried out using

non-degassed water, the calculated maximum oxidized

fraction was low (1.6%), but larger than the one calculated

for the pyrite treated under ‘‘anoxic’’ conditions (0.4%).

For the experiments open to the air the measured final pH

Table 2 Influence of pH and oxidation conditions on the iodine

uptake at 10-11 M I- onto the Navajun pyrite

pH F (%) 2r

Pure water, glove box 5.1 6.46 0.38

Buffered water, glove box 8 6.23 0.16

Pure water, open to the air 3.3 1.18 0.42

Table 3 Maximum assessed percentage of oxidized surface of the

pyrite for experiments in the glove box and open to the air

O2 in the gas phase DO (M) pH Oxidized surface (%)

Glove box, 5 ppm 6 9 10-6 5.1 0.40

Air, 20% 2.4 9 10-4 3.3 1.59
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was considerably lower than for the ‘‘anoxic’’ experiments

(pH 3.3 vs. pH 5.1), suggesting, as expected, a more

extensive oxidation of the pyrite surface owing to the larger

amount of available oxygen, compared to the analogous

experiment conducted in the glove box.

However, in both types of experiments, only a very

limited fraction of the exposed pyrite surface (upper limit

of 2%) was calculated to be affected by the oxidation

process. Thus, despite the thermodynamic disequilibrium

between gas and solid phase, the amount of oxidant (DO)

available in solution was really insufficient to consume the

large amount of reduced S and Fe on the pyrite surface. In

the case of the glove box experiments, the oxidation

reaction proceeds until total consumption of the limited

dissolved oxygen present, leaving behind a large excess of

pyrite in thermodynamic equilibrium with the rest of the

system. Therefore, at the end of the reaction, the oxidation

potential must have been buffered within the stability field

of pyrite (e.g. Eh -0.2 to 0.0 V at pH * 5, see Fig. 3a).

As shown in Fig. 3b, under such conditions the stable form

of iodine is iodide (I-). Consequently, one can exclude I-

oxidation to I2 or IO3
- species across the entire pH and

concentration range of the experiments (from 10-11 to

10-3 M I- and pH * 3 to pH * 8), except perhaps in the

limited oxidized regions, as also mentioned by Fuhrmann

et al. [10].

Iodide sorption

The uptake of iodide was found to be similar for both

natural pyrites investigated in the present study (Fig. 2).

The sorbed fractions systematically decreased with

increasing iodide concentration and were only measurable

at low iodide concentrations (10-11 and 10-6 M I-). At

higher concentrations (10-3 M) no uptake was measurable.

Kaufhold et al. [13] and Naveau et al. [14] did also not

observe iodide sorption onto pyrite at comparably high

concentrations (10-4–10-2 M I-). These authors argued

that significant iodide uptake may be possible at very low

iodide concentration. Our results confirmed this prediction,

a weak but measurable iodide uptake by pyrite was

observed at total iodide concentrations in the picomolar to

micromolar region. In addition, a significant proportion

(approximately one-third) of the sorbed iodide was dem-

onstrated to be taken up by colloidal particles. We attrib-

uted this phenomenon to the higher specific surface area of

such colloids compared to the micrometer-sized particles.

Surface oxidation

As discussed earlier, the presence of small regions of

oxidized pyrite surface may be assumed. The pyrite oxi-

dation process generates soluble sulfate ions, whereas Fe2?

ions are oxidized to insoluble Fe(III) species. Therefore,

the assumed oxidized regions on the pyrite surface are

probably very similar to the Fe(III) oxides which precipi-

tate on the pyrite surface after an extensive oxidation

reaction with dissolved O2 [26, 33]. For the whole set of

experiments, the pH varied between 3.3 and 8. This pH

range is above the potential of zero charge (pHpzc) of non-

oxidized pyrite ([1.7–2.4) [5, 6] but below the pHpzc of

Fe(III) oxides (\8) [9], which implies a negative surface

charge for the predominantly non-oxidized part of the

pyrite and a positive surface charge for the limited oxidized

fraction. Outer-sphere complexation of iodide on the non-

oxidized regions of the pyrite samples can therefore be

excluded, but it could be possible on the ‘‘Fe(III) oxide-

like’’ areas.

At first glance, this explanation seems to contradict our

experimental data. The smallest fraction of sorbed iodide

Fig. 3 Eh-pH diagrams at 25 �C for a the S–Fe–O–H system with

total Fe = 3 9 10-6 M and total S = 5 9 10-6 M, b I–O–H with

total I = 10-6 M. On figure b the stability field of pyrite from a is

superimposed as shaded areas
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was only found in the experiments open to the air

(Table 3), for which the estimated oxidized surface was

much larger than for experiments carried out in the glove

box. This apparent inconsistency could be resolved by

considering the thermodynamic stability of Fe(III)-oxides

as a function of pH. Indeed, thermodynamic data indicate

that Fe(III) oxides are not stable under acidic conditions

and tend to dissolve below pH 4 [34]. Even if more

extensive oxidation did occur in the open to the air

experiments, the oxidized surface may continuously dis-

solve at a pH below 4. Such a behavior was also indicated

by the Pourbaix diagram for the Fe–S–O–H system

(Fig. 3a) showing that goethite becomes instable at low

pH. The overall effect would paradoxically be a greater

amount of oxidized surface in the experiments carried out

under nearly anoxic conditions compared to the experi-

ments open to the air, and consequently a larger quantity of

sorbed iodide under nearly anoxic conditions. We therefore

concluded that weaker iodide uptake observed in the

experiments open to air does not contradict the hypothesis

of iodide being bound to Fe(III) oxide-like clusters on the

pyrite surface.

Unlike Strickert et al. [11] and Fuhrmann et al. [10],

digestion of possible pre-oxidized surface was taken care

of in the present work by leaching our powdered samples

with concentrated HCl prior to each sorption experiment.

The inability of eliminating such artifacts could explain the

high Rd values obtained at pH above 4 by Strickert et al.

[11] and Fuhrmann et al. [10]. An extensive mineral sur-

face oxidation prior to sorption experiments and/or the

presence of oxidized inclusions within their natural pyrite

could conceivably be the origin of the larger uptake

observed by these authors.

In conclusion, our results suggest that the uptake of

iodide by pyrite is related to the formation of oxidized

domains on the mineral surface formed after reaction with

dissolved oxygen. Even trace amounts of dissolved oxygen

are sufficient to explain the observed iodide sorption in the

picomolar concentration range. The underlying assumption

in this model is that I sorption is exclusively due to elec-

trostatic outer-sphere complexation. However, the exact

uptake mechanism is still not fully understood. We cannot

exclude that other binding mechanisms (e.g. covalent

bonds, attachment to surface defects) also play a role.

Unfortunately, at such low concentrations spectroscopic

methods are not sufficiently sensitive to experimentally

confirm our conclusions.

Pyrite will therefore not significantly contribute to the

retardation of 129I migration under the reducing conditions

of a nuclear waste repository. Among other potential nat-

urally-occurring sorbents for 129I, natural organic matter

which may be stable for geological storage seems to be the

most promising candidate [35].

Conclusion

Batch experiments over a wide concentration and pH range

under nearly anoxic conditions showed that pyrite cannot be

considered as an effective scavenger towards radio-iodide

in a radioactive waste repository environment. Rd values

ranged between 5 9 10-4 and 1.7 9 10-3 m3 kg-1 at

iodide concentrations B 10-6 M. At an iodide concentra-

tion of 10-3 M, the amount of iodide sorbed was below the

detection limit. Our results suggest that iodide uptake was

related to the formation of Fe(III) oxide-like clusters at the

pyrite surface due reactions with dissolved oxygen. Larger

uptake values previously reported in the literature were

probably due to surface oxidation prior to the start of the

experiment. Oxidation processes are not expected under the

anoxic conditions of an underground nuclear waste repos-

itory. Therefore, it is concluded that pyrite will not con-

tribute significantly to the retardation of 129I migration and

to the reduction of calculated doses for performance

assessments of deep radioactive waste storage. These

results are consistent with the weak iodine retention mea-

sured in diffusion experiments with pyrite-containing clays.
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