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Abstract

Several designs proposed for high-level nuclear waste (HLW) repositories include steel waste canisters surrounded by montmorillonite
clay. This work investigates montmorillonite stability in the presence of native Fe, magnetite and aqueous solutions under hydrothermal
conditions. Two series of experiments were conducted. In the first, mixtures of Na-montmorillonite, magnetite, native Fe, calcite, and
NaCl solutions were reacted at 250 °C, Py, for between 93 and 114 days. In the second series, the starting mixtures included Na-mont-
morillonite, native Fe and solutions of FeCl, which were reacted at temperatures of 80, 150, and 250 °C, Pg,, for 90-92 days. Experi-
ments were analysed using XRD, FT-IR, TEM, ICP-AES, and ICP-MS. In the first series of experiments, native Fe oxidised to produce
magnetite and the starting montmorillonite material was transformed to Fe-rich smectite only when the Fe was added predominantly as
Fe metal rather than Fe oxide (magnetite). The Fe-rich smectite was initially Fe(II)-rich, which oxidised to produce an Fe(III)-rich form
on exposure to air. The expansion of this material on ethylene glycol solvation was much reduced compared to the montmorillonite start-
ing material. TEM imaging shows that partial loss of tetrahedral sheets occurred during transformation of the montmorillonite, resulting
in adjacent layers becoming H-bonded with a 7 A repeat. The reduced swelling property of the Fe-smectite product may be due predom-
inantly to the structural disruption of smectite layers and the formation of H-bonds. Solute activities corresponded to the approximate
stability field calculated for hypothetical Fe(II)-saponite. In the second series of experiments, significant smectite alteration was only
observed at 250 °C and the product contained a small proportion of a 7 A repeat structure, observable by XRD. In these experiments,
solute activities coincide with berthierine. The experiments indicate that although bentonite is still a desirable choice of backfill material
for HLW repositories, some loss of expandability may result if montmorillonite is altered to Fe-rich smectite at the interface between
steel canisters and bentonite.
© 2006 Published by Elsevier Inc.

1. Introduction

Most experimental investigations into the stability of
smectite under expected conditions of geological disposal
of high level waste (HLW) have focused on the nature

* Corresponding author.
E-mail address: James.Wilson@HPA.org.uk (J. Wilson).

0016-7037/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.gca.2005.09.023

and kinetics of the smectite to illite conversion (e.g., Whit-
ney and Northrop, 1988; Huang et al., 1993; Cuadros and
Linares, 1996). In the first paper of this two paper set (Wil-
son et al., 2006), it was noted that observations of geolog-
ical systems do not provide a clear indication of the
potential for montmorillonite alteration to Fe-rich sheet
silicates in HLW repositories, resulting in a need for ther-
mochemical modelling (Wilson et al., 2006) and experimen-
tal data (this paper). The aim of the experiments presented
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in this paper is to provide some preliminary data on the
nature of montmorillonite interactions with iron, and to
determine whether the models of Fe-rich clay mineral sta-
bility presented by Wilson et al. (2006) predict pathways
of clay mineral alteration.

The synthesis conditions that favour Fe-rich sheet sili-
cate formation (Harder, 1976, 1978; Decarreau and Bon-
nin, 1986) suggest that reducing conditions and low silica
activities promote the formation of dioctahedral and tri-
octahedral Fe-rich smectite. Few experimental data on
Fe-bentonite interactions have been reported in the liter-
ature. Miiller-Vonmoos et al. (1991) conducted experi-
ments on compacted mixtures of bentonite-magnetite
which were discussed by Madsen (1998). The lack of min-
eralogical alteration observed was probably a result of
the low temperatures at which the experiments were con-
ducted (80 °C). To our knowledge, the only experiments
in the literature at the time of writing that are similar
to those reported here, are by Guillaume et al. (2003,
2004) who conducted experiments at 300 °C to produce
trioctahedral Fe-rich clay and also observed significant
chloritisation of smectite in experiments that included a
plate of native Fe.

Our study differs from those of Guillaume et al. (2003,
2004) in several ways. We used a more smectite-rich mate-
rial (97 wt.% Na-montmorillonite as opposed to 79 wt%
Na/Ca-montmorillonite), the smectite we used had a higher
layer charge (0.55 as opposed to 0.38 per O;o(OH),), some
of our experiments included mixtures with only Fe and
montmorillonite, some of them were conducted with FeCl,,
some with NaCl solutions, some with calcite and we used a
higher solution:bentonite mass ratio (66.7 as opposed to
10). We also report additional insights on the alteration
using high resolution TEM and our results were interpreted
using thermodynamic modelling.

2. Methods and materials
2.1. Starting material characterisation

The starting material used in this study was “Kunipia-
F” (supplied by the Kunimine Industry, Japan), which is
a smectite-enriched fraction of an original bentonite rock.
Its XRD pattern is typical of dioctahedral smectite (06,
33 at 1.496 A) with ““turbostratic’ layer stacking. Quantita-
tive phase analysis by X-ray diffraction with a position sen-
sitive detector (XRD-PSD) described by Batchelder and
Cressey (1998), indicates that the material consists of
97 wt.% smectite, 2 wt.% quartz and 1 wt.% cristobalite.
Scanning XRD patterns of oriented air-dry and ethylene
glycol solvated mounts of ‘“Kunipia-F”* have d(001) max-
ima with d-values of 12.5 A in the air-dry state (typical of
I-water layer Na-smectite, e.g., Glaeser and Méring,
1968; MacEwan and Wilson, 1980) and 17 A in the ethyl-
ene glycol solvated state. The d(001) value after K™ satu-
ration is 11.4 A. After heating at 300 °C, the K "-saturated
interlayers collapse to 10.1 A.

The exchangeable cation content of the Kunipia-F
smectite starting material was determined by displacing
cations with Cu(EDA),?" solution (Bergaya and Vayer,
1997). The exchangeable cation content of the Kunipia-F
smectite (meq/100 g) is as follows: Na', 119.2+2.8;
Ca®", 13.74+0.5; K, 1.4+0.1; Mg*", 0.9+0.03 giving
a total cation exchange capacity (CEC), 135 &4 2.8 meq/
100 g.

Major element concentrations were determined by X-
ray fluorescence (XRF) spectrometric analysis of lithium
metaborate glass beads. The Fe(Il) content of the material
was determined by digestion of samples in hot concentrat-
ed H,SO,4 and HF with subsequent complexing of HF with
boric acid and titrating K,Cr,O; against dissolved Fe(II)
with diphenylamine sulphonate indicator.

The average half unit cell formula (calculated from ma-
jor element concentrations after correction for the presence
of quartz and cristobalite by subtracting 3%wt of SiO»,),
was determined using the method outlined by Moore and
Reynolds (1997). The interlayer cation content in the half
unit cell formula is in good agreement with the exchange-
able cation data

(NagsCao3Koor)(AlyssMgo3Fe? o 090 Fe? 0.02)(Sis57Al0.13) O10(OH),-nH, 0.

The composition of the octahedral sheets according to
this formula are also in good agreement with Fourier
transform-infrared (FT-IR) analysis of the Kunipia-F
material, which indicates that it is primarily montmoril-
lonite (see Fig. 7). The Si-O stretching band at
1038 cm ™' is typical of aluminous dioctahedral smectite,
as is a broad OH-stretching band centred on 3629 cm ™!
(Russell and Fraser, 1994) and the bands centred at
624, 522, and 467 cm™'.

2.2. Analytical methods

The bulk mineralogy of each experimental product was
determined by XRD (step size of either 0.015 or 0.02 °20
and a counting time of either 2 or 10 s per step). Preferred
orientation mounts were made by dispensing suspensions
in deionised water onto glass slides. Ethylene-glycol solvat-
ed samples were prepared by exposing air-dry preferred
orientation mounts to ethylene glycol vapour for 16 h at
a temperature of 60 °C. The positions of smectite (06,33)
peaks were fitted using a combination of symmetric Pear-
son VII and Lorentzian functions.

Infrared spectra of the starting material and experiments
were collected on KBr disks that were heated to 150 °C
using a Nicolet 800 Fourier transform infrared (FT IR)
spectroscope.

Samples for TEM examination were prepared by stan-
dard techniques (grain dispersions supported on carbon
films on copper support grids). Images of key samples
were obtained using a JEOL JEM 3010 with LaB6 elec-
tron source operating at 300 kV. Digital images were cap-
tured, processed and recorded using a Gatan Multiscan
camera.
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Fluids from hydrothermal experiments were analysed
for dissolved Ca, Fe, Mg, Na, and Si using a “Ultima”
ICP-AES supplied by Jobon-Yvon. Dissolved Al was
measured by ICP-MS with a VG Elemental Plasma Quad
IT instrument. Sample solutions were filtered through
0.2 u m cellulose nitrate membranes and acidified to
1% v/v HNO3.

The pH values of solutions from hydrothermal experi-
ments were measured to within +0.02 units using glass
combination electrodes with a Metrohm 713 pH meter un-
der an N, atmosphere.

2.3. Experimental apparatus

Hydrothermal experiments were conducted in titanium
batch reactor vessels that were heated in aluminium blocks,
surrounded by ceramic insulating material and were at-
tached to an orbital shaker mechanism. The vessels were
treated with 1 M HNO; for 24 h at 200 °C prior to use to
give them a chemically inert inner coating of TiO,.

2.4. Experimental parameters

The weight ratios of native Fe to smectite in both series
of experiments were chosen according to the potential reac-
tions of smectite to a 1:1 or chlorite-type structure. Two
simplified reaction pathways were considered (Egs. (1 and
2)). Al is conserved in the reactions.

1. Conversion of montmorillonite to chamosite

Nay 35(Al; 6sMgp 35)(Sis)O19(OH), + 5.9H,0
+ 4.125Fe2+(aq) <> 0.825(FesAl)(Si3Al)O;0(OH)s
+1.5258105(,q) + 7.2H" + 0.35Na* + 0.35Mg>* (1)

2. Conversion of montmorillonite to berthierine

Nag 35(Al; 6sMgo35)(Sis)O10(OH), + 4.5H,0
+1.65Fe2+(aq) <> 0.825F¢,Al,SiO5(OH),4
+3.1758105(aq) + 2.25H" 4 0.35Na™ + 0.35Mg**
+2.725H,0 (2)

Egs. (1) and (2) indicate that approximately 4 and 1.7
moles of Fe are required to alter one mole of smectite into
chamosite and berthierine, respectively. The total Fe pres-
ent in the experiments was therefore set so that the molar
ratio of Fe (in solid form) to smectite was 4.

Two sets of hydrothermal experiments were conducted
(designated as series 1 and 2, Table 1). Series 1 experiments
were designed to represent a repository where bentonite in
contact with steel (both with and without corrosion) begins
to dissolve as groundwater intrudes into the bentonite
backfill. The experiments were conducted at 250 °C in
order to increase reaction rates, given that clay mineral
alteration reactions are often very slow with little alteration
being observed over time periods that are logistically
feasible for experimental investigations (e.g., Cuadros and
Linares, 1996).

High fluid:clay mass ratio (66.7) and small grain sizes
were also used to maximise reaction kinetics. In the series
1 experiments, smectite was reacted with combinations of
native Fe (325 mesh) and synthetic magnetite (<5 pm grain
diameter). The experiments where magnetite was added in
larger quantities (560 mg) were designed to represent repos-
itory conditions, where steel had undergone a degree of
corrosion prior to the onset of clay mineral alteration.
Those with 280 mg of magnetite represent a system where
steel has corroded to a lesser extent.

Table 1

Experimental parameters

Experiments 7 (°C) P (bars) Time (days) Kunipia-F (mg) Fe (metal) (mg) Fe3;O4(mg) CaCO; (mg) NaCl (mM) pH (at 23 °C)
Series 1

1-1 250 39.7 93 750 433 0 0 36 9.73
1-2 250 39.7 93 750 433 0 37.5 36 9.73
1-3 250 39.7 93 750 28 560 0 36 9.73
1-4 250 39.7 93 750 28 560 37.5 36 9.73
1-5 250 39.7 93 750 231 280 0 36 9.73
1-6 250 39.7 93 750 231 280 37.5 36 9.73
1-13 250 39.7 114 750 433 0 0 36 4.15
1-14 250 39.7 114 750 433 0 37.5 36 4.15
1-15 250 39.7 114 750 28 560 0 36 4.15
1-16 250 39.7 107 750 28 560 37.5 36 4.15
1-17 250 39.7 107 750 231 280 0 36 4.15
1-18 250 39.7 107 750 231 280 37.5 36 4.15
Experiments 7 (°C) P (bars) Time (days) Kunipia-F (mg) Fe (metal) (mg) FeCl, (mM) pH (at 25°C)

Series 2

2-1 80 1.0 90 750 433 18.0 4.24

2-2 150 4.8 90 750 433 18.0 4.24

2-3 250 39.7 90 750 433 18.0 4.24

2-5 150 4.8 92 750 433 4.5 4.71

2-6 250 39.7 92 750 433 4.5 4.71
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In experiments where magnetite was added as the pre-
dominant source of Fe, 28 mg of native Fe was included
in the starting mixtures to ensure the removal of any dis-
solved oxygen initially present in the solutions. Some
experiments included a small quantity of CaCOj; (5% of
the weight of Kunipia-F smectite) given that this is likely
to be present in some bentonites used for repository con-
struction and could affect pH conditions and alter mineral
stabilities. In these experiments, NaCl solutions were used
to maintain Na as the main interlayer cation. The Na™ con-
centration used (36 mM) was approximately twice that re-
quired to saturate the interlayer sites. In order to determine
if initial solution pH had any effect on alteration, the NaCl
solutions had two initial pH values (9.73 for experiments 1—
6 and 4.15 for experiments 13-18) prior to being added to
mineral powders. The higher pH solution was prepared by
the addition of concentrated NaOH.

In the series 2 experiments, native Fe was reacted with
Na-montmorillonite and FeCl, solutions. These experi-
ments were designed to produce extreme conditions to fa-
vour smectite alteration with high Fe®' activities rather
than to simulate repository conditions. It has also been
suggested that dissolved Fe may replace Na® from smec-
tite layers (Kamei et al., 1999). In experiments 2-1, 2-2,
and 2-3, the Fe?" concentration was approximately twice
that required to saturate the interlayers, whereas in exper-
iments 4-6, the concentration was sufficient to replace
only half of the interlayer sorption sites. These experi-
ments were conducted at 80, 150, and 250 °C. Reaction
times of ~3 months were the longest that were logistically
feasible.

2.5. Experimental procedure

The pH of NaCl and FeCl, solutions were measured un-
der ambient atmospheric conditions. Fifty milliliters of
solution was dispensed into each batch reactor vessel con-
taining the solids under ambient atmospheric conditions.
The vessels were transferred to a glovebox with an inert
Ny atmosphere and sealed (to minimise O, present in
the headspace of the vessels). They were then moved from
the glovebox and placed into preheated aluminium blocks
of the batch reactor apparatus, which included an orbital
shaker mechanism that activated for 3 h a day for the dura-
tion of the experiments.

After reaction, the vessels were open under an inert Ny,
atmosphere and the mineral suspensions were transferred
into polypropylene centrifuge tubes. The samples were then
centrifuged at 18,000 rpm in a fixed angle (45 °) rotor for
60 min and transferred back to the Ny, atmosphere where
the pH of supernatant fluids was immediately measured.
Fluids were rapidly filtered through 0.2 pm cellulose nitrate
filter membranes and acidified to a concentration of 1% v/v
HNO; (using analytical grade reagent) for ICP-AES and
ICP-MS analysis.

The solid pastes remaining in the centrifuge tubes were
stored frozen until analysis. Solids from the series 1 exper-

iments were split into two sub-samples; one of them was
repeatedly washed in deionised water until the superna-
tants were free of CI™ (AgNOj; test), the other was not
washed. Prior to XRD and FT-IR analysis, samples were
oven-dried at 110°C and gently ground in an agate
mortar.

It was not possible to conduct XRD or FT-IR anal-
ysis under Oy)-free conditions. Sheet silicates rich in
Fe(IT) such as berthierine and chlorite can be analysed
under atmospheric conditions without complete oxida-
tion and loss of structure. In contrast, Fe(II)-rich trioc-
tahedral smectite appears to be unstable under
atmospheric conditions and octahedral Fe(II) rapidly
oxidises to Fe(III) with lattice contraction in the b-axis
direction (Kohyama et al., 1973). However, the oxidised
version of Fe-rich saponite can, in principle, be identi-
fied in the products of hydrothermal experiments since
its d(06,33) value (1.54-1.53 A, e.g., Kohyama et al.,
1973) is significantly different from that of the montmo-
rillonite starting material (1.496 A) and any alteration
of smectite octahedral sheets can be detected using
FT-IR.

2.6. Thermodynamic considerations

The software module “react” from “The Geochemist’s
Workbench” (Bethke, 1996) was used to predict solute spe-
ciation under experimental conditions and to thermody-
namically calculate quartz and magnetite saturation
indices. This uses the “Helgeson B-dot” equation to calcu-
late activity coefficients for measured solute concentrations
based on a Debye-Hiickel type expression (Helgeson,
1969) and employs a database adapted from the 1996 ver-
sion of the EQ3/6 database (Wolery, 1996). Calculations
were made under the assumption that C1~ was the predom-
inant anion present.

Solute speciation and pH calculation at elevated temper-
ature were conducted at two fo,, values, those correspond-
ing to Hyg—H>O equilibrium and the magnetite-hematite
buffer. The results were the same for both conditions. Con-
centrations of CI~ were assumed to be static during the
course of the experiments.

Solute activity ratios were plotted on models of mineral-
fluid equilibria similar to those given by Wilson et al.
(2006) for experiments conducted at 250 °C. The diagrams
were calculated using the average calculated value of log a
SiOy,q) (—3.11). Logarithmic activity diagrams where
log(ap.+ /(ay+)?) was plotted against log(aMgz+/(aH+)2)
were constructed with log(ay,+/ay+) set at a value of 5,
which is similar to the values measured in the experiments.
Given that analcime was produced in some experiments,
activity diagrams were constructed with analcime as the
main Na-bearing framework silicate.

Wilson et al. (2006) demonstrate that smectite with octa-
hedral Fe(II) is more likely to be stable than Fe(III) under
Jo,,, values equal to or less than those dictated by magne-
tite-hematite equilibrium. As it is unlikely that the fo,
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conditions during the experiments exceeded magnetite—he-
matite equilibrium, activity diagrams include only Fe(II)
aluminosilicates.

3. Results
3.1. XRD analysis

3.1.1. XRD analysis of series 1 experiments

Mineral phases in the run products were determined
from powder XRD patterns (Table 2). In the first series
of experiments, the main reaction products are essentially
the same for both initial pH values (Table 1). The experi-
ments that produced significant smectite alteration were
those containing larger quantities of native Fe in the start-
ing mixtures and those containing calcite produced anal-
cime. Calcite-free starting mixtures with magnetite
(experiments 1-3, 1-15) show only minor alteration of
montmorillonite to analcime. In these experiments, the
smectite d(001) values in both air dry and ethylene glycol
solvated states were the same as the starting material and
the positions of 06,33, and 02,11 peaks indicate that the
octahedral sheet compositions are the same as the mont-
morillonite starting material.

The inclusion of calcite in starting mixtures where mag-
netite was the main source of Fe (experiments 1-4 and 1-
16) produced significant alteration of montmorillonite to
analcime. These smectite products are slightly different to
those where calcite was not added, in that the d(001)
reflections are slightly broader and appear to consist of
two components at ~14.5 and 12.7 A, suggesting that some
interlayer cations had been replaced by Ca?" (MacEwan
and Wilson, 1980). In the glycolated state, this material
produced a single 001 peak at 16.9 A.

Experiments containing large amounts of native Fe,
produced altered smectite and magnetite. The addition of
calcite also produced analcime in such experiments. XRD
analysis indicates that the montmorillonite starting materi-
al was transformed from being Al-rich to Fe-bearing. The
positions of the 06,33 peak in the products varied depend-
ing on whether or not calcite was included in the starting

Table 2
Products of series 1 experiments

mixtures. Where calcite was not included (experiments 1—
1, 1-13) XRD patterns have broad (06,33) maxima, with
up to three components: 1.554, 1.531, and 1.499 A. The
first two indicate the presence of Fe-rich octahedral sheet
structures, the third is from unaltered montmorillonite
(Fig. 1). When these samples were repeatedly washed in
deionised water and allowed to dry in air, the intensity of
the 1.554 A peak decreased relative to the 1.531 and
1.499 A peaks. In contrast, experiments with the same
amounts of native Fe and added calcite (1-2 and 1-14) pro-
duced smectite with a single 06,33 peak at 1.54 A, which
shifted to 1.53 A when samples were repeatedly washed
in deionised water (Fig. 2). In addition, a small shoulder
was observed near the base of the magnetite 440 peak at
~62 °20 (1.49 A) which could indicate that montmorillon-
ite alteration was not complete. In the experiments where
similar amounts of both magnetite and Fe were reacted

fitting envelope superimposed
onto measured pattern

Mag 440
2
‘B Mag 511
§ 06,33 (1.55,1.53 A)
RS
T T T T 1
54 58 62

°20 (CuKy)

Fig. 1. XRD peaks corresponding to altered smectite 06,33 maxima of
experiment 1-13, with curve-fits (black) and measured patterns (grey). The
insert shows the fitting envelope superimposed on the experimental
pattern. Magnetite peak components have Cu o; and o, components.

Experiments Starting additives

Main reaction products Trace reaction products

1-1 Fe

1-2 Fe + trace of calcite

1-3 Magnetite + trace of Fe

1-4 Magnetite + traces of calcite and Fe
1-5 Fe, Magnetite

1-6 Fe, Magnetite + trace of calcite
1-13 Fe

1-14 Fe + trace of calcite

1-15 Magnetite + trace of Fe

1-16 Magnetite + traces of calcite and Fe
1-17 Fe, Magnetite

1-18 Fe, Magnetite + trace of calcite

Mag, Sm(A) An, Fe
Mag, Sm(A), An

Mag, Hem, Sm(u) Qz, An
Mag, Sm(u), An Hem
Mag, Sm(A), A Hem
Mag, Sm(A), A Fe, Hem
Mag, Sm(A) Fe

Mag, Sm(A), A

Mag, Hem, Sm( u) An, Qz
Sm (u), Mag An

Mag, Sm(A) Qz, Hem
Mag, Sm(A), An Hem

They are unaltered and altered smectite (SmU, SmA), hematite (Hem), quartz (Qz), and magnetite (Mag) analcime (An).
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06,33 (1.53 A)

z -
4] 3
§ | (b) Fully Oxidised b
= D 06,33 (1.544) S
2 .
k= =
[0}
~ =

[oe]

=]

<

(a) Partially Oxidised

54 56 58 60 62 64 66
20 (CuK,)

Fig. 2. XRD peaks corresponding to 06,33 of altered smectite in the
experiments 1-14 showing b-axis contraction during structural Fe
oxidation.

with montmorillonite (experiments 1-5, 1-6, 1-17, and 1-
18), the XRD patterns have only a slightly elevated back-
ground at 1.54 A indicating that the inclusion of smaller
amounts of native Fe in starting mixtures results in the less
extensive alteration of montmorillonite.

The d(06,33) values of the newly-formed smectite, are
similar to those reported by Kohyama et al. (1973) and
Badaut et al. (1985) for Fe-rich saponite. Both of these
studies found that the Fe(II) present in trioctahedral sap-
onite undergoes rapid oxidation when exposed to air to
produce Fe(Ill)-rich smectite with a trioctahedral
d(06,33) value of 1.55A (unoxidised) converting to a
d(06,33) value of 1.54 A (partially oxidised) within 1 h.
Further exposure of the samples to the atmosphere led
to further oxidation with a d(06,33) value of 1.53A
which is similar to that measured for the material gener-
ated in this study (Fig. 2). Other Fe(IIl)-rich smectite
samples reported in the literature have d(06,33) values
of ~1.53 A (Kodama et al., 1988; Sherman and Vergo,
1988) similar to those observed for the oxidised products
in this study. However, nontronite (Fe(III) end-member
dioctahedral smectite) usually has smaller d(06,33) values
(~1.52 A, e.g., Sherman and Vergo, 19088; Manceau et al.,
2000a). The persistence of the 1.55 A peak in samples
when they were exposed to air suggests that a trioctahe-
dral sheet structure is present in addition to the air-sensi-
tive Fe-rich smectite. TEM imaging indicates the presence
of 1:1 layers in these samples, but these are dispersed and
rarely form extensive crystal regions with a 7 A layer re-
peat and therefore do not produce coherent X-ray
scattering.

<
=
<l < <
N« = 3
e R
S oL e 7
&3 — - o
= ! c 8 <
8 W 2 8
&~ B=
2 \ o 3 |
27 o =)
o S n
2
= | |
o
2
=
7 (13.1 A) Ethylene-Glycol
Solvated
Air-Dried
T T T T T 1
0 5 10 15 20 25 30

°20 (CuK,)

Fig. 3. XRD pattern of a preferred orientation mount of experiments 1—
13 in air dry and ethylene glycol solvated states, indicating the presence of
normal expanding smectite layers (Sm) and layers which show a reduced
swelling capacity on glycolation (R-S).

All the Fe(III)-rich smectite alteration products exhibit-
ed the same unusual behaviour when subjected to ethylene
glycol vapour, in that some layers expand to 17 A, but
much of the sample remains unexpanded at 14-14.4 A
(Fig. 3). In the air-dry state, altered smectite samples have
a broad peak at 13-14 A After heating to 550 °C, the
material collapses to 9.6 A layer spacing.

3.1.2. XRD analysis of series 2 experiments

On transfer from the hydrothermal vessels into a N,
atmosphere, the products of series 2 experiments changed
colour from light green to brown after only a few minutes,
even in the inert N, atmosphere. This is attributed to the
oxidation of Fe?' (probably in smectite interlayers) to
Fe*". The products consist primarily of clay and magnetite
with minor native Fe and lepidocrocite in some cases. Mag-
netite peaks were observed in all XRD patterns and lepido-
crocite peaks were observed in experiments 21, 2-2, and 2—
3 where high initial concentrations of FeCl, (18 mM) were
included. Native Fe peaks appear in all patterns. Unfortu-
nately lepidocrocite peaks are close to the smectite 06,33 po-
sition and such reflections cannot be used with certainty as
an indication of octahedral sheet occupancy. However, the
positions of the smectite 02, 11 reflections in the products of
these experiments have a d-value of 4.484 A, suggesting that
montmorillonite did not undergo significant alteration to an
Fe-rich smectite. However, the XRD patterns suggest that
interlayer cation exchange occurred; the d(001) values of
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the smectite varied between 14 and 15.4 A (air-dried state)
and expanded to between 16.5 and 17.2 A on exposure to
ethylene glycol. Solute data (Section 3.4) indicate that Na
was displaced from interlayers by Fe.

XRD patterns from experiment 2-3 show small peaks at
7.2 and 3.7 A, consistent with 001 and 002 indexing for a
1:1 layer structure. However, because in 00/ reflections for
Fe-rich chlorite the / values are odd and are markedly less
intense than those where / is an even number, (e.g., Walker
and Bish, 1992), there is also the possibility that these
peaks correspond to the 002 and 004 chlorite peaks. No
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hk reflections corresponding to this phase were observed
and it is therefore not possible to fully identify this phase.
A very low intensity peak at ~7 A was also observed in the
pattern from experiment 2-5.

3.2. TEM observations and interpretations

Images of the modified layers of the altered smectite
from experiments 1-13 and 1-14 were recorded from grain
dispersions viewed by TEM, and are shown in Figs. 4-6.
These are structure images, rather than just lattice-fringe
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Fig. 4. TEM image of altered, Fe-rich smectite (experiments 1-13). Some packets of 2:1 layers have been retained during the alteration; these have variable
interlayer spacings (between 10 and 13 A) due to variable water loss under the vacuum. Some 2:1 layers have been modified by the loss of the tetrahedral
sheet component along one or both sides of the sheet, and these are now held closer (at 7 A) to adjacent layers. A single octahedral sheet forming a unit of
chlorite-type structure (at the top of the image) is seen to become a 1:1 (octahedral-tetrahedral) layer laterally, and the arrow marks the edge dislocation at

the termination of the tetrahedral layer. Spacings indicated are in A units.
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i

Fig. 5. TEM image and schematic interpretation of altered Fe-rich smectite (experiments 1-14). Many 2:1 sheets have been modified to 1:1 layers by loss
of tetrahedral components in the vicinity of edge dislocations that may have facilitated fluid access and the subsequent alteration. Three adjacent 1:1 layers
are seen to form a more extensive packet of berthierine or odinite-type structure with a spacing reduced to 7 A.

Fig. 6. TEM image of altered Fe-rich smectite (experiments 1-13)
showing disrupted layers (see text for details) and an EDS spectrum
typical of the altered smectite material.

images, as contrast differences corresponding with the tet-
rahedral and the octahedral components of the sheets can
be distinguished, as can the lower electron density of the in-
ter-sheet planes. Looking along the layer lines at a shallow
angle, whilst keeping one eye closed, is the best way to see
the features in the images presented.

Regions of disordered structure occur alongside more
ordered regions where the structural layers are more clearly
defined (Fig. 4); a poorly defined sheet structure appears to
continue through these disordered regions, indicative of a
poorly crystalline and somewhat disrupted structure, but
this is an integral part of the altered smectite and not a
structural product of electron beam damage (the whole
sample is beam-sensitive and damages badly within 30 s,
but with these more disordered regions damaging more
quickly). In the regions where the altered structure is rea-
sonably well ordered, packets of 2:1 smectite sheet struc-
ture have been retained. However, they now have
variable interlayer separations because as water escaped
from between the smectite layers under vacuum in the
microscope, the structure collapsed to varying degrees;
some take up interlayer spacings of ~10 A (fully collapsed)
and others remain partially expanded at 12-13 A (propped
open). The inability of some layers to collapse fully may be
because of inhomogeneous cation occupancy of the inter-
layer space and because of different types and amounts of
material introduced into this space during the alteration
experiment. It is possible that the more disordered parts
may represent ‘trapped’ regions, where the local chemistry
is incompatible with the formation of well-ordered smectite
or berthierine.



Table 3

Final solute concentrations (errors are reported to 2 standard deviations)

2SD

A13+

2SD

SiOZ(aq)

(mM)

2SD

Mg2+
(mM)

Na® 2SD Cca®™  2SD

2SD

Fe2+
(mM)

pH ( Texp)

pH (25 °C)

Experiments

(mM)

(mM)

(mM)

Series 1

0.0018
0.0015
0.0002
0.0007
0.0012
0.0006
0.0025
0.0011
0.0016
0.0005
0.001

0.06
0.04
0.01
0.03
0.04
0.04
0.06
0.03
0.02
0.03
0.04
0.07

0.0079
0.0084
0.0138
0.0279
0.0484
0.047

0.79
0.88
1.36
0.85
1.34
1.67
1.34
0.78
1.59
1.2

1.07
0.91

0.0002
0.0005
0.0001
0.0003
0.0001
0.0002
0.0003
0.0001
0.0001
0.0003
0.0001
0.0005

0.013

0.0003
0.0127
0.0003
0.0055
0.0005
0.0059
0.0003
0.0048
0.0003
0.0083
0.0004
0.0126

0.088

0.234

38.997
36.816
38.423
37.396
38.608
36.816
39.362
38.916
38.736
37.002
37.994
36.335

0.0001
0.0003
<0.0001

0.015

8.45
8.13
8.34
8.37
8.37
8.24
8.47
8.59
8.38
8.24
8.26
8.29

7.16
7.08
6.74
6.60
7.06
6.54
6.97
7.52
6.91
6.19
6.90
6.40

0.026

0.741
0.09

0.184
0.753

0.013

1-2
1-3
1-4
1-5
1-6

0.009

0.002

0.026

0.601

0.322
0.108
0.648

0.0002
0.0001
0.0002
0.0001
0.0002
<0.0001

0.005

0.009

0.085

0.014

0.025
0.021

0.658

0.007
0.010

0.0347
0.0087
0.0287
0.0329
0.0103
0.0210

0.072

0.638

1-13
1-14
1-15
1-16
1-17
1-18

0.007

0.701

0.506
0.496

0.006
0.001

0.007

0.092

0.022

0.524
0.075

0.429

0.0001
<0.0001

0.004
0.005
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0.007

0.456

0.0037

0.027

0.926

0.407

0.0003

0.013

Series 2

2-1

<0.001
<0.001

<0.0001
<0.0001

0.009
0.072
0.437

0.007

0.441

0.0071
0.0178
0.0045
0.0002
0.0001

1.008
1.075
1.017
0.011

0.108
0.076

15.938
15914
15.984
12.030
11.401

0.076

7.862
7.690
6.279
<0.001
<0.001

2.92
3.23
3.34

6.27
5.93
6.00
9.68
9.26

0.011

0.930

0.055

2-2
2-3
2-5

0.0002
0.0003
0.0003

0.005

0.012
<0.0001
<0.0001

0.008
<0.0001
<0.0001

2.397
0.001

0.192
0.070
0.046

0.036

0.005

0.097

0.009

0.744

0.003

0.007

2-6

From these images it is clear that some of the original
2:1 smectite layers have been modified by loss of the tetra-
hedral sheet along one side of the central octahedral sheet,
leaving a 1:1 layer. Thus exposed, octahedral sheets of
modified layers have presumably been protonated and
are therefore held closer (at ~7 A) to the tetrahedral base
of the adjacent 2:1 sheet by hydrogen bonding. Polar 1:1
layers generated by modification of the 2:1 layers in this
way could be considered to be precursors in the develop-
ment of long-range ordered berthierine or chlorite, depend-
ing on their eventual intercalation with the other layers. In
support of this alteration mechanism, significant amounts
of Si were released into the fluid phase during the experi-
ment (see Table 3). A similar style of alteration (i.e. loss
of tetrahedral silicon units from 2:1 layers) has also been
reported from TEM imaging of biotite altering to chlorite
by Veblen and Ferry (1983). The image in Fig. 4 also shows
a further aspect of the partial alteration of the smectite: one
of the 1:1 layers is also beginning to lose its remaining tet-
rahedral sheet, so that the 1:1 layer passes laterally into a
single octahedral sheet, and an edge dislocation (which
has propagated through the structure) marks the termina-
tion of the tetrahedral layer. Therefore, it seems that the
original 2:1 layers can be modified by tetrahedral loss from
both sides, and it is likely that this modification could begin
to happen at different positions simultaneously throughout
the layer. The end-product single octahedral layer seen in
this figure forms one unit of chlorite-type structure with
adjacent smectite layers. It seems likely that the alteration
proceeded in both directions along the layers, with the fluid
moving along the planar interlayer pathways in the smec-
tite. Initially, dissolved Fe could have migrated easily
throughout the entire smectite interlayer space, then, com-
mensurate with the breaching of the tetrahedral layers and
the extraction of Si into solution, Fe*" will have diffused
into the central octahedral layer, replacing the Al (di-octa-
hedral occupancy), and changing the structure to a pre-
dominantly tri-octahedral occupancy. Indeed, all the
altered smectite grains analysed by TEM-EDS were ob-
served to be very Fe-rich (see Fig. 6). Although the exact
chemistry of the 1:1 and single octahedral sheets in Fig. 4
is too small to determine individually by TEM-EDS, it is
likely that they are Fe-rich with compositions close to ber-
thierine or odinite. The single octahedral layer product is
probably Fe-hydroxide, and if so will be tightly hydrogen
bonded to the basal tetrahedral oxygens of the neighbour-
ing sheets. It is interesting to note that the newly generated
octahedral components visible in Fig. 4 have a darker con-
trast relative to the octahedral components of retained 2:1
layers; although difficult to prove, this may be due to the
higher electron density of Fe relative to Al, suggesting that
more Fe was able to diffuse into these ‘exposed’ layers.

The TEM image shown in Fig. 5 illustrates a region in
the altered smectite with many edge dislocations. Many
of the original 2:1 smectite layers appear to have been mod-
ified by the loss of a tetrahedral layer along one side. The
2:1 sheets modified to 1:1 sheets are recognised by their
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~7 A spacings to adjacent sheets, while the smectite-like
packets remaining have spacings of ~10 A. In this image
a group of three adjacent 1:1 layers have begun to form a
more extensive 7 A berthierine-type structure. The loss of
tetrahedral units along individual layers appears to have
proceeded in a direction away from the edge dislocations
that may have been present in the original smectite and
therefore may have facilitated fluid access to the interior
of grains and promoted the subsequent alteration.

The grain shown in Fig. 6, appears at first sight to con-
sist predominantly of smectite-type layers with spacings of
about 10 A. However, closer inspection reveals that these
layers have numerous disruptions and edge dislocations.
Where the layers are disrupted (or sometimes broken
through) they approach adjacent layers more closely at
approximately 7 A. The spacings of layers in this image
of altered smectite range from 10 A down to 7 A, with
the smaller spacings occurring as a pinching together of
the sheets at different points. This is interpreted as the effect
of locally formed hydrogen bonding between sheets where
tetrahedral side components are being removed. The only
way such layers can approach one another closer than
10 A is if there are no interlayer cations and hydrogen
bonds form instead. In effect the layers are being ‘spot-
welded’ together by the hydrogen bonding. It is likely that
this incipient alteration of the smectite to a more tightly
bonded layer structure has occurred throughout the bulk
of the smectite in the experiment, and is probably respon-
sible for the observed change in physical behaviour of the
bulk product. Prior to reaction the smectite behaved as
normal expandable clay, but after the alteration experi-
ment the expansion by ethylene glycol was observed to be
much impaired (see Fig. 3). It is likely that as the ethylene
glycol enters between layers at the edges of grains, any
hydrogen-bonded patches encountered will prevent the fur-
ther expansion of that particular layer space. If this occurs
at some point within many layers close to the grain edge,
then the ethylene glycol will be prevented from migrating
into the bulk of the grain. Any volume converted to berthi-
erine or chlorite will similarly not be expanded by glycol.
Since the alteration of the smectite in the experiment would
have occurred primarily around grain edges (or along exist-
ing edge dislocations as shown), the hydrogen-bonded
units thus formed are likely to arrest any glycolation close
to its entry point.

3.3. FT-IR analysis

For series 1 experiments where magnetite was added as
the main source of Fe, little change in band position with
respect to the original montmorillonite was observed. The
most evident difference is that the AIAIOH band
(912 cm™ ") of the products had a reduced intensity relative
to the starting material.

For experiments where significant quantities of native
Fe were included in the starting mixtures the maxima of
OH-stretching bands were centred at 3555cm ™! (as op-

posed to 3629 cm ™! in the starting material). Such bands

have been attributed to dioctahedral Fe(III)Fe(III)OH
groupings in nontronite and ferruginous smectite (Good-
man et al., 1976; Madejova et al., 1994; Russell and Fraser,
1994; Komadel et al., 1999; Fialips et al., 2002b).

In these experiments, OH-deformation bands are absent
relative to the starting montmorillonite and are replaced by
low-intensity bands at ~818, 735, and 670 cm™! (Fig. 7).
Bands at ~820cm ' have previously been assigned to
Fe(III)Fe(III)OH groupings (Stubican and Roy, 1961;
Farmer, 1964; Goodman et al., 1976; Russell and Fraser,
1994; Madejova et al., 1994; Komadel et al., 1995; Kara-
kassides et al., 2000; Vantelon et al., 2001; Fialips et al.,
2002a). The band at 735 cm ™! has previously been attribut-
ed to Si-O—(IV)Al vibrations in trioctahedral smectite
(Farmer, 1974). The band at 670 cm™' appears to be due
to out of plane Fe(IIT)-O vibrations (Russell and Fraser,
1994).

The overall Si-O stretching bands of the samples from
series 1 experiments are at a slightly lower frequency
(~1024 cm™") compared to the montmorillonite starting
material (~1038 cm™') and are within the reported range
for nontronite (1000-1029 cm~ !, Goodman et al., 1976;
Fialips et al., 2002a). The frequencies of Si—O bands gener-
ally decrease with increasing Al substitution for Si in sheet
silicates (Russell and Fraser, 1994) which in conjunction
with the weak Si-O—(IV)AIl lattice vibration band at
735 cm™ !, suggest that the altered smectite has tetrahedral
sheet occupancy which is more like nontronite or saponite
than montmorillonite, with significant Al substitution
for Si.

In summary, all of these features indicate that the al-
tered smectite is Fe(III)-rich. Although some features of
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Fig. 7. FT-IR spectra (OH-deformation region) of altered smectite
experiments 1-13 and montmorillonite starting material.
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the spectra suggest a dioctahedral-type sheet (OH-stretch-
ing, several OH-bending bands), others are more typical
of a trioctahedral structure (bands at 735 and 455 cm ™).
This is probably due to structural modification of octahe-
dral sheets produced by Fe oxidation.

FT-IR spectra given by smectite in the products of the
series 2 experiments show only subtle changes from the ori-
ginal montmorillonite spectrum. These changes are most
pronounced in the spectra of the experiments conducted
at 250 °C as OH-deformation bands of lower intensity than
those of the montmorillonite starting material. A low
intensity component at ~3550 cm ™' is detectable in exper-
iments 2-3 and 2-6 indicating that Fe(III)Fe(IIT)OH bands
are present and that minor alteration may have occurred.

3.4. Solute analysis

Dissolved Fe was detected in solutions from all exper-
iments, except 2-5 and 2-6 (Table 3). In series 1 experi-
ments, concentrations of dissolved Fe ranged from 0.001
to 0.015 mM with higher concentrations generally occur-
ring in experiments which had more native Fe in the
starting mixtures. The high concentrations of Fe (6.3-
7.9 mM) were present in experiments where FeCl, was
added to starting mixtures at an initial concentration
of 18 mM.

Exchangeable cation data indicate that the displacement
of all interlayer cations to solution would produce the fol-
lowing solute concentrations: Na't, 16 mM; Ca?", 0.9 mM;
and Mg”>", 0.06 mM. Dissolved Fe displaced most (if not
all) of the interlayer Na™ in the series 2 experiments where
it was added in concentrations of 18 mM (2-1 to 2-3). Ini-
tial FeCl, concentrations of 4.5 mM in experiments 2-5
and 2-6 resulted in partial release of Na* to solution, since
this Fe’" concentration is sufficient to satisfy only half of
the layer charge deficit of Kunipia-F montmorillonite.

In the series 1 experiments, higher Ca" concentrations
were produced in the experiments where calcite was added.
In the experiments where calcite was not added, the concen-
trations of Ca?" were not sufficiently high to indicate that
there was total release from smectite interlayers. The Ca*"
concentrations measured in solutions from experiments 2—
1, 2-2, and 2-3 exceed those from the first series of experi-
ments, indicating that dissolved Fe>" was more effective than
Na™ at displacing interlayer Ca®>" under hydrothermal con-
ditions. Experiments where initial dissolved Fe concentra-
tions were 4.5 mM (experiments 2-5 and 2-6) led to only
partial displacement of Ca®" to solution.

The concentrations of Mg>" measured in solutions from
the first series of experiments varied between 0.007 and
0.026 mM. No clear trends can be observed between mea-
sured Mg®" concentrations and the mineral assemblages
produced. This indicates that Mg remained largely as an
interlayer cation or was incorporated into octahedral
sheets. Concentrations measured in the solutions from
the series 2 experiments showed an increase with reaction
temperature. The concentrations of Mg®" in the experi-

ments with lower initial concentrations of FeCl, (experi-
ments 2-5 and 2-6) indicate that there was partial
displacement of interlayer Mg to solution. The addition
of high concentrations of FeCl, to the starting mixtures
produced Mg®* concentrations which exceed that expected
from cation exchange alone (0.4 and 2.4 mM) indicating
significant loss of Mg from the octahedral sheets of the
2:1 layers. This suggests that Mg on octahedral sites in
the original montmorillonite structure could have been re-
placed by Fe.

The amount of SiO;(,q) and AP released to solution
was higher in the series 1 experiments, where smectite alter-
ation was more extensive and dissolved Na concentrations
exceeded those present at the start of the experiments. In
the series 2 experiments, dissolved Si and Al concentrations
increased with higher temperatures. Dissolved Si may be
present due to dissolution of the minor amounts of quartz
and cristobalite present in the starting material, as well as
clay mineral dissolution.

The pH values of supernatant fluids (measured at room
temperature) were generally between 6 and 7, apart from
experiments 2-5 and 2-6, where they were 9.3 and
9.7 units, respectively (Table 3). The pH values calculated
at reaction temperatures for series 1 experiments ranged
from 8.1 to 8.5 units and those for series 2 experiments
1-3 were in the range of 2.9-3.3 units. Higher pH values
in the series 1 experiments were produced where native
Fe was present (these experiments also produced higher
dissolved Fe concentrations). The experiments with added
calcite (which led to significant smectite alteration to anal-
cime) did not give significantly different pH values from
those without calcite. The pH values in the second series
of experiments were highest where Fe concentrations were
lowest (experiments 2-5 and 2-6).

Table 4

Calculated saturation indices

Experiment Magnetite Quartz

log /'Oy
—43.65 —35.30

Series 1

1-1 18.934 23.109 —1.080
1-2 17.924 22.009 —0.986
1-3 15.509 19.684 —0.807
1-4 17.002 21.176 -1.017
1-5 18.288 22.463 —0.822
1-6 16.695 20.870 —0.690
1-13 18.520 22.695 —0.858
1-14 18.431 22.606 —1.137
1-15 15.259 19.434 —0.751
1-16 15.891 20.066 —0.835
1-17 16.401 20.576 —0.888
1-18 17.714 21.889 —0.967
Series 2

2-1 —18.136 —13.821 —1.803
2-2 —16.011 —5.691 —1.426
2-3 -3.915 0.260 —1.154
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Fig. 8. Plots of solute activity ratios on logarithmic activity diagrams (7' =250 °C, P = Py, for the systems Al,0;-FeO-Na,O-SiO,-H,O (A) and
Al,O3-FeO-MgO-Na,0-SiO,-H,0 (B). In both plots, log asioy, = —3, am,o = 1 and in (B), log(a,+ /ay+) = 5. Circles denote series 1 experiments, the

square corresponds to experiment 2-3.

3.5. Thermodynamic interpretation of experimental data

The same predictions of solute activities were obtained
when fo,, was set at H>-H,O equilibrium or magnetite-he-
matite equilibrium. Calculated saturation indices indicate
that the solutions were supersaturated in magnetite, more
so for higher fo,, values (Table 4). All experiments were
undersaturated with respect to quartz.

For series 1 experiments, data points of solute activity
ratios on logarithmic diagrams in the systems Al,Oz—
FeO-Na,O-Si0,-H,O (Fig. 8A) and Al,O3-FeO-MgO-
Na,O-Si0,-H,0 (Fig. 8B) plot in the Fe(II)-saponite sta-
bility field. On the same diagrams, experiment 2-3 plots
in bertherine stability fields. Although the diagrams include
Na"-exchanged Fe(II) saponite, the solute activities would
also plot in the hypothetical Fe**-exchanged Fe(II) sapo-
nite stability field (see Wilson et al., 2006). If smectite min-
erals were excluded from the phase diagrams, the solute
activities would plot within the field for Fe chlorite (see
Wilson et al., 2006).

4. Discussion and conclusions

The oxidation of native Fe to produce magnetite is in
agreement with thermodynamic models. Wilson et al.
(2006) suggest that either green-rust or magnetite could be
produced from the oxidation of native Fe. It is probably
the case that green rust is metastable with respect to magne-
tite under the conditions of the experiments. It is not possi-
ble to show unequivocally that equilibrium was attained in
these experiments. This would require the demonstration of
phase reversal across a univariant phase boundary or, as
some authors argue, by showing solute activities converging
from under and over-saturation to produce a univariant
phase boundary in activity space (Aja and Rosenberg,
1992). However, the alteration of montmorillonite to Fe-
rich smectite is predicted by the thermochemical models
presented by Wilson et al., 2006, showing that Fe-rich sys-
tems at low fo,, and neutral to alkaline pH conditions
are more likely to result in montmorillonite undergoing

alteration predominantly to Fe(II)-smectite. The XRD,
FT-IR, and TEM-EDS results confirm this prediction,
showing that the major alteration product was an Fe(II)-
rich smectite (which oxidised to Fe(III)-rich smectite upon
contact with the atmosphere). The formation of individual
1:1 layers was observed by TEM, suggesting that these are
produced when tetrahedral silica is removed from one or
both sides of disrupted smectite layers. Experiment 2-3
plots in berthierine stability fields, which is supported by
XRD evidence for a 7 A layer phase. The lack of major
alteration in experiment 2-3 compared to series 1 experi-
ments suggests that the alteration of montmorillonite to
Fe-rich smectite is less kinetically constrained than the alter-
ation of smectite to a 1:1 mineral. The experiments also
show that native Fe is more effective than magnetite in pro-
viding Fe(II) for montmorillonite alteration.

In the series 1 experiments, TEM evidence gives insights
to the transformation mechanism of montmorillonite alter-
ation. It is clear that loss of tetrahedral silica occurs from
some sheets to produce lateral transitions of smectite to
1:1 layers and that this process can continue to eventually
produce hydroxide sheets. The lack of a 7 A peak in XRD
patterns indicates that the modified 7 A layers are too dis-
persed throughout the smectite to coherently diffract X-
rays. However, these 1:1 modifications are sufficiently
numerous to impair the overall swelling property of the
bulk of Fe-smectite alteration product. In series 2 experi-
ments, there is alteration to produce a 7 A berthierine-like
phase that is detectable using XRD, with the unaltered
montmorillonite remaining and retaining the capacity to
expand when glycolated. The plots of solute activities on
logarithmic activity diagrams (Fig. 8) suggest that the alter-
ation of montmorillonite to a 1:1 phase in the series 2
experiments was more extensive because it was thermody-
namically more favourable than in series 1 experiments.
The production of 1:1 layers in the series 1 experiments,
in contrast, appears to be more localised as the conditions
generally favoured the formation of Fe(I)-rich smectite.
The dispersed 1:1 layers produced in the series 1 experi-
ments could be interpreted as showing that the experiments
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proceeded towards equilibrium, but did not fully attain
equilibrium, i.e., they are remnants of partially altered
montmorillonite layers. However, demonstrating that a
given fluid-clay system achieved equilibrium is likely to
continue to prove very difficult, although this study shows
that considering approximate (meta)stability fields for clay
minerals may give an indication of the direction that min-
eral alteration pathways may proceed.

Some of the results of our experiments are similar to
those conducted by Guillaume et al. (2003). In their study,
reacting mixtures of bentonite, native Fe and magnetite
with NaCl and CaCl, solutions for up to 9 months at
300 °C, resulted in the production of high-charge trioctahe-
dral smectite and the native Fe was converted to magnetite.
However, the smectite produced in their experiments
expanded normally after treatment with ethylene glycol
and they also produced chlorite in experiments when a
plate of Fe was present. Guillaume et al. (2004) produced
an Fe(Il) smectite by reacting bentonite with magnetite
and hematite at 300 °C over a period of 9 months. Howev-
er, unlike the Fe-rich smectite produced in this study, theirs
was expanded by ethylene glycol solvation, although it did
not expand fully when the original interlayer configuration
was altered by K-saturation prior to glycolation.

Another difference between the results of our study and
that of Guillaume et al. (2004) is that there was a lack of
montmorillonite alteration in our experiments which
included magnetite in the starting mixtures. This may be
due to our experimental conditions being less extreme
(250 °C, ~3 months reaction time as opposed to 300 °C,
up to 9 months reaction time).

The oxidation of Fe(II) in the Fe-rich smectite produced
in this study upon exposure to air may have involved the
disruption of structural OH. Kohyama et al. (1973) sug-
gested that the oxidation of Fe(Il)-saponite may occur
via the dehydroxylation of octahedral sheets. The oxida-
tion of Fe(Il) appears to have resulted in disruption of
layer structures, to produce material which may not have
simple end-member di- or trioctahedral occupancy. How-
ever, any deprotonation of octahedral layers appears not
to have affected the efficacy of the 7 A H-bonded layer re-
peats generated in the transformation.

The enhanced alteration of montmorillonite to analcime
in the presence of calcite may be due to the effect that cal-
cite dissolution had on pH. The dissolution of calcite may
have increased the pH of the solutions during the early
stages of the experiments before significant Fe*" activities
developed, resulting in solute activities initially coinciding
with analcime stability fields.

5. Implications for high level radioactive waste disposal

The experiments show that Fe-rich smectite (possibly
with some dispersed 7 A layers) is the most likely alteration
product at steel canister—bentonite interface in HLW repos-
itories and that native Fe is more effective in altering the
montmorillonite than magnetite. Experiments suggest that

montmorillonite is less likely to alter to Fe-rich smectite after
canister corrosion has ceased. The alteration of smectite to
predominantly 1:1 sheet silicates via silica loss is only to be
expected if pore water pH values are relatively low. The func-
tion of the bentonite backfill in a HLW repository is only
likely to be compromised if montmorillonite is altered to a
non-swelling sheet silicate or Fe(II)-rich smectite with im-
paired swelling properties. Since most repository designs in-
clude quartz sand-bentonite mixtures, pore waters may
proceed towards silica saturation at the expense of quartz
dissolution as well as smectite dissolution. Therefore the loss
of tetrahedral units from smectite layers in a repository
(resulting in increased hydrogen bonding between layers
and impaired swelling) may be less prevalent than that pro-
duced in our experiments. Given its desirable swelling and
adsorption properties, bentonite is therefore a good choice
of backfill material, providing measures are taken to mini-
mise the potential for impaired swelling properties to devel-
op. In systems where steel waste canisters are used, such
measures may include: (1) ensuring that excess silica is avail-
able in the bentonite backfill (most designs already include
quartz sand) and (2) using steel that is relatively more resis-
tant to corrosion, or that has surfaces which are oxidised pri-
or to bentonite emplacement. In light of the results of this
paper, other metals, such as titanium, may be considered
as an alternative to iron for use as waste containers. It is clear
that in order to maximise the effectiveness of a multiple-bar-
rier system to encapsulate nuclear waste (thereby also maxi-
mising repository safety), predictions of the chemical and
engineering consequences of each possible combination of
available materials have to be carefully considered.
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