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For long-term performance assessment of obsidian, we
present computation chemistry and experimental data
sets on glass dissolution and associated ionic release
obtained after treating specimens under near hydro-
thermal conditions (for 1-64 h time intervals). The
EQ3/6 simulated resultsindicate appearance of quartz
(chalcedony) and other mineral species. Besides
quartz, SEM-EDX of the precipitate shows presence
of smectite having two distinct microstructures which
consist of small and large lamellae and their forma-
tion is linked with the release of Na, K and other ions
accountable for increase in the pH and conductivity of
the leachates. The former structure represents
paragenesis of an earlier formed alteration product.
These observations largely correspond to the simu-
lated results, suggesting its suitability in geological
repository.
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THE geological environment in which vitrified waste is
possibly stored is complex and most of the natural proc-
esses are subjected to variations in the number of parame-
ters including nature of fluids and climatic changes.
Basaltic glass is considered as one of the natural ana-
logues for radioactive waste containment®. The influence
of volcanic glass dissolution by natural processes cannot
be overstated®. In Indian context, the shocked basaltic
glass of Lonar Crater near Bombay (Figure 1a) is beli-
eved to be a potential analogue for the nuclear waste
glass® however, alteration study is yet to be carried out on
this glass. More recently, Shrivastava et al.’ reviewed
corrosion mechanism in the borosilicate nuclear waste
glass for long-term performance assessments in the geo-
logical repository, suggesting experiments under induced
near hydrothermal conditions in the laboratory and simu-
lation of the data using geochemical codes. The chemical
composition of obsidian matches with that of the high sil-
ica radioactive waste glasses but its long-term leaching
behaviour in the geological repository is yet to be under-
stood.

Experiments alone are insufficient to predict glass
alteration because they cannot be performed over the
extended time periods of up to tens or thousands of years
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or over numerous sets of possible conditions of interest.
Geochemical models for predicting glass dissolution
rates, assuming that the surface reactions control dissolu-
tion rate and suggest that only the silica concentration of
the solution affects the overall rate®. The elemental con-
centrations of obsidian and possible solid phases were
modelled with the software package EQ3/6 (ref. 7),
where parameters such as logQ/K or saturation index
were simulated to understand alteration behaviour of ob-
sidian glass. The initial solution composition including
all species involved in further reactions was computed.
Glass composition, temperature, pressure and pH condi-
tions (such from 7 to 10 at 300°C) were considered in the
assessment of experimental and simulated results. The
mineral saturation (log Q/K) and product of agueous spe-
cies involved in the dissolution reaction of dissolving
solid were calculated, where Q is the activity and K is the
equilibrium constant for the same solid values against
time in years®. In Figure 2, reaction progress is plotted
against saturation index (log Q/K), indicating saturation
with respect to solid phase. Understanding these calcula-
tions is required because many factors contribute to the
nucleation and growth of secondary phases including ki-
netic constraints on precipitation®. Initially in the experi-
mental results, Nawas found to be released preferentially
so that this simulation procedure can estimate the satura-
tion indices for solid phases that contain Na. These simu-
lations indicate that chalcedony and Ca-beidellite is
formed between 7 and 10 pH at 300°C and 1260 psi.

To substantiate these results, present experiments were
performed under accelerated conditions in a laboratory
time framework on obsidian glass collected from Osham
hill, located 23 km WNW of Junagadh town in Saurash-
tra, India (Figure 1b). In this area, a circular outcrop is
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Figure 1. a, Location map of the area; b, Detailed geological map of

the area around Osham hills, Saurashtra, Gujarat (modified after
Maithani et al.'?).
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exposed, covering approximately an area of 6 km?, com-
prising rhyolite and obsidian lava flows (at the base of
the hill), near the contact of the Deccan basaltic lava
flows. The acid volcanic rocks occur in the central and
southeastern parts of the hill, having 2-5 m thick obsid-
ian lenses and consist of glass, spherulites and feld-
spars'. Fresh obsidian lenses were chipped out from the
working quarry and considered for the present work.
Obsidian glass is optically translucent, pitch black to dark
brown in colour, shows vitreous lustre. It is often banded
having conchoidal fractures (Figure 3a). Unaltered glass
chips were picked up for experiments. Major elemental
compositions of obsidian test samples were determined
by X-ray fluorescence (XRF) technique (Table 1). Pre-
sent major-oxide data for obsidian have been compared
with the published data*™*? indicating a tight chemical
closeness. These data sets when plotted over total alkali—
silica diagram, lie close to each other and are confined to
the rhyolite field.
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Figure 2. Sequence of saturation indices for mineral phasesformed in
the obsidian sample.

Tablel. Chemical composition of untreated glass
Natural analogues

Oxides
(wt %) AVS Rhyolite  Impact glass  Present glass
SiO, 44.25 74.53 50.86 71.18
TiO, 12.95 00.36 02.85 00.36
Al,O3 0.56 12.55 13.51 09.71
Fe,O3 10.08 02.47 01.52 05.26
FeO - - 13.60 -
MnO 5.01 00.03 - 00.11
MgO 0.22 00.19 05.32 00.11
CaO 0.61 00.97 09.56 01.96
NaO 25.59 03.45 02.17 05.51
K0 0.56 05.30 00.59 00.03
P,0s 0.17 00.06 - 05.76
Total 100 100 100 100
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To achieve optimum SV (surface area/volume) ratio for
the test glass, obsidian chips were pulverized and sieved
to obtain particle size of 100-120 um. Glass specimens
were prepared after the glass powder was ultrasonically
cleaned in deionized water and allowed to dry at 90°C for
24 h. The specific area and density of each specimen was
determined by Brunauer, Emmett and Teller (BET)
(Krypton) measurements™®. The values so obtained are in
the order of 663 cm?g and 2.405 g/cm?® respectively. The
alteration experiments were conducted in corrosion-
resistant Parr Reactor™ (model: 4568). Glass specimens
composed of 1.0g of granules were wrapped in a
stainless steel mesh (100) and treated with 80 ml of
deionized water for 1, 2, 4, 8, 16, 32 and 64 h at 300°C at
corresponding pressure (1260 psi). The residue (repre-
senting the newly formed minerals) and leachates were
collected after each experiment. The electrical conducti-
vity and pH of the leachates were determined and the sur-
face morphology of the newly formed crystalline mineral
phases was studied using scanning electron microscopy
(SEM) technique. Generally, boron is considered as reac-
tion tracer for the evaluation of glass alteration mecha-
nism but it is very low in concentration in obsidian, hence
its aqueous dissolution has not been taken into account™.
Na is the element which participates easily in the ion ex-
change reaction with water therefore, its concentration
along with K as an additional check has been taken into
account for the present calculations. Mass loss and re-
lease rates for Na and K have been calculated to evaluate
glass alteration mechanism. To quantify mass loss, mass
of each glass specimen was measured before and after
each experiment.

ML = (m, —my)/(SA), (1)
where ML is the total mass loss (g/m%); m, the total un-
altered glass specimen in g; my the total altered glass
specimen in g; SA the sample surface area.

The normalized mass loss is linked with the rate of re-
lease of sodium concentration in solution. It corresponds
to the mass of the glass altered in the unit surface area
(NL)), using the following equation, normalized mass loss
for each specimen is calculated after each experiment™.

[(Naleached/Na present in the sample) x wt of sample]/
surface area (cm?) x time (days). 2)

The glass—water interaction includes chemical reactions
and mass transport processes. It has been established that
the ion-exchange, network hydrolysis and precipitation
are important mechanisms of glass leaching. Out of these,
precipitation reactions usually play an important role under
saturated conditions and for long-term performance,
whereas, ion exchange and network hydrolysis are the
dominant processes under short term or weak alteration
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Figure 3. Obsidian sample (a) showing banding and conchoidal fractures, (b) photomicrograph showing light brown coloured
unaltered amorphous phase devoid of nucleation, (c) altered sample after treatment at 300°C for 1 h and (d) altered samples after
treatment at 300°C for 62 h, showing maximum dissolution of grains.

condition'®*’. Glass is unstable at low temperatures and
reacts with water to partially dissolve and form crystal-
line and non-crystalline secondary solids'®. When glass
comes in contact with water, the first step is the adsorp-
tion of H,O (H*, H;O") on the glass surface, then H,O
diffuses into glass. At high pH (approximately at 10),
deprotonation reaction of monosilicic acid takes place
leading sharply to the release of Si ions and it further
causes increase in the solubility of glass. Dissolution
rates of silicate minerals and glass, measured in the labo-
ratory indicate that weathering is typically controlled by
the pH-dependent detachment of framework elements
from the solid surfaces™%.

Glass specimens were coated with gold and microstruc-
tures as well as surface layers in case of the altered glass
specimen with or without crystalline domains were studied
using SEM (ZEISS Model: EVO 50). Weathering and
alteration of volcanic glass is one of the main sources of
smectites™. Glass altered experimentally under low tem-
perature hydrothermal conditions®?>?*. The experimental
study on alteration of a rhyolitic obsidian showed that the
clay minerals may grow to form micrometric packets of
layers®. In the present study, the grain surface of obsid-
ian is altered and shows presence of a few curved lami-
nae, very small in size (Figure 4a and c) and whose
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number increases with increasing time. The chemical
composition of glass and curved laminae is slightly
different (Figure 5a). One type is a curved clay-like
material occurring on the glass surface, developing a
mosaic texture and it completely covers the grains (Fig-
ure 4 a and c). The second morphology is typical of smec-
tite and consists of clay-like flakes forming rosette-like
particles. They are present as isolated particles on the
glass surface or forming large aggregates (Figure 4 b).
Temperature plays an important role in the glass disso-
[ution mechanism. At 300°C, average dissolution rate is
highly elevated and glass alteration increases with rising
temperature. The precipitation of analcime after several
weeks of reaction correlates with an abrupt increase in
glass dissolution rate®. The formation of secondary phases
does have an important effect on glass dissolution ratesin
that they control the concentrations of dissolved elements
such as aluminum and silicon (Figure 5a—). This is the
reason for the observed abrupt increase in the dissolution.
The elevated participation of ion exchange process,
particularly when high SV ratio of the test sample is
available, causes overall release of elements which per-
haps is responsible for the increase in the pH values of
leachates. The release of sodium ions from the glass ma-
trix is primarily responsible for the elevation of alkalinity
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Figure4. SEM-back scattered images of obsidian specimens treated (a) 300°C for 1 h shows curved clay-like material occurring on the glass sur-
face and develop a mosaic texture and it completely covers the grains very much similar to the published® morphology, (b) atered sample after
treatment at 300°C for 64 h is typical of smectite and consists of clay-like flakes forming rosette-like particles. They are present as isolated parti-
cles on the glass surface or forming large aggregates and (c) 300°C for 2 h in which the grain is completely enveloped by neo-crystallized flakes

exhibiting honeycomb texture.

in the leachates (Figure 5b and c), hence pH value in-
creases. The present study revealed that the release of po-
tassium ions was less than that of the sodium ions. X-ray
diffractograms indicate that the mineral phases were
formed when alteration rate is high. These minerals ap-
pear when pH and conductivity values are 8.03 and
140.9 mhos/cm respectively.

The present study demonstrates an agreement between
the experimentally observed mineral phases and the min-
eral phases obtained after the computer simulations of the
chemical data. The appearance of quartz is observed
experimentally as well as in the simulations. Extrapola-
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tion of the experimental data predicted formation of
amorphous silica which is least thermodynamically sta-
ble, quartz, the most stable and chalcedony having inter-
mediate stability. The appearance of quartz in the residue
was inferred from the X-ray diffraction patterns. The
simulations aided in predicting the stability of secondary
mineral phases if the experiments were to be carried out
for longer periods. However, owing to experimental con-
straints, some inconsistency between experimental and
simulated results was also noticed. Thus, obsidian glass
network structure shows high order of durability when
treated at near hydrothermal conditions and considered as
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Figure 5. EDX spectra of obsidian specimen treated. a, 300°C for
1 h; b, 300°C for 64 h and c, 300°C for 2 h.

a potential natural analogue for the disposal of nuclear
waste in the geological repository.
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