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INTRODUCTION

A large fraction of high-level radioactive wastes comes from reprocessing of defense
reactor fuel and is high in non-fission product elements, e.g., refractory oxides such as
ZrO 2. High contents of spinel forming elements such as Co, Ni Cr, and Fe are also
frequently encountered. New reprocessing strategies of spent commercial reactor fuel
may yield ZrO2-rich waste compositions.

We are studying the vitrification of these wastes by pressure sintering, starting with dry
mixtures of waste calcines and glass-forming additives. The glass products are free of
boron and contain 65-75 wt.% SiO2, compared to 74 wt.% in rhyolites. Waste loading
can be as high as 45 wt.%. The short-term chemical durability (<1 yr.) of sintered
nuclear waste glass products is known to be superior to that of borosilicate nuclear
waste glasses (Gahlert and Ondracek 1988). Gahlert and Ondracek (1 988) reported
28 day leach rates for their sintered high-silica waste glasses one order of magnitude
lower than that of several melted borosilicate glasses. Long-term chemical durability
studies have not yet been conducted. The high silica content and the presence of up to
1 0 wt.% of Zr in our glasses suggest that their chemical durability is comparable to that
of the glasses studied by Gahlert and Ondracek. The long-term cemnical durability is
expected to be high as well. This expectation is supported by the observation that
rhyolitic glasses show only little alteration over geological periods of time, certainly less
than basaltic glasses. Rhyolitic glasses do not contain appreciable amounts of Zr but
they do contain Al. Both Al and Zr enhance the chemical durability of a glass, Zr more
than Al. Except for ZrO2, rhyolitic glasses have comparable compositions to our waste
glasses. Therefore, rhyolitic glasses, e.g., obsidian, appear to be suitable natural
analogues. We are trying to establish a basis for comparison between rhyolitic and
high silica nuclear waste glasses. The chemical composition and hydration energies are
compared, experiments with the waste glasses are suggested to compare corrosion
phenomena with those observed on rhyolites and to quantify the long-term chemical
durability of the waste glasses.
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COMPOSITION OF RHYOLITIC AND SINTERED WASTE GLASSES

The chemical composition of rhyolitic glasses from different locations is given in table 1.
The table shows that the compositions of rhyolitic glasses does not vary much between
locations. The sum of the major elements SiO, and A1,0, ranges between 85% and 89%.
The sum of the alkaline oxides NaO and K,0 varies between 7% and 1 0%. Contents of
FeAO and CaO are less than 3% and 2%, respectively. Freshly erupted glasses contain
some water, typically less than 1 % water. Numbers are in weight percent.

in table 2, we report average compositions of sintered high-silica nuclear waste glasses
and the average compositions of rhyolitic glasses from table 1. The composition of the
waste glass represents wastes with high contents of Zr. Other waste compositions, for
example wastes with high uranium concentrations, are not discussed in this paper. Table
2 shows that both glasses are mainly composed of three oxides. In rhyolitic glasses these
are SiO 2, A120 3 and R20O(R = Na, K) in the waste glasses SiO 2, ZrO2 and Na2O. These
oxides constitute 93 to 95 wt.% of the glass compositions. As a first approximation,
properties of the rhyolitic glasses can be discussed on the basis of the ternary Na2O-
A120 3-SiO 2 system, those of the waste glasses using the Na2O-ZrO2-SiO 2 system. The
average molar composition of the rhyolitic glasses is 0.07 Na2O0(0. 1 R20), 0. 12 A120 3,

1 .23 SiO2. On a molar basis, in rhyolitic glasses, the ratio of A120 3:N\a 20 = 2 1 or
close to 1, if R20 is considered. The coordination number of Al is expected to be 4 and
6, side by side, as the above ratio is >. The average molar composition of the waste
glasses is 0.2 Na20, 0.07 ZrO2, 1 .23 SiO 2.

Table 1 - Chemical composition of rhyolitic glasses from different locations.

Elements Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass
1 2 3 4 5 6 7 8 9 10

SiO 2 76.7 73.1 76.0 73.1 75.4 74.67 73.03 72.11 75.32 74.4
A120 3 12.5 11.9 13.5 11.9 12.9 12.17 12.37 14.16 11.92 12.7
Fe2O3 0.43 2.4 1.6 2.6* 1.0 3.21 2.67 3.17 3.42 1.60
Na2O 3.3 3.5 4.5 3.5 4.1 4.25 5.29 5.47 4.14 3.77
K20 4.6 4.5 3.5 4.5 4.4 2.78 4.8.4 4.33 2.60 4.75
CaO 0.,48 2.6 0.7 2.6 0.6 1.68 1.31 0.69 1.66 0.70
Mg0 0.09 1.0 0.3 1.0 0.1 0.10 0.15 0.03 - 0.04
TiO 2 - 0.2 0.28 0.2 0.1 0.30 0.23 0.19 - 0.60
H 2 0 0.30 - - - - - - 0.15 - -

Glass 1: Friedman a ng (1 976), Yellowstone, Montana.
Glass 2: Ewing (1 978), no location given.
Glass 3: Malow et of. (1 984), Glass Mountain, Siskiyou County, California.
Glass 4: Lutze and Ewing (1 988), no location given, * MnO+Fe2O3.
Glass 5: Thomassin and iyamna (1 988), Wada-Toge, Japan.
Glass 6: Petit et a. (1 990), no location given.
Glass 7: Stevenson and McCurry (1 990), New Mexico.
Glass 8: Mazer et a. (1 991), Onto Quarry, Easter Island.
Glass 9: Magonthier et a. (1 992), Myvatn area, northern Iceland.
Glass 1 0: Abdelouas (1 996), Lipari, Italy.
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Table 2 - Average compositions of rhyolitic and sintered high-silica nuclear waste glasses
and free energies of hydration, (*others: Ni, Co, Cr, U, fission products).

Elements Rhyolitic glass High silica nuclear
waste glasses

SiO 2 7.4.38 ±1.24 69 to714
Al20 3 12.60 ± 0.57 0.4 to 0.6
Fe 2O 3 2.21 ± 0.84 4.5 to 5.5
NCa20 4.1 8± 0.56 1 1.2 to 14.4
K 20 408 ± 0.67

MgO 0.31 ± 0.31
CaO 1.30 ± 0.67 0.7 to 0.8
ZrO2 -8.3 to 8.8

Other oxides* -1.1 to 1.3
AGhydr (d/mole) 3 to 6* 3 to 6

• AGh,o(rhyolite) = 3 Li/mole was obtained by using AGA,& 0(A120 3) = -32.3 kI/moie
• AG~,,o,(rhyolite) = 6 ki/mole was obtained by using AGhydr(A1201) = + 1 2.71 ki/mole

STUDIES ON RHYOLITIC GLASSES

Rhyolitic glasses occur in nature as a result of rapid cooling (quenching) of silicate melts
(magmas) as they come into contact with a quenching medium (water, ice, atmosphere).
Natural glasses occur as small shards produced in explosive eruptions or as more
massive, rapidly cooled lava flows, ash flow, and subvolcanic intrusives. Obsidian
usually includes crystals and vesicles, that are formed during quenching of silica rich
magma. The rapidly increasing viscosity of the melt upon cooling inhibits significant
crystal growth (Marshall, 1961).

Rhyolitic glasses are of interest to the scientific community for a variety of reasons:
In 1960, Friedman and Smith introduced the osidian-hydration dating (OHD)
technique. Hydration involves the diffusion of water molecules (probably as HO') into
the glass. This process is accompanied by diffusion of alkali ions to the surface. OHD is
based on the measurement of the thickness of the hydration layer formed on the glass
surface and an estimate of the ambient temperature to calculate the period of time for
which the glass surface was exposed to water or moisture. According to Laursen and
Lanford (1 978) the rate of the layer formation of obsidian can be expressed as 1 = (ke t)',
where is the layer thickness, t is time, and k is a constant depending on glass
composition and temperature. The calculated hydration rate of obsidians from different
locations at low temperatures ranges between 0.7 and 1 .2 pm/i1,000 yr. (e.g. Friedman
and Trembour, 1 978; Lynch and Stevenson, 1 992). This underlines the high chemical
durability of high silica glasses in nature for long-term. OHD has been used as a dating
method in archaeology since then (Friedman and Smith, 1 960; Clark, 1964; Meighan,
1983; Adams et al., 1992; Webster et al., 1993; Ambrose, 1 994; Stevenson et al.,
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1 996; Evans and Freter, 1 996). At high temperatures (> 1 500C), aqueous corrosion of
rhyolitic glasses leads to the formation of secondary phases, usually clays and zeolites
(Malow et al., 1 984).

Rhyolitic glasses have been studied to extract information relevant to the evaluation of
the long-term chemical durability of nuclear waste glasses (e.g. Zielinski, 1 980; Dickin,
1981; Ewing and Jercinovic, 1987; Magonthier et aL, 1992; Abdelouas, 1996). Third,
the alteration of rhyolitic glasses is the first step of the formation of many volcanic and
sedimentary ore deposits (Burt and Sheridan, 1 981; Zielinski, 1985; Magonthier,
1987). Magonthier et a.. (1 992) studied the natural corrosion of 52,000 yr. old
Icelandic obsidian and reported that: (1) the corrosion rate of obsidian at 1 00C and
below is about 1.1 m/1 ,000 yr., in good agreement with data published in the
literature (e.g. Friedman and Trembour, 1978). (2) the long-term corrosion rate is
controlled by ion diffusion. Abdelouas (1996) studied rhyolitic glasses naturally
corroded in salt lakes in Bolivia and showed that the secondary phases (Sr-rich barite,
cerianite, Md-rich smectite) on the obsidians are similar in structure and composition to
those seen on the French reference nuclear waste glass R7T7 corroded in saline solutions
in the laboratory. The glass corrosion rate of a 30,000 year old sample was measued
by TEM to be 0.05pm/1 1000 yr with an upper limit of 0.3pm/1 ,000 yr. at 1 O0C, derived
from SEM measuements.

COMPARING RHYOLITES WITH HIGH-SILICA WASTE GLASSES

An important property to compare between glasses is crystallization upon cooling. In the
case of sintered glasses, crystallization is minor because the viscosity of the glass is high
under the applied processing conditions (typically 800'C, 1 0 Mpa). Crystallization in
rhyolites is also miniscule. Therefore, crystallization is not discussed.

The most important property of a nuclear waste glass is its chemical durability over
geological periods of time. For rhyolitic glasses, chemical durability can be quantified
by studying samples of great age. The question is: how can we support the hypothesis
of analogue long-term behavior of two glasses with significantly different compositions?
The main differences in the chemical compositions are reflected in the presence of Zr and
a relatively high content of alkali (Na) in the waste glass versus a much higher Al and a
lower alkali (Na+K) content in the natural glass (table 2). To quantify these differences,
we calculate the free energy of hydration for both glasses, using Paul's (1 977) method.
Thermodynamic data for these calculations were published by Jantzen and Plodinec
(1 98.4). The results at 250C are given in table 2. The AGhdo values are either the same
for both glasses or only slightly, up to a factor of two, higher for the waste glass,
depending on its Na content.

The contribution of silica in the hydration energy of the glass is similar for rhyolitic
glasses [AGh/dro0(silica) = 1 6.8 kI/mole] and nuclear waste glasses [AGAhydr(silica) 1 2.6-
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14.6 Id/mole]. Aluminum improves the chemical durability of silicate glasses (Paul and
Zaman, 1 978 ; Feng et aL., 1989). Only at high concentrations there is a deleterious
effect from the fraction of Al exceeding the ratio A1,0,:NaO = 1. This is a result of the
change in the coordination number from 4 to 6, making A a network modifier. Zr
increases the durability of silicate glasses more than any other element commonly used
in glass industry. Assuming that ZrO, forms a structural environment in the glass similar
to ZrSiO, [AGhydr0(Zr) = 8.5 to 9.1 id/molel, the strong tabilizing effect of Zr relative to
A120 3 becomes evident [AGhydrO(AI) = -2.6 Id/mole]. Increasing the Na content of nuclear
waste glasses [AGhydr0'(NaSiO,) = - 18.79 to - 14.4 Id/mole] leads to a decrease in the
hydration energy (lower chemical durability). The sum of the alkalies (R20) in the
rhyolites yields a AGhydr(Na + K) = -10.5 ki/mole. Small amount of Fe2O3 have little
effect on the durability as described by Feng et al. (1 989). The contribution of Fe2O to

the hydration energy is similar for both rhyolitic and nuclear waste glasses. The effect of
CaO, MgO, and other oxides (table 2) is negligible because of their low concentrations.
Based on these calculations, we assume that the chemical durability of rhyolites and
sintered high-silica nuclear waste glasses is similar and that rhyolites are suitable natural
analogues for the waste glasses.

To test the hypothesis of analogue behavior, the following experiments are in progress:
short-term leaching (3 months) of a rhyolitic glass and a waste glass in deionized water
at 60, 90, and 1 200C. The temperature dependence (activation energy) of the reaction
will be determined and compared with literature data, e.g., Stevenson et al. (1 996), who
report a value of 87,6 /mole for the activation energy for obsidian from Mayor Island,
New Zealand. If rates are the same, the activation energy for rhyolites can be used to
estimate waste glass behavior at low temperatures. Any discrepancy in the reaction rates
may be elucidated by studying alteration phenomena in the glass surface and formation
of secondary phases.
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