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INTRODUCTION 

The purpose of this report is to review previous work on the weathering of 
natural glasses; and, to make recommendations for further work with respect to 
studying the alteration of natural glasses as it relates to quantifying rates of 
dissolution. The first task was greatly simplified by the published papers of 
Jcrcinovic and Ewing (1987) and Byers, Jcrcinovic, and Ewing (19S7). The second task 
is obviously the more difficult of the two and the author makes no claim of. 
completeness in this regard. Glasses weather in the natural environment by reacting 
with aqueous solutions producing a rind of secondary solid phases. It has been 
proposed by some workers that in; thickness of this rind is a function of (he age of 
the glass and thus could be used to estimate glass dissolution rales. However, 
Jcrcinovic and Ewing (1987) point out that in general the rind thickness docs not 
correlate with the age of the glass owing to the differences in time of contact with the 
solution compared to the actual age of the sample. It should be noted that the the rate 
of glass dissolution is also a function of the composition of both the glass and the 
.solution, and the temperature. Quantification of the effects of these parameters (as 
well as time of contact with the aqueous phase and flow rales) would thus permit a 
prediction of the consequences of glass-fluid interactions under varving 
environmental conditions. 

Defense high-level nuclear waste (DHLW), consisting primarily of liquid and 
sludge, will be encapsulated by and dispersed in a borosilicate glass before permanent 
storage in a HLW repository. This glass containing (he DHLW serves to dilute the 
radionuclides and to retard their dispersion into the environment. DHLW is 
temporarily being stored at the Savannah River Plant in South Carolina, the Han ford 
Reservation in Washington, and the Idaho National Engineering Laboratory in Idaho. 
This HLW is primarily from the production of nuclear materials. In addition to the 
defense waste, there is a small amount of civilian liquid HLW at West Valley, New York 
that will also be converted to glass before permanent storage. This civilian waste was 
created by some limited reprocessing of spent fuel rods. 

The Nuclear Regulatory Commission regulations (10 CFR 60) state that the 
containment of HLW within the waste packages must be substantially complete for a 
period of 300 to 1,000 years after permanent closure of the geologic repository; and 
that the release rate of any radionuclide from the engineered barrier system 
following the containment period shall not exceed one part in 100.000 per year of the 
inventory of that radionuclide calculated to be present at 1,000 years following 
permanent closure, or as otherwise approved by (he Commission. 

The requirement to predict materials performance and the geological 
environment over long periods of lime is unprecedented. Field and laboratory 
experiments arc carried out for only short periods of time relative to the period over 
which a repository must maintain integrity. Consequently ihc prediction of 
radionuclide release rales from the waste form ("source terms") must be made by 
models lhal extrapolate data obtained in short-term experiments, such as glass 
leaching rales, to loiiger times. Such an extrapolation from tests lasting from months 
to years to predicting the consequences over 10,000 years must be demonstrated to be 
valid. 
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NATURAL ANALOGUES 

Natural analogs in general can be useful in extrapolating short-term 
experiments to longer time frames. However it is doubtful that natural analogs can 
provide all the needed quantitative data to reasonably assure that a HLW repository 
will maintain its integrity over long periods of time. Nevertheless, studies of natural 
analogs should provide information regarding the reasonableness oT projections 
about repository integrity. Natural analogs have been proposed for the glass waste 
form, metal containers, and for radionuclide movement. The latter natural analogs 
will only be briefly mentioned here as the focus of this report is on natural glass 
analogues to alteration of nuclear waste glass. 

Metal objects such as naturally occurring pure copper, pure iron, and iron 
meteorites have been preserved in the geologic record for millions of years. Some 
iron mcleoritic material has been extant since the time of the Egyptian Pharaohs in 
the form of a dagger with a blade resembling stainless steel. The blade is quite high 
in nickel and cobalt content and upon etching or corrosion reveals a Widmansiattcn 
pattern that is unique to iron meteorites. This material is of particular interest owing 
10 the present plans to store nuclear waste in stainless steel, also an iron alloy 
containing nickel. 

The natural analog of radionuclide movement in the earth's crust that probably 
is the most similar to an actual nuclear waste repository is the uranium deposit at Oklo 
in Gabon (reviewed by Brookins, 1987). Other than at Oklo, natural uranium ores 
throughout the world yield values of near 0.71% 2 3 5 U . Oklo ores range as low as 0.3% 
2 " i / p Evidence points to the 235JJ a | oklo being consumed by neutron-induced fission 
when the deposit became a natural reactor about 2 billion years ago since there arc 
also present fission products found associated with the depleted ore. Details remain 
unclear on how the ore at Oklo became high grade, enriched in 235 u l 0 greater than 
2-3%, and with a water content at between 12-16% - all necessary to achieve 
criticality. Water at much less than 12% would be coo little to sceve as an efficient 
moderator and water much greater than 16% would allow the neutron flux to become 
too diffuse. Natural fission reactors arc therefore expected to be exceedingly rare and 
indeed only Oklo has thus far been found in the geologic record. Oklo is an uniquely 
important natural analog owing to the fact that actinides arc produced during 
fissioning whereas most aclinides (exceptions being thorium and uranium) arc 
generally present only in trace amounts in nature. Furthermore the actinidc 
elements have no non-radioactive elements that can serve as proxies as is lhc case for 
other elements such as strontium, where both radioactive and non-radioactive 
isotopes behave chemically similar. Thus other than introducing actinides into a 
repository, one of the few places to obtain actinide migration rates in a natural 
scitine is at Oklo. 

Natural glasses similar in bulk composition to that of the HLW glass arc found 
in nature and have been subjected to conditions similar to that expected if the 
repository is flooded with water and the canisters are breached allowing groundwater 
to react with the glass waste form. Careful study of these natural analogues could 
provide the necessary link between theoretical models and short-term laboratory 
tests to provide information regarding the long-term integrity of the glass-waste 
form. In other words models developed to extrapolate data obtained in short-term 
experiments could be validated by careful observation of the geologic record which 
has preserved information for time frames from hundreds to millions of years. This 
long-term information is not obtainable from laboratory experiments, in situ tests, or. 
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presently, ab initio calculations. Ceochemical modeling codes such as Path (R. G. 
Bcrman and T. H. Brown, pers. coram., J 988), Gt (C. Belhke, pers. comm., 1988), and 
EQ3/6 (Wolery, 1979) are not presently capable of predicting the changes resulting 
Tram rock-water-glass interactions owing to the restrictions imposed by an 
inadequate data base, particularly in regards to the thermodynamic properties of 
relevant mineral phases and rale constants for reactions, and an inadequate 
conceptual model to account for components in the glass. In addition the coupling of 
hydrologic flow with chemical reactions (reactive transport) has not been 
successfully achieved. 

NATURAL GLASSES 

A variety of glasses are not man-made but have formed naturally: basaltic 
glasses, rhyolitic glasses, lunar glasses, metcoritic glasses, and tckiitcs (Ewing, 1978; 
Ewing and Haakcr, 1979) and these glasses have ages from months to millions of years. 
Samples of mclcoritic glasses arc relatively rare and albeit interesting will not be 
discussed further in this report. 

Tciilies occur as glassy bodies, bottle-green to blackish, and range in size from 
fractions of a millimeter to tens of centimeters in diameter. They generally are found 
strewn across wide areas ,̂i to 10,000 km wide and range in age from a few hundreds 
of thousands of years to more than 35 million years. Their origin is thought to be 
associated with the impacts of giant meteorites. It is rare that any alteration, 
hydration, or devitrification of tektites is noted. This is the case even for tektitcs 
observed in older sediments recovered from deep-sea cores and which were subjected 
to scawater for periods up to millions of years. This durability is generally attributed 
to (he high silica content (> 65 wt %), high silica + alumina (usually > 80 %), lew alkali 
and alkaline canh oxide content, and low water content (< 0.01 wt %) (Ewing and 
Jcrcinovic, 1987). However, there is a class of tcktites that arc much lower in silica 
content. Botllc-grccn tektilcs have compositions that extend to 50% silica and lower 
(Glass, 1972) which is in (he range of silica composition proposed for high-level 
nuclear waste glass. The average depth of corrosion of tektites from the deep oceans 
was found by Glass to be about 2 ±. 2 micrometers for teethes of 72% silica to about 14 ± 
5 micrometers for lectites of 54 % silica. The tectites with low silica values were found 
only in areas with ages of less than one million years. Barkatt ct al. (1984; 1986) 
conducted leaching experiments on these glasses and found that the rates were 30 
limes greater in deionized water compared to that in scawater and that extrapolated 
laboratory tests are in approximate agreement with field observations of lektitc 
corrosion. Barkatt's group (sec Maggs, 1988) have proposed that magnesium serves to 
protect the glasses from rapid corrosion. Crovisier and Honnorcz (19SS) have 
questioned the role of magnesium in reducing corrosion rates and have stated that it 
is not presently possible to conclude that any one factor will lead to a decrease in glass 
corrosion. 

Lunar glasses arc of interest as they have remained stable for up to 4 billion 
years and show no traces of alteration or crystallization (Roeddcr and Wicblcn. 1971). 
The utilization of lunar glasses for natural analogue studies is precluded owing to ihc 
high cost of field collections. Nevertheless, the observed stability of lunar glasses 
substantiates the notions that glasses can disappear in the natural environment by 
two mechanisms: 

• Glasses can react with water which in turn increases :hc concentration of 
glass components in solution and also p.reduces secondary non-glassy mineral phases 
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such as clays and zeolites - a process thai some workers term glass dissolution or 
corrosion. 

• Glasses can convert to a more stable crystalline state - a process known as 
devitrification. 

In the case of an anhydrous environment, it is expected that glasses would be 
subject only to devilrificaiior over time. Under anhydrous conditions and at low 
temperatures (<25°C), the time required for devitrification exceeds the age of lunar 
glasses by many orders of magnitude (Marshall, 1961). At high temperatures Rutlcy 
(1886) demonstrated that natural glasses could be readily dcvitrified by heating a 
sample of obsidian from Ascension Island. Crystals up lo 30 microns grew in less than 
a month when the obsidian was heated to between 850°C and 1100°C. 

Rhyolitic glasses typically contain approximately 70 wi% silica. Although 
these glasses have been studied relatively intensely (e.g., Marshall, 1961; Friedman 
and Trembour. 1978; Dickin, 1981; Ziclinski, 1979; and White. 1983). ihcy are of 
presently less concern with respect to the focus of this report owing to their high 
silica composition. We could however learn more regarding the overall compositional 
dependency of ihc glass on corrosion rates by further study of these siliceous glasses. 

It has been suggested that basaltic glasses could serve as natural analogues for 
nuclear waste glasses (e.g., Ewing, 1978; Ewing and Haaker, 1979; Adams, 1979; 
Zielinski, 1980; Dickin, 1981; Bales ct al., 1982; Allen, 1982; Plodinec, 1984; and Malow, el 
al, 1984) owing to similar compositions between the glasses and ihc observed 
increasing alteration of the natural glasses with lime. Two recent .studies on basaltic 
glasses stand out: the JCC study of basaltic glasses from Iceland and the deep sea 
(Jercinovic and Ewing, 1987) and the Argonne study of basaltic glasses (Bycrs, 
Jercinovic, and Ewing, 1987). Following a discussion of palagon'uizaiion and 
secondary mineralization, these two studies will be reviewed in some detail as they 
represent the most thorough work published to date regarding the dissolution rates of 
basaltic glass and how this relates to the glass waste form for high-level nuclear 
waste. 

PALAGONITIZATION 

W. Sarlorius von Wallershausen (1845) coined the term palagoniic when he 
described a brewn material in the groundmass of a tuff from Palagonia in Sicily. 
Initially it was used to describe a wide range of scatcs of material from deposits 
(Pjetursson, 1900) to that on a microscopic scale such as sidcromclanc (basaltic) glass 
(Peacock, 1926; Peacock and Fuller, 1928). Palagonite is now used lo describe the 
reddish to yellow-brown, gel-like material that is the alteration product of 
sidcromclane glass (Nayudu, 1964; Hay and lijima 1968a. 1968b; Allen el at., 1981). 

As reviewed by Jercinovic and Ewing (1987), the physical and chemical 
properties of palagonite have been studied by numerous researchers (e.g., Hay and 
Iijima 1968a, 1968b; Honnores, 1972; Jakobsson, 1972; Singer, 1974; Furncs 1978. 1980. 
1984; Fumes and El-Anbaawy. 1980; Allen et al„ 1981; Staudigel and Hart. 1983). The 
glass-palagonitc contact is generally sharp (Hay and lijima, 1968b; Gcptncr. 1978), 
characterized by pitted or etched glass surface (Hay and Jones, 1972; Allen ct al.. 1981), 
and sometimes exhibits penetration by microchanneis (Staudigel and Hart, 1983) 
which may be the same as the "rootlet intergrowth" observed by Gepiner (1978). The 
refractive index of palagonite ranges in values from 1.46 to 1.70 (Hay and Iijima 
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196Sa, 1968b; Stokes. 1971) and the specific gravity of palagonite ranges in values 
from 1.93 to 2.42 (Hay and lijima 1968a, 1968b; Fumes, 1978). 

Mechanisms proposed for pilagonhization include: solution precipitation, or 
hydrogen-ion metasomatism, (Hay avid lijima 1968b; Hay and Jones, 1972), hydration 
(Peacock, 1926; Morgenstein and Riley, 1974), and solid-state diffusion accompanied 
by hydration (Moore, 1966). Palagonitizaiion has been observed over a wide 
temperature range and lime scales from almost instantaneous to thousands of years. 
For example, Bonatti (1965) observed immediate palagonitization associated with 
magma eruption at high temperatures. Hay and Iijima (1968a, 1968b) observed 
palagonitization at low temperatures associated with sediments and I ha the 
palagonitization took place over thousands of years, and Jokobsson (1978) and 
Jakobsson and Moore (1986) observed palagonitization on Surtscy volcano at 
temperatures from 40°C to 150°C a few years after eruption. Thus as expected the rate 
of palagoniiization increases with temperature which is in agreement with 
experimental studies (Moore, 1966; Moore, el al.. 19SS). Jercinovic and Ewing (1987) 
reached the following conclusions from reviewing the general characteristics of 
palagonitc that are evident from published data (e.g., Bonatti, 196S; Hay and Iijima 
1968a, 1968b; Hay and Jones, 1972; Muffler et al., 1969; Honnorex. 1972; Jakobsson, 1972; 
Mclson, 1973; Singer, 1974; Fumes, 1978, 1980, 1984; Juteau et al.. 1979; Fumes and El-
Anbaawy. 1980; Ailin-Pyzik and Sommer. 1981; Allen et al., 1981; Staudigcl and Han, 
1983; and Jakobsson and Moore, 1986): 

palagonitization is not a simple hydration process and is a non-
isochcmical (mctasomatic) process; 

palagonite composition varies from one occurrence to another; and, 

palagonites of chemically different composition can be derived from 
chemically and physically similar glasses, indicating the importance of solution 
composition, temperature, flow rate, etc. 

In general most elements are depleted during palagonitization with only minor 
losses observed in most cases for aluminum, iron, and titanium. Concentrations of 
elements that form relatively insoluble substances and arc enriched in the glass 
phase arc found in greater abundance in the palagonite formed from such a glass. 
For example, glasses that arc rich in iron and titanium form palagonitcs that are more 
concentrated in these elements than are palagonitcs formed from glasses relatively 
depleted in iron and titanium (Fumes and El-Anbaaey, 1980). Palagoniics produced in 
a marine environment can be enriched in more mobile elements such as potassium 
and sodium (Andrews, 1977; Baragar et al. 1977; Bonatti, 1965; Melson, 1973: Pritchard 
ct al., 1978; Jutcau ct al.. 1979; Staudigel and Hart. 1983; and Scarfe and Smith, 1977). 
Jcrcinovic and Ewing (1977) have summarized that the composition of palagonitc 
results from three factors: 

• the chemical composition of the glass and its physical properties; 

• the chemical composition of the aqueous solution (and the attendant 
temperature and pressure under which the palagonitization occurs]; and, 

the duration during which alteration of the glass takes place - this is 
particularly important in systems where the walcr-rock ratio is extremely small 
wh'ch in turn will greatly effect the composition of the liquid phase. 
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Rates of palagonitization have been estimated in "fresh" water and scawatcr at 
temperatures from 5 to 50°C in the natural environment and range in value from 3 10 
30 microns/1000 years {Moore, 1966; Morgenstcin and Riley, 1974; Hckinian and 
Hoffcrt, 1975; Moore, et al. 1985; Grambow et al. 1985; and, Jakobsson and Moore, 1986). 
Experimental palagonitizaiion studies have also resulted in estimates for rates of 
palagonitzation (Fumes, 1975; Malow et al., 1984; Crovisier, 1985; and Crovisier et al. 
1986) which arc somewhat higher than estimates from the natural environment - up 
to 180 microns/1000 years 

Fumes (1975) observed in his experimental work over 14 months that the rate 
of palagonitization increases dramatically with temperature and was not linear with 
time. For alkali basalt glass the rate was about 0.3 microns/month for the first (0 
months at tcmpsralures from 20 to 70°C, and increased to 3.3 microns/month after 10 
months for temperatures greater than 70°C. Studies of the Surtscy cores (Jakobsson 
and Moore, 1982, 1986) have also indicated the rapid increase in palagonitizaiion with 
an increase in temperature. At 4°C the rate at Surtsey was 15 microns/1000 years 
whereas at 12°C the rate doubled, Moore et al. (1985) made similar observations at 
Hawaii where they found that the rate increased 1.8 times for a temperature increase 
of 10°C. 

As noted by Jercinovic and Ewing (1987), if one assumes a rate of 2 
microns/1000 year as being a good estimate for palagonitization, ccniimctcr-ihick 
glassy rims on a pillow basalt would be completely palagonitized in less than five 
million years; and hyaloclactitcs with an average grain size less than 2 mm would be 
completely palagonitized in less than one million years. There arc, however, 
abundant observations that fail to corroborate these estimates. For example fresh 
glass is found in drill core samples of much greater age: in Deep Sea Drilling Program 
(DSDP) Hole 408 glass was found that was 20 m.y. (LuyendyV et al. 1978); DSDP 407. 35 
m.y.. (LuyendyK et al., 1978); DSDP 382, 70 to 80 m.y. (Tucholkc el al„ 1979), and DSDP 
417 and 418. 105 to 110 m.y. (Donnelly et al., 1979). In addition there is unaltered glass 
found in the Miocene Frenchman Springs Flow of the Wanapum Basalts, 12 to 14 m.y., 
in the Columbia River Basalt Group (Jcrcinovic, Ewing, and Bycrs, 1986), in 
submarine-produced hyaloclastics, now subaerialty exposed, in the Hound Island 
Volcanics that arc about 200 m.y. (Muffler, et al., 1969). and in the 340 m.y. Lahn Dill 
deposits (Schminckc and Pritchard, 1981). Therefore one cannot assume a singular, 
linear alteration rate to explain the persistence of glass through geologic time for all 
glasses. Schminkc et al. (1978) postulate that a scaling process has preserved glasses 
in the deep ocean sediments. Muffler e' al. (1969) suggested that calcitc precipitation 
has protected the glasses found at the Hound Island volcanics from alteration. Keith 
and Staples (1985) observed that sealing could also account for the preservation of 
glasses that are 35 to 55 million years old found in the Silctz River volcanics or 
western Oregon. 

SECONDARY MINERALIZATION 

Zeolites, smectites, and calcitc ate the most common minerals associated with 
palagonilization. Analcime, phillipsiic, and chabazile are the most commonly 
observed zeolites (Jcrcinovic and Ewing. 1987) and it is likely that the particular 
zeolite formed is a function of glass composition, fluid composition, and temperature. 
Mordcnitc, hculandite, slilbitc, and cpistilbitc arc found in tholciite basalts 
(Kristmannsdouir, 1978) whereas chabazitc, ihomsonitc, and mcsolitc-scolcciic arc 
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found in (he less siliceous olivine-tholeiite basalts. Mordcnitc, hculandile, stilbitc, 
cpistilbiic, chabazite, thomsonite. and mesolite-scapolitc are found where 
temperatures were less than I00°C whereas they are replaced by laumontite in the 
temperature interval of (00 to 120°C (Krislmannsdottir, 1978) and all zeolites 
disappear above 230°C (Tomasson and Krislmannsdottir. 1972). 

Chlorite, montmorillonitc, Fc-saponiic, and nontronite are the inost commonly 
observed clays associated with palagonitization. Nontronr.te, as well as celadonitc. 
appear to form at low temperature in the deep oceans and under oxidizing conditions 
(Kurnusov ct al., 1982) whereas saponite forms at higher temperatures under non-
oxidativc conditions (Stakes and O'Ncil, 1982). Chlorite is found in only those glasses 
that have been hydrothermally altered {Tomasson and Kristmannsdouir, 1972). 

JCC STUDY OF BASALTIC GLASSES FROM ICELAND AND THE DEEP 
SEA 

This study (Jcrcinovic and Ewing, 1987) focused on the alteration process and 
products from natural basaltic glasses. Amorphous leached layers were examined 
using analytical electron microscopy (AEM) which revealed that Ihc leached layers 
arc not completely amorphous, but contain a relatively high proportion of crystalline 
phases, primarily as smcctite-typc clays. In addition there were found channels 
through the layers which provide access for solutions to react with the fresh 
glass/alteration layer interface. Jcrcinovic and Ewing conclude that glasses are not 
"protected" from further reaction by the formation of a surface layer. 

Corrosion rates were not readily extracted from the examination of natural 
samples owing to the fact that the contact time cf the solution with the glass was 
difficult to establish accurately. Nevertheless the authors concluded that there was 
evidence that corrosion proceeds at two rates: (1) an initial rate, k + . in silica-
undcrsaturatcd environments and (2) a long-term rate, k. in silica-saturated 
environments. This evidence is based on the long-term survival of glass or.ee buried. 
Pore fluids in buried oceanic sediments approach saturation with respect to silica. 
Jcrcinovic and Ewing felt that this was significant as it supported '.he fundamental 
premises of the GLASSOL model (Grambow, 1987), but also supports the notion that 
there is no change in corrosion rates over long time periods. The long-term 
corrosion rale estimated for natural basalt glasses exposed to sea water on the ocean 
floor was a minimum of 0.01 microns/1000 year. 

Basaltic glasses from submarine deposits near the coast of Iceland and from 
subglacial-volcanic drposils were analyzed for alteration. Palagoniic was the main 
alteration product regardless of (he environment or age of the sample, and forms 
rinds on the glass surface as a reddish, vitreous product. It is suggested by 
pctrographic examination thai palagonitization is iso volumetric, with the possible 
exception of some deep sea palagoniles that arc relatively concentrated in iron and 
depleted in silica. The subglacial-volcanic palagonites form a rind that is composed of 
colloidal material that could be natroniie. Jercinovic and Ewing observed that 
palagoniic appears to be amorphous by Scanning Electron Microscopy (SEM) and 
optical microscopy whereas Analytical Electron Microscopy (AEM) detects 
crystallinity and microsiructurc and zoning of these features as well as zoning in 
chemical composition within the palagonitc rinds. 
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Palagonite formed in scawatcr is enriched in alkalis and iron compared to 
palagonite formed in fresh water. The potassium enrichment for scawatcr 
palagonites suggest that they may be more like an illitc. There is some titanium 
depletion, especially in deep sea samples, relative to the parent glass for which the 
cause is presently not known. No major compositional difference was found between 
samples on the ocean floor collected by dredging or samples from oceanic drill cores 
suggesting that the drill core glasses may have undergone palagoniiization in the 
open ocean before burial. Nevertheless, there were found compositional gradients in 
the rinds which were more strongly developed in the palagonites that formed zeolites 
and were low in aluminum. The calcium and aluminum concentrations incrcas. 5 
toward the interior and later-formed parts of the rinds with iron and magnesium 
concentrations decreasing correspondingly. The gradients were thought to be due to 
the varying solution composition, such as pH, as hydrolysis of the glass takes place in 
a closed system. There was also found some zoning where zeolites were not associated 
with the rinds, but although similar in pattern the zoning was lower in magnitude. 

Jercinovic and Ewing observed that aluminum must be depleted in the rind 
relative 10 the parent glass in order Tor zeolites to form. Zeolites in general form in 
closed or nearly closed systems when flow rates are slow and following high reaction 
progress suggesting a high pH. It was observed that relatively thick rinds result from 
high dissolution rates at correspondingly high pH, or if the glas" was subjected to 
very long exposure to the solution. If significant aluminum is leached during 
palagonitization accompanied by a large water/glass ratio, zeolites Tiay not form. It 
was found that saponite will precipitate before zeolite if the release rate of 
magnesium + iron exceeds that of calcii-m during leaching. Although phillipsitc is 
not common in zcolitized Iceland samples, it is present in some oceanic paUgoniti/rd 
glasses. The dominant zeolite in all the subglacial-volcanic glasses was chabaziie, and. 
for all glasses, anaicime was observed to be the last zeolite to form owing to the 
consumption of calcium and potassium by the earlier-formed zeolites in a closed 
system. Little mass loss occurs when zeolites aic formed based on mass balance 
calculations and elements required to form these auihigcric phases probably come 
entirely from glass dissolution. There was observed a net mass loss of silicon, 
magnesium, calcium, sodium, and potassium if zeolites or clays do not form. 

Jercinovic and Ewing concluded that the rind thickness of the palagonitc docs 
not correlate with age owing (o Ihc differences in lime of contact with the solution 
compared to the actual age of the sample. As was pointed out above, the rates of 
paiagon'iizalion will also vary as a function of pH and silica concentration in the 
solution. Minimum palagonilization rates were estimated to be between 0.01 to 1 
microns/lOOOycars and there were not any consistent differences in rind thickness 
between dredge and drill core samples despite the differences in silica concentrations 
in the interstitial waters compared to that in the sea water. 

ARGONNE STUDY OF BASALTIC GLASSES 

The alteration of natural basalt and nuclear waste glasses was studied by the 
University of New Mexico and Argcnne Nalional Laboratory (Bycrs, el al., 1986). 
Workers s' the University of New Mexico characterized the reaction products 
associated with a variety of natural basaltic glasses and described in detail Ihc 
alteration process of fresh glasses to those coated with authigenic materials. ANL 
conducted experiments attempting to mimic the natural alteration process using 
synthetic glasses of basaltic composition. Where the glasses were subjected to water 
vapor at temperatures above 90°C there was found a similarity in alieration to that of 
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the natural glasses altered in the natural environment. In addition a similar 
alteration process was found when synthetic nuclear waste glass (SRL 165) was 
subjected to similar conditions. Tlw conclusion vas that both the natural alteration of 
basaltic glass and watcr-vspor experiments can be used as an analytic in assessing 
the durability of HLW glass under conditions as could be found in a repository. 

Samples of basaltic glasses collected included those altered by scawater, and 
fresh water (lakes, streams, groundwater, and glacial melt). The glass occurred as 
rims on pillow basalts or as vUric tuff, agglomerate, breccia, or icphra deposits 
(hyaloclas itc). Ages of the samples ranged from recent to 350 million years and glass 
compositions ranged in silica content from 45 to 55 wt % and alkali oxide content 
between 2 and 5 wt %. Both the glasses and the alteration products were analyzed with 
the aim of determining the physical, mincralogical, and chemical results of 
palagoniti/.ation. The results of these studies showed thai the glass alters to first an 
amorphous reaction layer (palagonite) followed by some degree of secondary mineral 
formation. It was difficult tr. correlate the amount and rate of palagonitization with 
specific geologic conditions, but it was found that the reaction progress is a function 
or both time and temperature. General conclusions reached by Bycrs cl al. include: 

All samples were palagoniiiy.cd to some degree regardless of 
environment or age and palagonite was found to replace barakic glass on exposed 
surfaces si,ch as pillow sur^ccs, grain ".dgrs aiong fractures, and vesicles. In some 
cases the only secondary alteration product observed was palagonitc, which 
composiiionaliy resembles succlile - Fc-saponilc or nontronilc. 

Si, Mg, Ca, Na, K, and Mn arc depleted in the palagonitic rind relative to 
the glass in fresh water settings whereas in seawater environments the rinds are 
enriched in K and total alkalis. Generally, the titanium and iron arc immobilized in 
the rinds as sparingly soluble oxides. Al can be depleted in some rinds and enriched 
in others, but depleted Al rinds arc often accompanied by silica enrichment relative 
to the glass composition. 

• The most-common alteration minerals are clays which occur as a 
replacement of the palagonite and as cement. The clays observed arc smecliic-
kaolinite clays and Fc-rich smcctilies. Fc-saponitc is found in samples of all 
environments and ages and is the most commonly found clay. Although clays arc 
fovnd in samples that arc relative!*' little pa.agoniiizcd, wheic there clearly is a 
contribution of material from the solution or non-glass sources. In general Ihc 
composition of the clays represent the relative proportions of material leached from 
the glass. The next most common authigenic minerals are zeolites and calcite. The 
compositions of the zeolites reflect the propoiJons of elements released during 
patagoniti/ation or that remaining after the formation of days. The formation of 
zeolites docs not appear to be directly related to the amount of glass reacted owing to 
the fact that if Ca and Al arc not dissolved during the patagonitizalion process cr 
when clay replaces palagonite, zeolites do not form, 

• The rates for low-temperature alteration of glass which were cstirmicd 
from the correlation of thickness and age for rinds from samples collected in 
subglacial volcanoes in British Columbia and Iceland arc 3 to 10 micromcicrs/1000 
yearn. These tales were considered to be minimum rales as the actual exposure time 
arc not known. 
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Basaltic glass that was reacted in water vapor at elevated temperatures (>90°C) 
formed first an amorphous layer and then secondary minerals formed which included 
a smectite-typc- clay, acaJcjme, gyrolilc, lhomsonite, aragonitc, and reyeriic. These 
same secondary phases had been previously identified in natural samples. There was 
extensive depletion of alkalis: relatively high depiction of Si, Al, and Ca; and, 
immobilization of Ti and Fe - all consistent with natural patagonilization. 

When the SRL 165 glass was reacted with hot water vapor, the results were 
similar to that of the basaltic glass with the exception that the rate of reaction for the 
SRL 165 glass was greater than that for the basaltic glass. Despite the differences in 
rates, the ANL group concluded that the same processes that control the vapor-phase 
alteration of the SRL 165 glass are also the processes that control the vapor-phase 
alteration of the basaltic glass owing to the similarity in alteration products and their 
compositions. 

Byers ct al. concluded that natural glass alters first to palagonitc and then to a 
series of aulhigcrtic minerals. However the correlation of palagonilizaiion and 
geologic conditions was difficult to generalize because of the variability of the 
environmental conditions with time. There was observed a similarity in the 
alteration of natural basaltic glass, synthetic basaltic glass, and nuclear waste glass 
(SRL 165) and therefore the natural alteration of basaltic glass can be used as an 
analogue for assessing the performance of HLW glass insofar as placing approximate 
limits on the extent of reaction and to model alteration as a function of environmental 
conditions. It was also concluded that Ihc laboratory tests involving the reaction of 
HLW glass with water vapor at high temperatures can serve to simulate the effects of 
long-term subacrial alteration that would be expected for these glasses in a 
repository. 

RECOMMENDATIONS FOR FURTHER STUDY 

The search for a better scientific understanding of the dissolution of natural 
glasses should continue by the employment of the three approaches utilized in 
previous studies: 

• inquiry by careful observation of natural processes in the field; 

inquiry by physicochcmical experimentation in the laboratory and in 
situ; and, 

• inquiry by theoretical modeling. 

It is not expected that any one of these approaches can fully explain the details of a 
system or process. Nevertheless, scientific inquiry by means of such a iri-pronged 
attack generally exceeds the sum of the individual components in producing 
meaningful results. 
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FIELD STUDIES 

Two different types of field studies arc proposed: 

I) Search Tor well-constrained natural analogues. This work would 
place emphasis on the collection of well-constrained samples with respect to age, 
homogeneity of the glass, constant composition of fluid with time, total immersion, 
etc. This probably can't be accomplished by a review of the literature, but will entail 
considerable field work and in all likelihood drilling activities For example, sample 
quenched flows in Hawaii for datable carbon content as well as an eye towards 
constancy in fluid flow and composition over time, glass homogeneity, etc.. Owing to 
the proposed composition of the waste glass, this study will focus primarily on natural 
basaltic glasses as they are similar in composition to that of the waste glass. It will be 
required to chemically analyze the unaltered glass, fluid, and the composition and 
relative amounts of alteration products. The latter will require considerable 
development work in analysis owing to the fact thai present state-of-the-art methods 
arc generally not capable of identifying phases in extremely fine-grained or cryplo-
crysiallinc material. 

[t has teen proposed (W. L. Bourcicr. pers. cornm., 198S) that gcothcrmal holes 
drilled near Kiluuca could be studied with respect to natural analogues for glass 
dissolution. The fluid phases have been collected and analyzed in some detail by 
Thomas (1987), but relatively little has been done in characterizing the solid phases 
which include altered basaltic glass. Bottom hole temperatures range from 320-370°C 
and alteration minerals include zeolites, clays, chlorite, and cpidotc. Following 
characterization of the solid phases, Bourctcr points out that gcochcmical modeling 
could be validated by correctly predicting the observed paragencsis. Bourcicr also 
notes that there arc some problems with the Kilauea site including the lack of age 
control on the lava flows and the inability to correlate fluid samples with specific 
rock horizons. 

It has been proposed (H. F. Shaw, pcrs. coram., 1988) that the collection of glass 
formed by underground nuclear tests could prove useful. Some tests were performed 
below the water table and some have been subjected to water interaction over 20 
years. There arc three major drawbacks to this idea: (1) sampling would involve 
relatively expensive drilling costs, (2) the glass could be loo rich in silica lo be 
directly compared to the proposed HL'VV glass composition, and (3) the thermal history 
is complex in that there was a high-tempcraturc period following the detonation of 
the nuclear weapon followed by a cooling period and finally a period of ambient 
temperatures. Most of the glass alteration would have presumably taken place during 
the higher-temperature period. Nevertheless, we would know the composition of the 
flowing fluid would have been constant and that the temperature of (he system has 
not changed after the glass cooled - putting some constraints on these samples where 
it might be difficult to do likewise for natural basaltic samples. In addition, 
radionuclide migration could be monitored. 

It could also be useful to extend the work of previous workers in regards to field 
collections of medieval, man-made glasses. Samples would be sought out that vary in 
composition, age, and that were subjected to varying environmental conditions. This 
work could provide a crucial time link from laboratory tests of a year or so duration to 
basalts thai arc hundred of thousands lo millions of years old. 

1 1 



2) Quantitatively evaluate the survival rates of natural glasses in 
the environment. I noted that a histogram of observations of 245 dated volcanic 
glasses in the western United Slates is exponential in shape with the vast majority of 
glasses being quite young, less than 3 million years old (Ewing, 1979). If the 
following rather, broad assumptions arc made: 

• The observations are proportional to the actual amounts of glasses of 
different ages. 

• Glasses disappear solely by burial or dissolution. 

Devitrification is not a major destruction mechanism for glass owing to 
the very slow diffusion rates to form microcrystallites at low temperatures. 

• Vulcanism and the amount of glasses produced has been constant over 
this time period in this region. 

The decay curve of glass dissolution would represent a dissolution rale for gcological-
avcraged-ovcr-timc conditions for "average1' glass compositions. Or, one could view 
this curve as representing the probability of finding glasses of certain ages, or the 
probability of glasses surviving for certain time periods. Data to be collected to put 
this idea on firm footing would be the production and present abundance of volcanic 
glasses over the past 50-100 million years. 

EXPERIMENTAL STUDIES 

Two broad types of experimental studies could augment and complement 
previous experiments on glass dissolution conducted over the past 50 years: 

1) Experimental studies that provide quantitative information on 
the dependency of glass dissolution on the composition of the glass. A t 
present there arc few well-constrained experiments regarding the dependency of 
glass dissolution on the composition of the glass. It may be that gcochcmical modeling 
will not be possible without such a data set owing to the fact that such compositional 
data will probably be required to build realistic theoretical models. In addition should 
the composition of the proposed HLW glass change markedly, compositional data will 
allow long-term predictions of glass durability for the new glass composition^) 
without having to repeat experiments for each composition. 

2) Experimental studies on the dissolution of natural basaltic glass. 
It will be required to conduct further hydrothcrmal alteration experiments on 
unaltered natural basaltic glass and to identify the composition, and relative amounts 
of alteration products as well as monitor the composition of the solution. These 
experiments are necessary to assess the suitability of accelerated (e.g.. higher 
temperature, high or low pH, large water/glass ratios, high glass surface areas, etc.) 
tests in modeling long-term dissolution rates. 

THEORETICAL STUDIES 

Two broad areas of theoretical studies are proposed: 

1) Geochemical modeling. One approach to studying the dissolution of 
glass is to experimentally determine the rates of dissolution as a function of various 
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parameters: pH, temperature, aqueous silica concentration, etc. Although this 
approach may be useful to guide theoretical modeling, it is clear that this approach 
cannot be used alone to make long-term predictions of glass dissolution rates. Large, 
multi-component gcochcmical systems arc simply not amenable to analysis based on a 
few variables. All variables, in general, must be considered simultaneously. 

Improvements in conceptual models for glass dissolution must be made for any 
meaningful modeling computations. For example one model is that the early stages of 
glass dissolution is characterized by rapid dissolution of alkalis from the surface 
owing to activated surfaces and a ready supply of the more soluble components of the 
glass at the surface. This is followed by the buildup of a palagonitic rind layci 
(diffusion controlled) until the rind thickness becomes constant and dissolution is 
then controlled by transport through the rind. Transport across this rind becomes 
more difficult and glass dissolution rates decrease. Questions <o be answered to 
substantiate this model includes: 

• Is a constant thickness rind layer achieved with time observed in 
experiments or in natural glasses? 

• Docs the rind layer become increasingly impervious with time? 

• What is the interrelationship between diffusion in the glass and mass 
transport across the rind layer? 

' Is diffusion an important process in the rind layer, across the rind layer 
at later stages of dissolution maturity? 

• Can the early gel-like rind layer be characterized thermodynamically? 

It is clear that the rate of interaction between a glass and a fluid depend on 
several physical and chemical parameters. The composition of the glass and fluid, the 
surface area of the solid, the water-rock ratio, and the temperature and pressure are 
obvious candidates la consider regarding dissolution rates. Much has been made of 
the fact that glass is not a stable phase and is somewhat different from other solids 
that arc weathered on the earth's surface. In fact all igneous and mctamorphic and 
most sedimentary rocks in the near crustal environment arc in disequilibrium with 
their surrounding environment and thus arc also not stable phases. It is thus 
conceivable that much is to be Icamcd regarding glass dissolution by looking at the 
work of others who have studied mineral-water reaction rales (e.g.. Wood and 
Walthcr, 1983). 

In 1983, Walther and Wood contended that the rates of mineral dissolution at 
high temperature for virtually all minerals from orthosilicatcs through tektosilicaies 
dissolve with essentially the same rate constant under near-neutral conditions when 
the rate constants were normalized to gram-atoms of oxygen per square centimeter 
per second which translates to multiplying each molar rate by the number of oxygens 
per mole. For glasses wc would have to determine how to normalize the experimental 
measured rates of dissolution, ft is apparent that, in general, the rates of dissolution 
are less for glasses that contain oxide components with a greater proportion of 
oxygen. For example silica-rich glasses dissolve more slowly that glasses rich i:i 
alkali or alkaline earth oxides. 
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At 25°C, Walther and Wood (1986) propose that there is a relationship between 
the reaction rate and the relative entropies per unit volume or gram atom of oxygen. 
It was observed that minerals v'lh high entropy per unit volume (S°/V°) dissolve 
more rapidly than those with low entropy per unit volume. As above the rates were 
normalized to a constant gram atom of oxygen basis. Although the correlation 
observed by Walther and Wood was far from perfect, the approach may be useful in 
interpreting the dependency of glass dissolution rates on the composition of the glass. 
As interpreted by WaHhcr and Wood, their correlation of reaction rates with entropies 
is based en the fact that different silicates produce different concentrations of the 
activated surface complex and that the most unstable silicate (that with the greater 
entropy) produces the more abundant activated complexes. Thus the more unstable 
minerals will dissolve at higher rates than the more stable minerals because they 
produce greater concentrations of activated complexes on the mineral surface. Glass 
components with lower entropies per volume, in general dissolve more slowly than 
those components with higher entropies per volume with a few exceptions (e.g., MgO 
seems "out of order"). 

A comparison of EQ3/6 (Wolery, 1979) calculations involving 91 day leach 
waters from SRL-165 glass and glass of basaltic composition indicated general 
agrcciiicnt. The same components were chosen as those by Bourcicr (1988). 
Components were chosen similar to that of "hydration theory thermodynamic model" 
of Paul (1977), but picked so that they had the same coordination number of the metal 
as that in the glass. Mctamorphic phases such as andalusite and wollastonitc were 
thus included despite the fact that these phases are not expected phases to crystallize 
from melts of basaltic composition. In addition preliminary calculations were made 
involving J-13 water and basaltic glass and SRL-165 glass at 90 and t50°C using Gt (C. 
Bclhke, 1988). Again there was genera) agreement between the types of glasses. In 
this case oxides were chosen as solid components. Despite these encouraging 
exploratory calculations, there arc problems to resolve in modeling glass dissolution 
which includes: 

How docs one choose components for the glass? Arc simple oxides as 
components realistic, or mctamorphic phases? Perhaps CIPW normative phases would 
be more realistic. Or phases that would be expected to crystallize out of glass or 
basaltic composition. It could be fruitful to look into following an approach similar to 
that used by modelers of high temperature crystallization from a melt (e.g., Ghiorso, 
1987; Berman and Brown, 1987), but in this case reacting the glass with a fluid phase 
at lower temperatures. 

• Arc the chosen components part of a solid solution and if so how is it 
modeled? 

• How does one account for the differing rates of dissolution for these solid 
components? 

• Are there sufficient thermodynamic data available on the components in 
the glass, secondary stable phases formed, and unstable gels formed? 

2). Assessment, development, and use of theoretical methods for 
estimation and correlation of thermochemiea! data. T h e o r e t i c a l 
investigations that predict tncrmochcmical sysiemaiics and properties arc essential 
since the potential experimental test matrix is too prohibitively large to allow 
laboratory measurements to be made for all needed thcrmochcmical data arid also 
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provide a means for estimating thcrmochcmical properties where experiments are 
difficult or impossible to conduct. There is presently insufficient thcrmochemical 
data to allow comprehensive modeling of glass dissolution in nature or in the 
laboratory. Hence it is not presently possible to use geochemicaf modeling computer 
codes such as EQ3/6, Gl, or PATH, in predicting or estimating the long-term durability 
of the glass waste form. 

Most of the thermodynamic data for common minerals presently used in 
gcochcmical computations are from the compilation by Helgeson ct al. (1978) and do 
not take into account recent experimental results. In addition Hclgcson and co
workers used multiple linear regression in deriving their datasct which results in a 
sensitivity to the order or path of data analysis. All experimental results involving a 
given phase therefore do not necessarily contribute to the refinement of the 
thermodynamic properties for that phase. Mathematical programming methods 
(Bcrman, cl al. 1986) that extended the linear programming approach of Gordon 
(1973) have been used to update part of the thermodynamic data set for minerals 
utilizing recent calorimetric and phase equilibrium data. This new set of internally 
consistent thermodynamic data for minerals (Bcrman et al., 1985; Berman, cl al., 1986; 
Brown, pcrs. comm., 1988) differs in part from the earlier data set for minerals of 
Hclgcson ct al. (1978). There presently needs !o be a careful evaluation of these data 
in order to select which thermodynamic data for minerals are to be used in modeling 
calculations. 

It ii equally important to know the thermodynamic properties of aqueous 
species associated with rock-forming minerals and are commonly found in 
groundwaters as well as those of radionuclides in order lo calculate solubilities. As is 
the case with laboratory determinations of thcrmochemical properties of minerals, 
the test matrix to determine experimentally all the necessary thcrmochemical 
properties for species of interest is prohibitively large. It is therefore often 
necessary to rely on theoretical models to predict thcrmochemical properties in cases 
where data is lacking or difficult or impossible at this lime lo measure. The principle 
of corresponding states (e.g., Criss and Cobble, 1964) that represents thermodynamic 
properties at a given temperature and pressure as lines:' functions of the 
corresponding property at another temperature and pressure is very useful where 
there is extensive experimental data set. Where such an cuicnsivc experimental 
datasct is lacking, application of scmicmpirical elecirosiaiic/nonclccirosialic models 
and continuum theory to describe thermodynamic properties can be employed (e.g., 
Hclgcson, cl al.. 1981). Both approaches could be used to evaluate recent experimental 
data and to refine the ihcrmochemical parameters needed to carry out gcochemicat 
.nodding compulations. Evaluation of the data would in addition provide 
improvement in concepts as well as algorithms that represent fundamental 
parameters of aqueous species. 
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