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RADIONUCLIDE RELEASES FROM NATURAL ANALOGUES OF SPENT NUCLEAR FUEL

D.B. Curtls, J. Fabryka-Martin, P. Dixon, R. Agullar, and D. Rokop
Los Alamos National Laboratory
J. Cramer
AECL Whiteshell Laboratory.
Abstract: Measures of 99Tc, 129), 239py and U concentrations in rock samples from uranium
deposits at Cigar Lake and Koongarra have been used to study processes of radionuclide release from
uranium minerals. Rates of release have been immeasurably slow at Cigar Lake. At Koongarra release
rates appear to have been faster, producing small deficiencies of 9%Tc, and larger ones of 1291, The
inferred differences in radionuclide release rates are consistent with expected ditferences in uranium
mineral degradation rates produced by the differing hydrogeochemical environments at the two sites.

Introduction — Objectives and Approach

Radioactive nuclides are produced in the earth by nuclear reactions. In some geologic settings
abundances of these nuclides can be measured by modern analytical methods, and the results used to
further our understanding of nuclear and non-nuclear processes in the geologic environment. Rocks
containing abundant uranium have high concent:ations of natural nuclear products. Uranium is the pri-
mary source of neutrons that induce many of the nuclear reactions, and it is the parent of many of the
reaction products. Among these are 997¢ and 129), fission products produced by spontaneous and
neutron-induced uranium fission, and 23%Pu praduced by neutron capture of 238y,

Materials conta'ning radionuclides produced exclusively in-situ by nuclear reactions will achieve a
state of nuclear equilibrium in which these radionuclide abundances are functions of rates of production
and decay. Such a condition will be referred to as secular equilibrium, to emphasize the anaiogy with
the more familiar condition established by decay of naturally radioactive long-lived parent nuclides to
shorter-lived radioactive progeny. Systematics of natural nuclear processes are understood and in
principle can be used to predict radionuclide concentrations at secular equillbrium. We are measuring
abundances of radioactive nuclear products in sampieg from uranlum deposits and comparing them with
abundances predicted ai secular equilibrium to characterize the timing, rates, and chemicai effcct of
processes affecting the release of radionuclides from uranium minerals In ditferent geochemical and
hydrologic environments.

If samples contaln secular equllibrlum abundances, one can draw the following conclusions regard-
Ing non-nuclear processes in the system: 1) No process has Impacted the system from a time In the
past equivalent to several daughter half-lives to the present; or 2) the process rate was significantly
slower than the radionuciide production rate; or 3) the process did not seiectively add or remove the
daugher element rgiative to the parent.



It abundances ot radioactive natural nuclear products are not at secular equilibrium: 1) The system
has been disturbed within the tima domain of the nuclear process: and 2) the process rate was faster
than or comparabie to the radionuclide production rate; and 3) the process selectively added or
removed daughter relative to the parent. We characterize the state of secular equilibrium by calculating
a disequilibrium factor (a) by normalizing the measured daughter/parent ratio to the daughter/parent
ratio at secular equilibrium. Disequilibrium factors are exactly analogous to daughter/parent activity
ratios used in characterizing disequilibrium between radionuclides in uranium anu thorium decay chains:
Unity indicates a condition of secular equilibrium. Values greater than or less than unity represent sys-
tems in which there have been, respectively, a relalive enrichment or depletion of daughter relative to
parent. As with uranium/thorium decay series, interpretations regarding non-nuclear processes from dis-
equilibrium of nuclear products are often ambiguous. We seek to minimize ambiguity by working in well-
characterized hydrogeological, mineralogical, and geochemical systems where knowledge of conditions
constrains interpretations of chemical and temporal effects associated with release of radionuclides.

Natural analogues of repository processes

Aqueous transport from a repository to the accessible environment is a scenario common to perfor-
mance assessments of geologic repositories for radioactive waste. In the Sandia Total Safety
Performance Assessment (TSPA) (1), such.a scenario is developed by consilering "well-defined con-
nected sequences of features, events, or processes. Features [boundary conditions] are the geologic or
hydrologic properties of the site or system which are expected 0 be durable. Processes ['the physics']
are phenomena that have gradual continuous interactions with the system. Events {initial conditions or
forcing terms] are occurrences that have a specific starting time (and usually a duration shorter than the
time being simulated).” An aqueous transport scenario is simulated by mathematical descriptions of the
operative "processes” given the "features” of the proposed repository site. Predictions of cumulative
releases 1o the accessible environment, expressed as probabililty distributions, are measures of perfor-
mance resulting from these coupled models.

The TSPA describes a model hierarchy in which probabilistic estimates are produced by models
near the top of the hierarchical structure. These are supported by mechanistic process models that lie
nea: the bottom of the hierar .hicai pyramid. Process models "are indispensibie in achleving the detailed
understanding needed for the NRC and the DOE to feel reasonably assured that Ihe repository will
behave as predicted....models higher in the pyramid must be firmly grounded on the lower models
because they must successfully reproduce all the phenomena that are significant to the performance of
the total repostitory system.”(1). Source term models cakulate radionuclide reieases from the engl-
neered barrier system and near fisid environment into the far fleld region (1, 2, 3). They are developed
frum conceptual piocesses that Include radionuclide release to water by waste form degradat!on in near
field environments. "Upon contact with water, radionuclide reieases may be constrained by the solubiiity



ot the UOo matrix, the solubility of the radionuclide-bearing precipitate, or the rate of physicochemical
alteration of the UO, matrix. Which of these processes is, in fact, limiting will depend on factors such as
the chemistry cf the given nuclide, the abundance of the nuclide within the UO» matrix, the chemical
composition of the contacting water, the temperature, and. in particular, the redox potential.” (1).

In the TSPA, radionuclide releases are caiculated using a range of solubilities determined from lato-
ratory sludies and model calculations. Matnx alteration rates are parameterized by a log-uniform distrib-
ution bounded by results of spent fuel leaching tests. Values were chosen to represent “features” of a
potential repository at Yucca Mountain, Nevada.

Natural Analogue Fleld Sites

We are diagnosing processes of radionuclide release from uranium minerals in geologic environ-
ments by characterizing abundances of 99Tc, 129, 239py_ and U in rock and water samples from Ihe
uranium enriched system. We are nol attempting to study geologic settings that duplicate the "feature~”
at a specific repository site. Rather we are attempting 1o determine if process characteristics inferred
from our observations are consistent with those considered in performance assessment models under
the conditions of the geologic setting that is being studied.

Our current work considers two sites representing a range of geologic, hydrologic, and geochemical
conditions. Cigar Lake is a chemically reduced ore body 450 m below surface at the contact between
Middle Proterozoic (1.5 x 10° yr) sandstone and Lower Proterozoic/Archean metamorphic basement in
the Athabasca Basin of northern Saskatchewan, Canada. Thick lenses of high-grade uraniur occur in a
clay-rich mineralized zone. Uraninite (UO2,x) is the principal uraninm bearing mineral: Two types are
distinguished by texture and abundances of lead, silicon and less abundant elements. Much smaller
quanitites of uranium are contained in the silicate mineral coffinite. Petrographic properties show evi-
dence of uranium mineral alteration in Cigar Lake ore. Alteration is probably the consequence of
hydrothermal events of >1 o’/ yrs ago (4). Howaever, coffinite petrogenesis is complicated, and it is possi-
ble that minor quantities of that uranium silicate mineral may reflect low temperature uraninite aiteration
in the ore zone.

Koongarra I8 a near surface uranium deposit conformable within steeply dipping quartz-chlorite
schists of the lowar member of the Cahill Formation In Northem Australia. The deposit can be most
generally characterized as two zones; highest grade ores occur In unweathered schist at depths
between 30 and 100 m (5). Uranium mineralogy In the desp zone can be attributed to uranium loss from
primary uraninite, with the resuitant radlogenic lead enrichment, and to formation of secondary minerals,
principally secondary uraninite, uranyl, and lead uranyl sllicates (6). Secondary minerallzation occurs In
a near-surface zone of weathered schist. Uranium In this zone has been altered and dispersed by
groundwater. Secondary uranium mineralogy Is a compiex and divurse assemblage dominated by
uranyl phosphates. Uranium dispersed down the hydrologic gradient Is primarlly associated with Iron



and manganese oxides (5).

Hydrogeochemistiy of the two sites is also quite different. The Cigar Lake mineralized zone, nver-
lain by a highiy permeabte sandstone aquifer, has a characteristic low permeability so that groundwater
flow is largely deflected over and around it. Any flow through the mineralized zone will be fracture con-
trolled. Water samples from the ore zone can be characterized as dilute, neutral to alkaline, and reduc-
ing, containing uranium concentrations on the order of 10 ppb (7). The aqueous chemistry appears to
be controlled by interaction between sandstone formation water, and rocks in the hydrothermal alteration
halo and the underlying ore body (8).

Hydrology of the Koongarra ore zone is complex. The weathered schist is a laterally variable
aquitard between surficial sands that act as an unconfined aquifer in the wet season, and a partially con-
fined fractured-rock aquifer in the deep, unweathered schist. Water levels show dramatic yearly, daily
and semidiurnal fluctuations (9). Water chemistry at Koongarra is variable with systematic changes as a
function of depth (10). Relative to that from Cigar Lake ore, Koongarra water is more acidic, and much
more oxidizing. Bicarbonate concentrations are 5-10 timas greater, and phosphate concentrations are
orders of magnitude greater. Uranium concentrations are variable but typically 20 times greater in the
Koongarra weathered zone and 5 times greater in the deep zone than in the Cigar Lake ore zone. "The
origins of the present-day waters can best be attributed, from a puraly chemical standpoint, to vertical
recharge by rainwater that progressively evolves by reaction with the chiorite schist....” (10).

As high-level radioactive waste analogues, Cigar Lake and zones at Koongarra might be thought of
as "snapshots” in time representing prograssive oxidative alteration and dissolution of spent fuel in
response to exposure to oxidizing meteoric groundwater. Uranium mineralogy in the ore bodles Is simi-
lar to the "interpretative paragenetic sequence” observed in laboratory experiments characterizing urani-
um release rates from extended exposure of UO5 to dripping oxygenated water (11). Our work couid be
considered as a similar experiment in which we are characterizing radionuclide releases from uranium
bearing minerals over geologic times rather than laboratory times. There Is the obvious disadvantage of
having to infer naturai experimental conditions.

Nuclear Reaction Product Abundances

Uranlum, 997¢, 129), and 239Py abundances in samples from uranium deposits at Koongarra and
Cigar Lake are presented in Tables 1, 2, and 3. Technetlum abundances were measured by isotope
dilution mass spectrometry (12). Quantities measured in samples and blanks are presented In Table 1
to show the effects of contamination Introduced during analyses on final results. These data show that
the smallest quantity of technetium measured in samples was four times higher than the detection limit.
The latter is defined as three standard deviations in the distribution of quantities of technetium mea-
sured In blanks. Technetium concentrations, in Table 1, have been corrected for Ihe average quantity of
technetium measured in blanks. Uncertainties reported for measured 99Tc/U are calculated from the



Table 1. Technelium in Uranium Ores

E - - —_ - J
Measured Values Calculaled Value

Uraniurn 9971c 997c¢ 9971 Secular 99Tcu Disequilibrium
Sample 1D WL % pg pg/g Atomic x 1012 Atomic x 1012 Factor (Qy.)
Ctgar Lake
CS-627 23.2% 0.60 0.16 1.7+£04 1.9 £ 0.1 09 +0.2
CS-604 45.3% 3.65 0.38 20+ 04 22+ 0 09 $02
CS-609 6.7% 3.56 038 135+ 28 1.7 £ 0 80+1.7
wa3C 46.8% 1.22 0.40 21104 18102 1.2 £ 03
Koongarra
G-4674 11.5% 0.72 0.07 1503 19 +0.1 0.8 £0.2
G-2698 19.1% 112 0.12 15 £03 1.9 £ 09 08102
Standard
BL-5 7.09% 0.40 0.03% 1.3
BL-5 7.09% 0.68 0.060 20
BL-5 7.09% 0.53 0.052 1.8
Average BL-5 1.7+ 04 22 £ 0.1 08 +02
Blanks
Mauna Loa Basalt 0.15
Mauna Loa Basah 0.12
Mauna Loa Basalt 0.05
Mauna Loa Basah 0.06
Cigar Lake Sandstone 0.08
Reagent 0.05
Reagent 0.1
Reagent 0.06
Ave.Blank 0.08
Std. Dev. Mean 0.01
Std. Dev. 0.04
Detection Limit 0.11

percent standard deviation measured In triplicate analyses of Canadlan reference ore BL-5.

Measures of 239py reported In Table 2 were also made by Isotope dliution mass spectrometry (13).
Sample results that do not Inciude a measure of total 239Pu mass were reported previously (14). Newly
reporied results have been corrected for the blank values presented in Table 2. All 239Py concentra-
tions have been corrected for appropriate blanks. The two data sets may be judged by comparing abun-
dances measured In aliquots of BL-5 analyzed In conjunction with each. ARlthough derived In differen|
ways, the magnitude of uncertainiles In all results are comparable, and provide a consisient measure of

data quality.



Table 2. Plutonium in Uranium Ores

e - JR I
Measured Values Calculated Value
Disequilibrium
Uranium 239, 23%,, 2%y secular 239y Factor (p,)

Sample ID Wt % P9 pPo/o Atomic x 1012 Atomic x 1012 Value Range
Cigar Lake _
CS-615 51.5% 20.0 4.1 7.9 t 09 6.1 £+ 0.8 1.3 0.65-2.6
CS-604 45.3% 16.6 5.1 113 ¢t 01 59 + 08 1.9 0.95-3.8
£5-6208 44.7% 5.0 1.9 42 + 06 66 £ 1.0 0.6 03 -1.2
Wa3A 408% = - 1.2 3.0 t 02 32 t08 0.9 n45-1.8
wa3ac 468% - 1.3 28 £ 02 32 +08 0.9 045-1.8
CS23sL 54.6% 1.0 1.9 + 01 32 +08 0.6 03 -1.2
Koongarra :
G-4674 11.5% 0.2 1.4 £ 0 25 0.7 0.6 03 -1.2
G-2698 191% - 0.5 26 £ 0. 3208 0.8 04 -1.2
Standurd
BL-5 7.09% 0.22 3.1 £+ 04
BL-5 7.09% 1.33 0.29 41 £ 05

0.26 36 £ 07 30 t05 1.2 06 -24
Blanks
Hi Purity Si 0.02
Reagent 0.02

lodine-129 results reported in Table 3 were measured by Isotope dllution accelerator mass spec-
trometry. All 129) data were previously reported and discussed in volume 15 of the Alligator Rivers

Table 3. lodine 129 in Uranlum Qres

P ]
Moasured Values Caiculated Value
Disequitlbrium
Uranlum 129) 129 Secular 128yy Facior (a))
Sample ID Wt % poQ Atomic x 1012 Atomic x 1012 Value Range
Clgar Lake
WBR3A 40.8% 0.41 18 £ 0.2 28 £1.0 0.6 03 -1.2
W83C 46.8% 0.71 28 £03 28 £1.0 1.0 05 -2.0
CS236L 54.6% 0.3 21 +03 28 £1.0 0.8 04 -186
Koongarra
Q-4674 11.5% 0.2 1.0 £ 03 3.7 t0.9 0.2 0.15-0.8

G-2608 19.1% 0.1 13 204 39 0.8 0.3 0.15-0.86




Modelllng Secular Equilibrium Ratios

Secular ratios in Tables 1, 2, and 3 are modet values catcutated using the Monte Cario Neutron and
Photon Transport code (MCNP) (16) to simulate nuclear production reactions in the geologic environ-
ments represented by the samples . Fabryka-Martin and Curtis (15) provide a comprehensive discus-
sion of results produced by nuclear reaction model calculations. Reported uncertainties of secular equi-
librium values reflect the sensitivity of calculated results to compositional variability in the geologic set-
ting from which the samples were taken. However, they do not reflect inaccuracies associated with the
model representation of the system. Calculations of secular 99Tc/U are relatively insensitive to the
choice of model because the largest portion of 99Tc is produced by spontaneous 238U fission, a
process in which secular 99Tc/U is independent of the environment. Consequently the 99Tc/U disequi-
librium factors (¢ in Table 1), have relatively small uncertainties and are good measures of the state
of disequilibrium between 997¢ and U. Spontaneous fission establishes a well defined lower limit for
sacular 99Tc/U; a measured ratio less than 1.57 x 10" 12 is unambiguously in a state of disequilibrium.

Determination of secular equilibrium 23%9Pu/U is more uncertain, Plutonium-239 s produced exclu-
sively by neutron capture by 238U at a rate that is dependent on the abundance and geometrical distrib-
ution of elements within about 50 cm of the sample of interest. Because it is difficult to assess the geo-
metrical configuration of critical elements in a heterogenous setting, it is difficult to assess inaccuracies
in secular 239Py/U valuss derived from models in which this configuration is a critical parameter.

Uncenainties in model predictions of secular 129)/U fall between the extremes represented by
997¢/u and 239Pu/U. Again, spontaneous fission imposes an unambiguous lower limit of 6.7 x 10-13
on secular 129U values. However in contrast to technetium, neutron-induced fission generally domi-
nates total 129) production in uranium ores. Thus, as with 238pu/U, predictions of secular 129U are
sensitive 10 inaccuracies associated with model representations of neutron induced processes in het-
erogenous environments.

We are developing a model independent approach to predicting 1291 and 238pu production rates by
using the ratio ° 8CuCI as an in-situ neutron monitor (15). In the meantime we are conservatively reflet-
ing uncertainties Introduced by inaccuracies In conceptual models, by arbitrarlly assigning ranges to dis-
equllibrium factors that include 0.5x to 2.0x the caiculaled 239Pu/U and 129U o values.

Interpretation of Radionuclide Equillbrium/Disequllibrium

A mathematical model may be constructed relaiing 99Tc, 1291, or 239py disequillbrium lactors to
radlonuclide ralease rates(17). If itis assumed that daughter/parent ratlos reflect a state of dynamic
equilibrium established by the nuclear processes and a continuous, non-nuclear first order proces
invoiving only daughter loss, then the reiationship between the rate constant for the non-nuclear process
(4), the radioactlive decay consiant for the daughter radlonuclide ( AD), and the disequilibrium factor (a)
is defined by equation {1).

A=dp(l-a)/a (1)



The assumiption of a tirst order process exclusively involving daughter loss is likely to be a reasonable
approximation if the quantity of released radionuclide is below the solubility limits of radionuclide bearing
solid phases, if the radionuclide is not coprecipitated with secondary phases, and if it has no sorptive
propertes. Both 99Tc and 129 are likely to meet these criteria in many natural settings. However, plu-
tonium has a high capacity for sorption in most geological settings(18), is likely to coprecipitate with ura-
nium and thorium bearnng minerals and thus may not conform with assumptions inherent in equation (1).
It is impossible to unambiguously determine whether radionuclide releases were continuous or
episodic. However, disequilibrium factors in a suite of selected samples from a well characterized site
may permit construction of convincing arguments regarding the nature of the release processes. For
instance, because of thair very different haif-lives, €39Pu, 99Tc, and 129 each probe a uniquely ditfer-
ent process rate domain: on the order of 10 yr'1, 106 yr'1, and 10-8 yr'1 respectively.
Conisequently, if processes releasing these radionuclides were continuous and first order with respect to
the daughter, only a few possible states exist: These states are summarized in Table 4.

Table 4. Allowed States in Continuous Process Model

e}

Process rate (yr'l) (o] aTe apy
A <5x108 1 1 1
5 x108<A < 1077 <1 1 1
5 x106ca <105 0 <1 1
5 x109<A < 104 0 0 <1
104< & 0 0 0

. - ]

Any other combination of disequilibrium values indicates that processes other than those being mod-
elled have been operative. Two simple possibilities: If 0 < &) = 0T¢ = Qpy < 1, 1t is likely to represent
uranium gain rather than daughter loss. Disequilibrium factors >1 indicate daughter gain or uranium
loss: If o = 0ty = 0tpy, > 1, 1t is likely to indicate the preferential loss of uranium.

The previously discussed imprecisicn In our ability to define disequilibrium factors constrains our
ability to characterize the state of equiiibrium of a system. We will consider a daughter/parent pair to be
in secuiar equiiibrium if the range of a includes unity.

Interpretation of Cigar Lake Resuits
Samples W83A, W83C, and CS235L were puiverized from a few cm lengths of roughlv 3 cm diameter
core provided by the expioration company. They represent undiscriminatcd samples of small volumes
of the Cigar Lake ore. The other samples were taken from a 6 m length of core 220 collected specitical-
ly for the natural analogue study. Pulp samples were prepared from lengths ranging from 3 to 55 cm of
the quartered core. Declsions regarding the length of core for sampling were based upon visual inspec-



tion of the lithology, mineralogy. and radioactivity. A large variety ot other studies have been done on
other sections of this core (19,.20). These are samples representing ore volumes with visually discern-
able common properties.

Within the precision of our ability to charactenize it, all but one of the samples from Cigar Lake
appear to be in 2 state of secular equilibrium with respect to all of the daughter radionuclides. The sin-
gle exception is CS-609 which appears to contain an enormous excess of 99T¢. The data is consistent
with the previously described first state of equilibrium in which A < 5x108 yr". Assuming that the
excess of 99T¢ is not an unrecognized analytical problem, it would suggest that aithough the rates of
release appear to be t0o slow to characterize by our methods, there has been a release of 997¢ from its
source, and a process of 39Tc concentration opera:ive in CS-609. The inference of impercepitably slow
release from minerals is consistent with processes that would be expected under conditions inferred in
the ore zone. ,

In a context of slow release, the huge excess of 9T1cina single sample reflects processes that
were concentrated 29 ¢ in a small volume of rock. Laboratory studies have shown that large fractions
of technetium can be removed from aqueous solutions by some minerals (21) Sulfides are particularly
effective in this regard. We could speculate that 99Tc enrichment was the result of mass transport by
fracture flow and enrichment by scavenging on sulfide minerals. Conjecture regarding the nature of the
process could be tested by characterizing the mineralogy and petrography of this sample.

Interpretation of Koongarra Results

Koongarra samples were ‘aken from pulp created by the exploration company from 1-2 meter sec-
tions of rock core. Consequently they represent poorly characterized macroscale samples oi the
regions from which they were taken. Sample G-2698 is a 1 meter thick sampling of the transition zone
between weathered and unweathered schist. In the shaliow portions of the sampled region there is blue
black pitchblende associated with strong hematitic alteration, and yellow secondary uranium minerals
enclosing relict pitchblende aimost wholly replacing schist. Deeper portions of the sampled region con-
tain sklodowskite and kasolite, uranium minerals characteristic of the unweathered zone (22). Sample
G-4674 is a pulp of about one meter of core from deep in the unweathered zone. It Is a sample of pri-
mary pitchblends hosted in crushed and slightly brecciated quartz chlorite schist (22)

We cannot distinguish any 239py disequilibrium in these samples. Our measure of disequllibrium
factors for 99Tc suggests barely percepuble deficiencies In 99Tc. However, e'en the poorly resolved
measures of 129 disequilibrium indicate significant releases of this radionuclide at Koongarra.
Significant releases of 129) are aiso manifest in elevated concentrations of this radionucilde in water
from Koongarra (15). All data from the two samples are consistent with a process of continuous release
at rates at the high end of the 129) rate domain, and the low end of the 99Tc rate domain. The inferred
release rate constant would then be on the order of A ~ 1077 yr".



Summary and Conclusions

We have presented the application of a technique to characterize the timing, rate, and chemical
effects of natural processes affecting the release, 'transport. and retention of natural radionuclides in the
geologic environment. The results show that such processes have been operative at some time
between the present and 108 years ago in uranium deposits in extremely ditferent geologic environ-
ments at Koongarra, Australia, and Cigar Lake, Canada. Model-dependent radionuclide release con-
stants from the uraninite-bearing rocks at Cigar Lake are < 5x10-8 yr“. The existence of operative
release processes at Cigar Lake have only been manitest in an apparent enrichment of 29Tc in one
sample from the ore zone. Given the observation of imperceptible rates of release, the 997¢ ennchment
manifests extremely eflective 32 Tc enrichment processes in that environment.

We discem no 239Py deficiencies, small deficiencies of $3Tc and larger deficiencies of 129) in sam-
ples from the unwea‘hered portion of the uranium deposit at Koongarra. The observations are consis-
tent with model process rates on the order of 10-7 yr-1. The faster release rates at Koongarra than at
Cigar Lake are consistent with expectations of differences in anticipated uraniui mineral degration rates
under the geologic conditions at the two sites. Low uraninite solubility in a reducing environment and
small water flux through impermeable rock would inhibit the rate of uraninite degradation and thus the
rate of radionuclide release in the Cigar Lake ore zone. At Koongarra higher mineral solubillties induced
by higher oxidation potentials and higher aqueous concentrations of carbonate and phosphate and
greater water fluxes would be expected to produce higher rates of uranium mineral degradation.

We conclude that our data are consistent with uranium mineral degradation being the radionuci.de
release rate controlling process. The model dependent release rates inferred in two very different
hydrogeochemical settings are more than an order of magnitude slower than those used as a minimum
limit for the spent fuel alteration rate in the TSPA (1).
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