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ABSTRACT
Two possible methods have been identified
for obtaining in situ retardation factors from
measurements of uranium-series disequilibria at Yucca
Mountain. The first method would make use of the
enhanced 23< «u/ 238 U ratio in groundwater to derive
a signature for exchangeable uranium sorbed on the
rock; the exchangeable uranium would be leached and
assayed. The second method would use the ratio of
222
Rn to 234 U in solution, corrected for weathering,
to infer the retardation factor for uranium. Similar
methods could be applied to thorium and radium.
I.

INTRODUCTION
Research at Yucca Mountain in Nevada, which is being studied as a potential
repository for high-level nuclear waste, is coordinated under the Nevada Nuclear
Waste Storage Investigations Project managed by the Nevada Operations Office of the
Department of Energy. Assessment of the potential consequences of such disposal includes
calculations of transportation of the various radionuclides through the surrounding geologic
media both under anticipated conditions of unsatured flow (<1 mm/yr) and under
unanticipated groundwater flow conditions. Interaction of the radionuclides with the
surfaces of the geologic host rock is expected to retard the rate of migration of the
radionuclides relative to the flow rate of water. Such interactions, often referred to as
sorption processes, are being extensively studied in laboratory experiments and may be
the subject of future field experiments. Data from laboratory or field experiments suffer
from a major shortcoming. The experimental time scale is constrained to very short periods
relative to the thousands of years during which migration from a repository might take

place. Geochemical processes are often very slow, especially at the moderate temperatures
and pressures near the surface of the earth. The chemical species present in solution may
change slowly with time; this may be important for plutonium, which tends to slowly form
colloids. The sorption behavior of the slowly formed species may be different from that
of the initial form, or there may be a variety of sorption sites, some of which are accessed
only slowly. Thus there could be considerable difference between a radionuclide's behavior
in a situation where migration is taking place over thousands of years and its behavior in
a short-term experiment.
The purpose of the present report is to discuss and evaluate the prospects for obtaining
useful "radionuclide retardation" data from studies of the distribution of the naturally
occurring radionuclides that make up the 238U, 235U, and 232 Th decay series. We will
focus on the 238U series in particular.
Natural uranium contains 99.3% 238 U, which has a half-life of 4.5 x 109 yr and
decays by alpha emission to 234 Th. The recoil energy imparted to the 234 Th atom is
sufficient to dislodge it from sites near the surface of a solid. The 234 Th decays with a
24-day half-life to the 250 000-yr 234 U, passing through short-lived 234 Pa on the way. The
75 000-yr 23OTh daughter of 234U and its 1600-yr daughter 226 Ra are both subject to the
recoil effect mentioned above. A series of beta and alpha decays, beginning with the 4-day
222
Rn daughter of 226 Ra, lead eventually to stable 206 Pb.
An initially isolated uranium source eventually will "grow in" the entire series of
radioactive daughters. In the equilibrium mixture, the decay rate of each daughter will
equal that of the longer lived uranium parent (secular equilibrium). Equilibrium will be
established in a "closed" geologic system in a few million years. In an "open" geologic
system there may be processes that will separate various members of the chain based
on their individual chemical properties or environment. Similarly, the recoil caused by
alpha decay can dislodge a near-surface atom and leave it in solution. Recoil can also
cause localized crystal damage and result in a modified chemical environment for the
recoiled atom. Because 238U decays by alpha particle emission, the 234 Th daughter, and
eventually the 234 U daughter, may be distributed differently in rock and water or may
have a different chemical environment that makes them more susceptible to oxidation
or leaching than the 238 U parent. As a result of the recoil and leaching processes, the
isotopic composition of uranium in solution may differ from the composition in the solid.

This isotopic fractionation of uranium isotopes was first discovered by Cherdyntsev (1955),
and the mechanisms have been reviewed by Osmond and Cowart (1982). In addition,
there may be chemical fractionation among the uranium daughter isotopes (protactinium,
thorium, radium, radon, etc.) as a result of processes such as dissolution, precipitation,
and sorption.
In crustal rocks, the average 232 Th/ 238 U ratio is about 3.8; the two elements
behave similarly in igneous processes. The actinides are enriched, along with other
incompatible elements, in late-crystallizing magmas and residual solutions such as granites
and pegmatites.
The chemistry of uranium in geologic settings is dominated by its ability to exist in
two oxidation states. Uranium(VI) is relatively soluble, forms a number of stable, soluble
complexes as well as a number of insoluble minerals, and is the stable oxidation state in
the presence of oxygen-containing groundwater. It is strongly sorbed on freshly formed
iron and manganese oxides; it also is strongly co-precipitated with these and other hydrous
oxides. Uranium(IV) forms strong bonds with a variety of anions and is the predominant
oxidation state present in the highly insoluble, common ore mineral uraninite (uranium
dioxide).
Thorium exhibits only the (IV) oxidation state and, like uranium(IV), its oxide is
extremely insoluble and forms strong bonds with a variety of anions.
The chemistry of radium is very similar to that of barium, its congener. Its geologic
behavior is strongly influenced by its ability to form, and be co-precipitated with, insoluble
sulfates and carbonates. It also forms a number of complex ions. When radium is
fractionated from its parent thorium, it is generally found in hydrothermal precipitates.
The principal mode of transport for thorium is thought to be in insoluble resistate
materials as it is too insoluble to be carried in solution. Uranium is thought to be
transported mainly as the oxidized uranyl species—probably as a complex ion. Insoluble
radium carbonates can be mobilized by the introduction of sufficient carbon dioxide to
form the more soluble bicarbonate. Overall, in the geologic environment uranium is the
most mobile of the three elements and thorium is the least.
The existence in nature of the radioactive members of the uranium and thorium
decay series (and their tendency to fractionate for various reasons) presents at least the
possibility for in situ study of migration and sorption processes. In the following sections
we first explore what has been learned about, and inferred from, the distribution of these
radionuclides in geologic settings, including Yucca Mountain. We then consider what might
be learned about sorption by additional studies.

II. MECHANISMS AFFECTING CONCENTRATION OF
RADIONUCLIDES
As a result of the study of the naturally occurring uranium and thorium decay series,
a model describing the mechanisms by which the radionuclides are redistributed between
solid and solution has evolved (see, for example, Dickson and Davidson, 1985). The model
is intended to apply to near-surface, low-temperature geologic environments and includes
the assumptions and features listed here.
1. Radionuclides occupying interior crystalline sites in a rock are not accessible for
exchange with solution on a time scale of hundreds of thousands of years.
2. Radionuclides occupying surface (or very near surface) sites may be released into the
solution as a direct result of the energy imparted by alpha recoil.
3. Damage to the crystal lattice caused by alpha recoil of a near-surface radionuclide
may leave that atom in a more readily teachable or exchangeable form.
4. Radionuclides in solution may reversibly sorb on the surface of mineral grains or be
incorporated in secondary alteration minerals; for example, in manganese and iron
oxides or in opal.
5. Alpha recoil may remove radionuclides from solution or from an exchangeable surface
layer by embedding the atoms in the solid matrix. Up to 50% of the recoiling surface
atoms may be lost in this way. Minerals with large surface areas, such as zeolites,
may be especially effective in capturing recoil products.
6. Radionuclides may be released to solution during weathering or alteration of
rock minerals. For example, uranium is more readily mobilized in an oxidizing
environment, possibly as a carbonate complex, and the devitrification of tuff may
also result in mobilization. This effect is relatively more important for longer lived
radionuclides.
7. Because radon is chemically unreactive, the concentration of 222Rn in solution can be
used as an indicator of the rate at which radionuclides in the 238U decay series are
supplied to the solution. Activity ratios (ARs) for the other members of the decay
series to 222 Rn may be less than 1.0 as a result of adsorption, precipitation, or other
loss mechanisms.

III. REPRESENTATIVE STUDIES OF URANIUM AND THORIUM
SERIES
To illustrate the nature of the information obtainable by study of the uranium and
thorium decay series, we present here the salient features of a series of selected papers.
Because the literature is voluminous and has been reviewed earlier (Ivanovich and Harmon,
1982), we make no attempt at a comprehensive review.
IV.

URANIUM MIGRATION IN AN AQUIFER
In an introduction to their classic study of the Carrizo aquifer in Texas, Cowart and
Osmond (1974) discuss the range and distribution of reported ARs for the uranium series.
Reported 234 U/ 238 U ARs vary by a factor of more than 20. Oxidizing (near-surface)
waters tend to have moderate disequilibria and higher uranium concentrations. Deeper,
reducing waters tend to have lower uranium concentrations and more variable 234 U/ 238 U
ARs. Whereas typical ocean water has a ratio of about 1.15, streams are as high as 6, and
the ratios in sediments are low. Groundwaters exhibit ratios of 0.5 to 12. Earthquakes
appear to lower the ratio, possibly by exposing fresh uranium to the solution.
The Carrizo aquifer consists of quartz sand with minor amounts of clay, shale, lignite,
and pyrite. The 14C age of Carrizo waters has been measured (Pearson and White,
1967). Based on extensive study, investigators believe that the recharge source is meteoric
water and that the aquifer is well confined over the 100-km-long study area. From the
observed uranium concentration and isotopic disequilibrium distribution along the aquifer,
Cowart and Osmond infer that as water flows along the aquifer its uranium is precipitated
at a "redox" boundary and that the precipitation zone is located where the uranium
concentration drops abruptly from a few parts per billion to a few parts per trillion.
They assume the precipitation takes place in an isotopically nonselective manner. Their
observations were that the 234 U/ 238 U AR first increases and then decreases as the water
passes through and beyond the apparent uraniferous zone
Cowart and Osmond developed a simple model to interpret the 234 U/ 238 U ARs in
the Carrizo aquifer. Over the first few kilometers beginning at the recharge zone, uranium
is being leached from the aquifer rock by oxygenated water. The 23 *U/ 238 U AR of the
leached uranium is 1 or less. Cowart and Osmond propose that the fairly well defined
zone where the uranium concentration in solution drops precipitously is the result of an
oxidation-reduction boundary. In passing through the uranium deposit, the groundwater
would pick up excess 234U from alpha recoil into the water, thus accounting for the high
AR (5 to 9) immediately downstream.

Further down the aquifer, beyond the precipitation zone, there is insufficient
precipitated uranium to maintain the high 234U concentration in the solution, so the 234U
decays away with its natural 0.25-Myr half-life. However, the activity of 234U drops more
quickiy as a function of distance (by a factor of 20 or more) than would be predicted from
its decay constant and the velocity of the water as estimated from its apparent age and from
hydrologic estimates. They attributed this apparent "rapid" decay to the fact that the
downstream water never had a high AR—a situation that could have resulted from a shift
in the position of the redox boundary relative to the uranium deposit. They hypothesize
that at the time when the water now downstream from the uranium deposit was passing
through the redox boundary, the boundary was located downstream of the deposit. Thus
most of the excess 234U picked up in the deposit was subsequently precipitated at the
redox boundary. More recently, the boundary has moved upstream until it precedes the
uranium deposit.
The Cowart and Osmond hypothesis of a moving redox boundary was not wholly
satisfactory, and several papers were subsequently published with alternative models
(Frohliclx et a/., 1982, 1984; Pearson et a/., 1983; and Dickson and Davidson, 1985). In the
most recent paper, Dickson and Davidson present a model to explain the rapid decrease
in AR with distance. By this time the aquifer had been very thoroughly studied, and they
were able to include flow, sorption, and recoil effects to model the confined, chemically
reducing portion of the aquifer. Their model included the assumptions discussed above in
the Sec. II.
As had previous modelers, Dickson and Davidson considered sorption of uranium on
the aquifer rock, a process not included in Cowart and Osmond's model. The sorption
slows the average velocity of each uranium atom by the ratio of the time spent sorbed on
the rock to the time spent in solution. With a lower velocity than the water, the uranium
will appear to "age" more rapidly than the water as a function of distance. Thus the
inclusion of sorption solved the major difficulty in the Cowart and Osmond model.
A major innovation in the Dickson and Davidson model was the inclusion of alpha
recoil as a specific mechanism affecting the isotopic composition of uranium in solution.
By including alpha recoil, the model explained ARs below 1.0 as well as those above 1.0;
the model assumes that uranium sorbed on the rock surface can lose 234 U into the rock
by recoil, thus providing a mechanism for reducing the AR in the sorbed uranium. It is
assumed that sorbed uranium is in equilibrium with uranium in solution and therefore has
the same isotopic composition.
Dickson and Davidson were best able to fit the data using a Kd of about 65 and
assuming that the supply of 234 Th from the solid to the water was 2 x 10 ~5 (the fraction

of total 238U decays). Their model indicates that if the water velocity or age of the water
can be determined independently in a well-defined system, then 234 U/ 238 U can be used to
determine sorption factor (Kds).
V.

DISEQUILIBRIA IN TUFFS
Rosholt (1980) found that in Pleistocene tuffs at Lake Tecopa, California, the
234
U/ 238 U ARs varied from 1.01 to 1.65; the highest values were found in zeolitized 0.6Myr-old tuff, and lower values were found in 0.7- and 2.0-Myr-old tuff. In Pliocene tuff from
Keg Mountain, Utah, the 234 U/ 238 U ARs varied from 0.51 to 1.03; zeolitic components
were observed with 50% deficiencies in 234 U.
Rosholt proposed that daughter emplacement by alpha recoil from solution results
in daughter ARs greater than 1.0 in the solid. This 234U emplacement is enhanced by
the large surface areas of zeolites. Daughter displacement from solids is also proposed
and could result in 234 U/ 238 U being much less than 1. In the 10-Myr-old Keg Mountain
tuff, displacement predominated over emplacement, resulting in a 50% deficiency of 234U
in the zeolite. This deficiency was attributed to selective leaching of the displaced 234 U
from accessible recoil sites. Rosholt also notes that 234U and 230 Th could be used as
analogues for the important nuclear waste nuclides 233U and 229 Th, respectively, because
their half-lives are similar and they are isotopes of the same element with similar decay
histories.
Zielinski tt al. (1986) reported that in Yucca Mountain volcanic tuffs the vitrophyre
contains the uranium decay series in equilibrium. The vitrophyre contains about 5 ppm
uranium and 24 ppm thorium. He found that there is more variability in uranium
distribution than in thorium and that the uranium concentration is lower (about 4 ppm)
in moderately to densely welded devitrified tuffs. He also reported that 226 Ra is poorly
correlated with 230 Th in the same tuffs. By conducting leaching experiments, he showed
that a small fraction (0.5 to 9%) of the total uranium is present in leachable secondary
minerals (manganese-oxide, iron-oxide, and calcite). Fission-track measurements showed
that local uranium concentrations occur in zircon and apatite in devitrified tuff.
Zielinski tt al. attributed the observed greater variability for uranium concentration
to the aqueous redistribution of uranium. The lack of correlation of radium to thorium
in tuff is also interpreted as a sign of redistribution of radium. A loss of uranium during
devitrification is indicated by the observation that the ratio of uranium to thorium is
about 10% higher in the vitrophyre than in devitrified tuff. Zielinski tt al. comment that
very local redistribution can result in disequilibria in particular minerals even through the
whole rock containing the minerals maintains equilibrium. The presence of small amounts

o** uranium in secondary minerals formed during devitrification shows that uranium has
been redistributed and is captured in alteration products.
Zielinski et al. deduced the times at which several redistributions took place from
uranium-series disequilibria. One Yucca Mountain fracture-filling calcite exhibited a 230 Th
deficiency corresponding to a closed-system model age of 30 000 yr. Such a deficiency is
conclusive evidence of recent (within ~30 000 yr) redistribution of uranium or thorium
(or both) but does not prove that the fracture-filling itself was precipitated as recently as
30 000 yr. Other observed redistribution apparently took place much earlier—more than
400 000 yr ago. The calculated age is, of course, based on growth-decay relations among
the measured isotopes (model age). The whole rock at Yucca Mountain, however, appears
to have been "closed" to the uranium series, within the 10% experimental uncertainty, for
several million years.
VI.

GROUNDWATER DISEQUILIBRIA AT THE NEVADA TEST SITE
In a review of groundwater data for the Nevada Test Site (NTS), Zielinski and Rosholt
(1978) report that NTS groundwater contains from 0.2 to 21 ppb of dissolved uranium.
There is more variability in the uranium content of water from tuffaceous aquifers than
in water from valley fill or carbonate aquifers; the highest and lowest concentrations are
observed in the tuff. The uranium concentration in the tuffaceous aquifer is strongly
correlated with sodium, carbonate, and dissolved solids; a similar correlation was observed
in a carbonate aquifer. No strong correlation existed between uranium concentration and
depth. Fairly large 23 *U/ 238 U ARs of 3 to 5 were observed, and there was an inverse
correlation between the ARs and dissolved uranium. Reported 226 Ra/ 238 U ARs are less
than 1.7 and are all given as upper limits.
Zielinski and Rosholt (1978) believe that uranium is mobilized in NTS waters during
volcanic glass dissolution and that it is transported as a uranyl carbonate complex. The
inverse correlation between dissolved uranium and aqueous AR indicates that the uranium
is absorbed by a relatively insoluble surficial phase. Variability in uranium content of the
water in the tuff is attributed to inhomogeneous flow patterns and contact with different
solid phases. The high 234 U/ 238 U AR may be due to preferential oxidation and dissolution
of 234 U or alpha recoil of 234U directly into solution. Low radium concentrations in the
water could be caused by the water's near saturation with BaSO4; if this material did
precipitate, it would co-precipitate radium present in the solution.

VII.

DISEQUILIBRIA IN CONNECTICUT GROUNDWATER
In a study of groundwater from five aquifers in Connecticut, Krishnaswami et al.
(1982) measured the activities of 238 U, 234 U, 234 Th, 226 Ra, 222 Rn, 232 Th, 228 Ra, 228 Th,
and 224 Ra. They found that 222Rn had 3 to 4 orders of magnitude greater activity than
the other members of either decay chain. They also observed 234 U activities 1.1 to 5.1
times those of the 238 U precursor.
From their measured data, Krishnaswami et al. were able to derive in situ adsorptiondesorption rate constants and retardation factors for radium. They found that for the 5.8yr 228 Ra and the 3.7-day 224 Ra in Connecticut groundwater, the rate of sorption is much
greater than the rate of desorption and both are greater than the decay rate of 228 Ra. A
similar treatment of 234 Th and 228 Th data gave anomalous values for the rate constants;
however, the authors were able to show that thorium, as well as radium, adsorbs on a time
scale of minutes.
In arriving at these conclusions, Krishnaswami et al. developed a mathematical model
relating the ratio of radium activity to radon activity:
AR{Ra/Rn) = {k2 + A)/(*i + k2 + A) ,
where k\ and k2 are the sorption and desorption rate constants for radium and A is the
decay constant for the particular radium isotope. This equation was derived by combining
two equations describing the dynamic equilibrium between solution and solid with an
added term for supplying the decay series to the solution by alpha recoil. It is assumed
that the added term can be determined by measuring 222 Rn in solution. The AR must
be corrected for the difference in the abundance of uranium and thorium parents in the
rock because radium and radon are members of different decay series. Using simultaneous
graphical solutions for the two equations (one for 224 Ra and one for 228 Ra), they were able
to obtain values for both ki and k2. The retardation factor is, of course, just the inverse of
the AR. Note that because the decay constant appears in the above equation, the AR will
be a function of the half-life of the sorbing isotope; that is, decay competes with sorption.
Retardation factors derived from ARs for radium and thorium ranged from 4500 to
200 000. (From a comparison of uranium ratios to those for radium and thorium, one
can infer that the uranium retardation factors must be very approximately an order of
magnitude smaller, but the authors did not include any estimates for the uranium. See
Appendix A.)

VIII. PROSPECTIVE MEASUREMENTS FOR Y U C f k MOUNTAIN
A considerable amount of data for uranium and thorium series already exists for
Yucca Mountain. These data have been interpreted in terms of evidence for migration,
alteration, etc. We are not, however, aware of any derivation of sorption coefficients or
retardation factors from Yucca Mountain data. To be useful in repository safety analyses,
sorption coefficients must be scientifically defensible. Although sorption coefficients have
been derived from data collected in other geologic settings and the methods used have been
quite imaginative, the methods probably cannot be considered scientifically acceptable.
Thus, any future work should include tests to validate the models leading to the sorption
coefficients.
By following the methods employed by Krishnaswami et al. in their work with
Connecticut groundwater, it may be possible to determine sorption and desorption rates
for the short-lived radium and thorium isotopes and, from that data, to deduce sorption
factors. Such measurements would not be justified, however, because the same short-timescale measurements could more easily be made in laboratory experiments using tuffs of
Yucca Mountain. That is, by focusing on short-lived isotopes, one does not address the
important question about the effect of geologic time on the sorption processes. To be
useful, sorption data not only must be scientifically defensible, it also must pertain to
long-time-scale sorption processes that cannot be duplicated in the laboratory.
Nevertheless, it may be possible to derive useful sorption information from studies of
the uranium and thorium series at Yucca Mountain. In the following sections, we consider
two possibilities for the uranium series.
IX.

LEACHING EXCHANGEABLE URANIUM OR THORIUM
When determining a meaningful uranium sorption factor from natural uranium
distribution, the major problem is that most of the uranium in the rock is not exchangeable
with uranium in solution and thus does not participate in the sorption equilibrium. By
exchangeable, we mean that atoms of uranium are taking part in a continuing two-way
transfer process (such as ion exchange) so that each atom spends some time sorbed on the
rock and some time in solution. However, the 234{J/238U disequilibrium provides the basis,
at least in principle, for a unique determination of the exchangeable uranium in the rock.
A necessary, basic assumption is that only the exchangeable uranium in the rock would
have the same decay-chain-disequilibrium isotopic composition as uranium in solution.
Given that the above assumption is correct, one need only devise a scheme for
preferentially leaching or dissolving the exchangeable uranium from the rock. A series of
leachings would be developed to remove the exchangeable uranium more or less completely.
10

Some portion of the nonexchangeable uranium would probably be leached along with the
exchangeable uranium. A correction for the nonexchangeable portion can be calculated by
determining how much uranium of normal isotopic composition would have to be mixed
with the dissolved exchangeable uranium to produce the observed isotopic ratio, assuming
that, as indicated above, the exchangeable uranium has a uniform isotopic composition in
solution and solid.
This approach is similar in concept to the leaching procedure developed by Zielinski
tt al. (1986) to quantify the uranium in secondary manganese and iron oxides, but it has
a different target, in the present instance, one would first measure the 2 3 4 U/ 2 3 8 U ratio in
the water associated with a volume of rock. Then one would undertake a series of (possibly
consecutively more aggressive) leachings to remove uranium from the rock. The uranium
in each leach would be isotopically assayed and quantified. Then a correction would be
applied to the measured uranium in each leach solution to account for any normal uranium
dissolved along with the isotopically unique exchangeable uranium.
There are potential problems with this approach. If most of the exchangeable uranium
is sorbed on the rock surface at any given instant, then up to half of the newly formed 234 U
might be embedded in nonexchangeable sites by alpha recoil. If the rock gained enough
234
U by alpha-recoil to make a portion of the nonexchangeable uranium match the solution
isotopically, and subsequently it was leached, then the correction for nonexchangeable
uranium could be in error. Similarly, the surface layers of rock may be somewhat depleted
in 234 U as a result of recoil loss from the decay of nonexchangeable 2 3 8 U. These effects
are likely to be small and are in opposite directions. The mechanisms involved have been
discussed in some detail by Dickson and Davidson (1985) and Krishnaswami tt al. (1982).
Krishnaswami tt al. point out that the rate at which longer lived isotopes, for example,
234
U, are supplied to solution may be dominated by weathering. If this is so, then their
method for determining sorption and desorption rates as a way of deducing sorption rate
constants is not easily applicable; that is, one would need accurate estimates of the rate
of weathering +o incorporate in the supply term. Such a limitation does not appear to
apply to the proposed method. However, careful consideration must be given to the effects
mentioned and what they imply about the measurement of exchangeable uranium.
The problem of determining the thorium sorption factor can be approached in a
manner similar to that for uranium. If both 2 3 0 Th and 2 3 2 Th can be measured in solution
and if the 2 3 O Th/ 2 3 2 Th ratio in solution is greater than that in the rock, then one might
be able to apply a leaching method to determine the amount of exchangeable 2 3 0 Th on
the rock, making corrections for leaching of nonexchangeable thorium that are based on
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the difference between isotope ratios for solution and leachate. Because thorium is very
insoluble, it may be very difficult to leach a measurable amount of thorium from the rock.
We have been unable to devise a leaching scheme that would permit identification of
exchangeable radium in the leachate.
USING 222 Rn WITH WEATHERING CORRECTIONS
Krishnaswami et al. measured 222Rn as an indicator of the total supply of recoil
atoms to the solution. After corrections were made for recoil losses from solution and from
adsorbed surface layers, radon was used as the basis for calculating sorption factors for
short-lived radium and thorium isotopes. They did not apply the method to the longer lived
isotopes because they estimated that, as mentioned above, weathering was a significant, but
unquantified, source of uranium in solution. It should be possible, however, for systems
exhibiting significant isotopic disequilibria—and therefore a relatively small fraction of
weathered uranium—to correct for the weathering effect by using the observed isotopic
composition of uranium in solution. To a first approximation, the weathered uranium
should be normal, or possibly very slightly depleted, in 234 U. In this approach, one would
use 222 Rn to estimate the total 234U recoiled into solution and use the 234U plus 238U
data to establish the amount remaining in solution. It would then be assumed that the
difference repretants sorbed uranium.
X.

For thorium, as for uranium, ;.* -.(L~rnative is to use the 222 Rn as a measure of
the source of 230 Th and to correct for the gathering source by using data for 232 Th
in solution. Because these isotopes are in different chains, one must make additional
assumptions about supply by recoil, and one must know something about the value and
uniformity of the uranium/thorium ratio in the rock.
For radium, comparison of the 226 Ra activity with its daughter 222 Rn appears to be
the most direct way of obtaining a sorption factor. There is no direct way to correct for
the weathering source. However, a conservative correction (an over-correction leading to
an underestimated retardation factor) could be based on the total amount of weathered
uranium. If the chemistry of uranium and radium are compared, it seems that the
weathered uranium should be roughly equivalent to—or possibly somewhat larger than—
the total weathered radium.
XI.

CONCLUSIONS
At this time, there is no proven, scientifically defensible method for applying uranium
series disequilibria to Yucca Mountain to determine the retardation of naturally occurring
radioactive elements in groundwater. Two potentially useful methods have been suggested,
12

but they must be developed and demonstrated before they will be scientifically defensible.
Assumptions and potential problems have been discussed above, and applicable analytical
techniques are discussed in Appendix B. The assumptions are intuitively reasonable, but
their validity must be demonstrated by consistent results in a number of applications.
An extensive development program would be required tc achieve a scientifically defensible
method.
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APPENDIX A
SAMPLE RETARDATION-FACTOR CALCULATIONS

Data available in the paper by Krishnaswami et al. can be used to estimate retardation
factors for long-lived uranium, thorium, and radium isotopes by sample retardation
calculations. They report data for 234 U, 228 Th, and 226 Ra, which we have interpreted
to obtain very approximate values for retardation factors. It was assumed that 222Rn was
equivalent to the total recoil atoms supplied to solution and that weathered uranium was
equal to 238 U. So, for example, the formula used for uranium was Rf = 222 Rn/( 234 U- 238 U).
Results for these calculations appear in Table A-I below. Two of the samples were chosen
because of relatively high values for the 234 U/ 238 U disequilibria, which should indicate that
weathering has contributed relatively little to the total 234 U. Sample GW5 was chosen to
provide a second point for 228 Th.
Although there is a considerable body of uranium series data for the Nevada Test Site,
there is not sufficient data to permit the kind of interpretation proposed in this report.
The fact that 234 U/ 238 U ratios up to 5.0 have been observed in water from Well J-12 near
Yucca Mountain (Zielinski and Roshot, 1978) suggests that it may be possible to apply
the proposed methods at Yucca Mountain itself.
TABLE A-l

Approximate R P
Sample
GW5
GW6
GW9

234

U/ 2 3 8 U
1.15
4.66
5.09

238 JJ

228

Th

226

Ra

4 .3
490
520

7 .4

308
214

222

U

Rn

1.16xlO7
1.18X106
1.09xl0 6

Th

Ra

C Y 1fl 6
O X L\J

7xlO2
i

^in 2

O A. 1 U

3xlO 6

4xlO 3
lxlO 4

Approximate values for retardation factors derived from data for long-lived isotopes
reported by Krishnaswami et al. (1982) for Connecticut groundwater. Data are given as
activity (dpm/103 I). Water samples are from wells in arkosic rocks of Triassic-Jurassic
age.
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APPENDIX B
POSSIBLE ANALYTICAL TECHNIQUES FOR DETERMINATION
OF URANIUM, THORIUM, AND RADIUM

I.

ANALYTICAL TECHNIQUES
In this section we discuss the two techniques that can be applied to the determination
of uranium, thorium, radium, and radon isotopes: mass spectroscopy and alpha
spectroscopy.
Most procedures for preparing samples for analysis are similar in that they include
the following steps: (1) preconcentration or extraction, (2) separation, and (3) source
preparation. Tracers, or spikes, for each element are usually added to determine the
chemical yield for the procedure. Procedures for these steps are reviewed in Lally (1980).
II.

ALPHA SPECTROSCOPY
Alpha spectroscopy has been widely used as an analytical tool for uranium-series
disequilibria studies. The most often measured isotopes are 234 U and 238 U. The initial
volume of water from which the uranium is extracted ranges from 1 to 100 I, depending
on the elemental concentrations present. Uranium concentration down to 0.003 ppb
(0.001 pCi/£) have been measured using a 20-1 sample and a week of counting (Cowart
et al., 1978). The concentrations at Yucca Mountain range from 0.2 to 12 ppb (0.07 to
4 pCi/l), so a few liters of water would be required when this method is used to measure
the most dilute uranium solutions.
Judging from the paucity of data, measurement of the thorium isotopes in
groundwater is more difficult than measurement of uranium. There are few data for
concentrations of thorium in water and there are no such data for Yucca Mountain.
Langmuir and Herman (1980) report that in fresh water thorium concentration ranges
from 0.01 to 1.0 ppb (0.001 to 0.1 pCi/£); however, in seawater the concentration is about
0.00064 ppb. The bulk of the thorium mass is 232 Th; the activity ratio for 230 Th is about
0.8, which corresponds to a concentration ratio of approximately 5 x 10~6. If Yucca
Mountain water does contain thorium at the reported "fresh water" concentrations, then it
should be possible to measure it by alpha spectroscopy. Large samples and long counting
times would be required. If the concentrations are closer to the reported "seawater"
concentration, or if the very approximate thorium retardation factors estimated from
Krishnaswami tt al. are correct, then alpha spectroscopy cannot be used.
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Where there is sufficient activity, radium and radon are easily measured by alpha
counting. The 226 Ra is usually determined by ingrowth of 222 Rn but can also be
determined by direct alpha counting. Values for 226Ra as low as 0.02 ppb (0.02 pCi/£) have
been determined in groundwater (King tt a/., 1982). Yucca Mountain water concentrations
range from <0.1 to 0.2 ppb. The 222Rn usually has a much higher activity in groundwater,
by several orders of magnitude, than any of the other uranium daughters do. Therefore,
we expect there should be no problem in measuring its concentration in a liter of Yucca
Mountain groundwater.
III.

MASS SPECTROSCOPY
Mass spectroscopy has not been as extensively used as alpha spectroscopy for uraniumseries measurements, but it has the potential for providing a sensitive and accurate measure
of uranium and thorium isotopes in small samples. For example, to measure the 234XJ/238U
ratio in groundwater, less than 36 ng of uranium is needed. This amount would be
contained in about 10 ml of water from Yucca Mountain, which would contain 4 ppb
of uranium.
The case for thorium is not quite as clear because there are no data for Yucca
Mountain. However, if the 232 Th concentration is about 0.01 ppb and the 23o Th/ 232 Th
ratio is close to 10~6, then a few liters of water would be sufficient to produce the 10 to
30 ng of thorium we estimate is necessary for the analysis.
Because alpha spectroscopy appears to be readily applicable to both radon and
radium, we have not considered the possibilities for determining these isotopes by mass
spectrometry.
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