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ABSTRACT
This report gives a detailed description of work at

Los Alamos that will help resolve geochemical issues per-
tinent to siting a high-level nuclear waste repository in
tuff at Yucca Mountain, Nevada. It is necessary to under-
stand the properties and setting of the host tuff because
this rock provides the first natural barrier to migration
of waste elements from a repository. The geochemistry of
tuff is being investigated with particular emphasis on
retardation processes. This report addresses the various
aspects of sorption by tuff, physical and chemical makeup
of tuff, diffusion processes, tuff/groundwater chemistry,
waste element chemistry under expected repository condi-
tions, transport processes involved in porous and fracture
flow, and geochemical and transport modeling.

-
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Executive Summary

This report gives a detailed description of technical contributions of the

Los Alamos National Laboratory to the Nevada Nuclear Waste Storage Investigations

(NNWSI) managed by the Nevada Operations Office of the US Department of Energy

from the time of the Laboratory's first involvement with the project in FY 1977

until March of 1982. Efforts have been primarily devoted to resolving geochemistry

issues pertinent to siting a nuclear waste repository in tuff at the Nevada Test

Site (NTS), with emphasis on the Yucca Mountain area.

Water from the producing well (J-13) nearest the potential repository

site at Yucca Mountain has been selected as the reference groundwater for

laboratory experiments. For use in experiments on sorption of waste elements

on tuff, the well J-13 reference groundwater was pretreated with tuff from

individual strata of Yucca Mountain. Before being used in sorption experiments,

the water was also filtered through 0.05-pm Nuclepore membranes to remove

solid material. The well J-13 water composition is altered by contact with

tuff of different strata; the sodium content decreases as much as 50%, and

there is a variable, but slight, decrease in the potassium, calcium, and

magnesium contents of the water. An additional significant point is the

importance of filtration on the analyzed composition of the water. The results

of experiments show that filtration through a 0.45-pm crossed-fiber membrane

yields erroneously high results for the iron content; the filtration should be

done through a 0.05-pm membrane having uniform pore sizes. This is especially

important because the iron concentration in solution is a part of the measure

of the oxidation-reduction potential (Eh) of the solution.

To determine or estimate the effect of the groundwater composition on the

waste package, on the waste itself or its compounds, and on retardation mechan-

isms, it is necessary to determine the composition of the formation water for

each particular stratum under consideration for a repository or a transport

path. The groundwater composition is also important in its effect on forming

or dissolving the newly formed minerals brought about by the temperature

gradient exerted on the repository by the waste package. Wells in the vicinity

of Yucca Mountain and Pahute Mesa have been sampled in various ways in an
attempt to determine the composition of the groundwaters as a function of

location. Results from analysis of groundwaters from hydrology wells at Yucca

Mountain indicate that deep waters may be oxygen deficient compared to water
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at the standing waste level. The presence of Fe 2+ and Fe 3+ influences the

Eh of groundwater in geologic systems. Analysis of the concentration of these

ions in groundwater may be used as part of the measure of the Eh. An alterna-

tive approach is to measure the concentration of Fe 2+ and Fe 3+ in different

tuff strata and then to estimate the total oxidation-reduction capacity of the

tuff mass. Attempts are being made to develop both alternatives as complemen-

tary information.

Short-term experiments have been done in which three tuffs from Yucca

Mountain were contacted with groundwater at 152 ± 10C to study possible reactions

between the solid and solution phases. Three tuff samples of different litho-

logies were used, Topopah Spring, tuffaceous beds of Calico Hills, and Bullfrog

II. Before contact with groundwater, the samples were examined with a scanning

electron microscope (SEM) to observe general surface features and mineral

phases. After contact with well J-13 water for 3 weeks at 1521C, the tuff

samples were examined again by SEM and the waters analyzed. The Bullfrog tuff

showed little reaction other than some rounding of surfaces and precipitation

of clays. The Topopah Spring tuff showed greatly increased amounts of clays

or other fine-grained sheet silicates, which had formed on glass edges. The

tuffaceous beds of Calico Hills showed marked dissolution of clinoptilolite

crystals. The main changes in the composition of the contacting water were

large increases in sodium, potassium, and silicon concentrations and large

decreases in the magnesium and calcium concentrations.

Prediction of the hazards caused by actinides escaping from a repository

depends upon knowledge of the chemical processes that can take place in the

repository and along the routes to the accessible environment. Information is

needed concerning solubility and speciation of actinides under repository

conditions and under conditions encountered by mobile species along flow paths

toward the accessible environment. Factors that affect the solubility of

actinides and the chemical form of the dissolved species and thus mobility

include (1) the chemical and physical state of the waste form; (2) the Eh, pH,

and concentration of dissolved material in the groundwater; (3) the temperature

and flow rate of the groundwater; and (4) the physical and chemical state of

the tuff encountered along the flow path. Each of these factors may vary with

time and distance from the repository.

A number of studies that are relevant to understanding actinide solubility

and speciation have been carried out: a method has been developed for preparing

3
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groundwater solutions traced with actinides for sorption studies with tuff,

including methods of separating solid and aqueous phases after contact;

plutonium chemistry in near-neutral solutions, including development of

systems for controlling the Eh through use of osmium complexes or other Eh

buffers, is being investigated; and particulate transport, which includes

preparation of plutonium polymers, is being studied. One difficulty

encountered in laboratory experiments with plutonium is control of Eh, and

thus, control of the oxidation state in the pH range of interest. Osmium

complexes are potentially useful as Eh buffers because (1) the redox potentials

of the Os(II)-Os(III) couples are independent of pH in near-neutral solutions,

(2) the standard potential of the couple can be changed by varying the coordina-

ted ligands, (3) the complexes are unlikely to complex actinide species, and

(4) Os(II) complexes are highly colored and thus optically measurable at low

concentrations. Nine osmium complexes, most of them synthesized at this

laboratory, were examined for their suitability as Eh buffers. Equivalent

weights were determined, absorption spectra recorded, extinction coefficients

obtained, and formal oxidation potentials determined. Many of these complexes

were found to be stable in solution for periods of days or weeks, even when

held at elevated temperatures and-exposed to light.

A number of reactions between osmium complexes and the various oxidation

states of plutonium were investigated, and apparent second-order rate constants

measured. By use of an osmium bipyridine complex, the standard potential for

the Pu(V)-Pu(VI) couple was determined.

A number of Eh indicator systems that might be used as Eh buffers have

been studied. Both Indigo Carmine and thionine show promise, although there

is some evidence of slow attainment of chemical equilibrium. Equipment that

enables us to conduct these studies in air or under a rigorously controlled

inert atmosphere has been assembled.

Plutonium (IV) forms a polymer under certain conditions, so experiments

have been initiated to characterize this polymer under conditions likely to

exist in a repository. A technique is being investigated to measure the

solubility of the polymer, that is, the extent to which the polymer converts

to Pu(IV) ions. Measurements of this solubility, using 239Pu, were somewhat

tentative because of radiolysis caused by the intense alpha activity of this

nuclide. These measurements are being repeated using 242Pu, which has a lower

specific activity. Experiments have been conducted in which the polymer

appears to form over a broad range of concentration levels and pH values.

4



One mechanism by which radionuclides may move through geologic media is

particulate transport. Particulates may include radioactive elements aggregated

as colloids or colloids formed by sorption of radioactive species on micro-

scopic particles. Such material may form from radionuclides initially in

solution or as a consequence of leaching of solid waste forms. Microautoradio-

graphic procedures have been used to identify particulates containing americium

and plutonium in the effluents of crushed-rock columns. Colloids of Pu(IV) in

a controlled size range are being prepared so that this material may be used

in future transport studies. Plastic spheres incorporating fluorescent dye or

radioactive material to aid in their detection are also being used to study

particulate transport.

Possible changes in the solid phases at Yucca Mountain caused by the

presence of a repository are of concern because they could affect rock proper-

ties, especially sorption, strength, permeability, and porosity. This is

especially true in the near field where temperature will rise as a result of

the repository emplacement. The phases most likely to change are the clays,

zeolites, and glasses, all of which may be expected to alter to less hydrous

phases of smaller volume. There may also be hydration of anhydrous phase

assemblages, such as feldspar and silica, to zeolites or clays. Experiments

to examine the phase changes in tuffs of varying mineral composition at known

values of pressure and temperature have been started. The samples are ground

and enclosed in gold capsules with water present. The capsules are then

placed in standard cold-seal pressure vessels, which are pressurized and

heated to the desired conditions. Preliminary hydrothermal experiments have

provided evidence for the upper thermal stabilities of clinoptilolite and

mordenite at 400 bars water pressure. The upper stability of mordenite is

probably between 300 and 400IC; that for clinoptilolite appears to be below

3000C.

A study has been initiated to evaluate the geochemical stability of

potential shaft and borehole sealing materials in the felsic volcanic-tuff

environment of Yucca Mountain. The investigation deals with the chemical

compatibility of potential sealing materials and felsic tuff.

The term "sorption" has generally been used to describe processes by which

elements are removed from solution by rock, such as ion-exchange phenomena,

chemisorption, and diffusion into the rock matrix. Precipitation or copreci-

pitation can also occur and remove elements. Los Alamos has used batch and
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several types of column techniques in the laboratory to provide information on

sorption processes, speciation, kinetics, diffusion, and surface effects. Sorp-

tion data have been obtained for samples from drill holes J-13, UE25a-l, and

USW-G1 under different conditions (contact time, temperature, atmosphere, and

particle size). Detailed data are given in the body and appendixes of this

report.

The variation in the abundance of clinoptilolite, as well as that of

other minerals in tuff, is related to the mode of emplacement and to alteration

processes during cooling and by interaction with groundwater. Strontium,

cesium, and barium are thought to sorb mainly by ion-exchange reactions.

Their lowest sorption ratios or Rd values (defined in the introduction) are

associated with devitrified tuffs, which are generally welded to some degree

and contain principally quartz, cristobalite, and alkali feldspar (plus some

clays). The maximum sorption ratios correspond to nonwelded tuffs that contain

the zeolite clinoptilolite. The variations of sorption of cerium, europium,

plutonium, and americium with stratigraphy are not as regular as those for

strontium, cesium, and barium. The chemistry of these elements is more complex

in the near-neutral groundwater. The sorption ratios for plutonium cover a

fairly narrow range, independent of sample location or mineralogy. In comparing

americium's sorption ratios with its mineralogy, there is a rough correlation

of high sorption with samples containing clinoptilolite or smectite and a

correlation of low sorption with samples containing devitrification minerals.

Although sorption of technetium, uranium, and neptunium has not been measured

for many samples, the sorption ratios are relatively low; correlations with

stratigraphic position cannot be made from the available data.

Sorption ratios for each element have been plotted as a function of

clinoptilolite abundance for all the samples studied. The samples containing

no clinoptilolite have significantly lower sorption ratios than those containing

more than a few per cent of the zeolite. If the abundance of this zeolite is

the only factor influencing sorption ratios, with no differences in sorptive

properties caused by the exact composition of the clinoptilolite (or heulandite),

then there should be a linear relationship between the distribution coefficient

Kd and clinoptilolite abundance. Least squares fits to our data points, for

which the abundance of clinoptilolite is >10%, give sorption ratios of 6.9 x

104 and 4.3 x 10 mQ/g for 100% of the pure minerals. These values are compared

with those calculated using simplifying assumptions from available thermodynamic

6
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data for different mineral samples of 1.8 x 105 and 3.8 x 104 m./g for strontium

and cesium, respectively.

Sorption ratios for technetium, cerium, europium, and americium show no

obvious correlations or trends with abundance of the zeolite clinoptilolite.

Sorption ratios of samples with no clinoptilolite scatter among those for

samples with the zeolite. Sorption ratios for neptunium, uranium, and plutonium

are higher for the zeolitized tuffs than for the nonzeolitized ones, although

there are no trends with degree of zeolitization. There is an absence of any

obvious trend for cesium sorption when considering smectite alone in nonzeoli-

tized samples. Possible explanations are that trace quantities of clinoptilo-

lite, not detected by x-ray diffraction, may mask any influence of smectites;

that other minerals such as illite also contribute to sorption; and that

sorption on clays involves other factors such as their texture or their avail-

ability to the groundwater. Sorption ratios for samples containing the zeolite

analcime are not as large as those ratios expected for samples containing

clinoptilolite, an effect related to the structures of the zeolites.

A model based on a sorptive mineral content (SMC) concept has been shown

to agree well with experimental values for sorption of cesium on a variety of

tuffs. Because tuff may be composed of more than one sorbing mineral, the SMC

concept is used to predict sorption by combining the effects of several minerals.

The combined effect is defined as a weighted sum SMC = LW.X., where W. is the

weighting factor for each mineral phase relative to that of clinoptilolite and

Xi is the abundance (%) of each phase. The weighting factors are relative to

clinoptilolite, and they are calculated from published thermodynamic data, using

some simplifying assumptions. Clinoptilolite, mortmorillonite, mordenite,

analcime, and glass were considered. For cesium, sorption ratios plotted as a

function of SMC normally follow the same trend as if clinoptilolite were the

only sorbing mineral in a sample. The SMC concept will be extended to other

elements.

In general, Rd values from desorption experiments are slightly higher

than those from sorption experiments. The results for strontium and cesium

from the two methods agree within -20% for most measurements. For barium

there is reasonable agreement when sorption ratios are low (devitrified tuffs).

For-some of the zeolitized tuffs, values for barium from desorption experiments

are greater than those from sorption experiments by factors of -2 for most

samples but are as great as -10 for a few. It appears that barium sorbs on

7



clinoptilolite somewhat more irreversibly than do strontium and cesium. For

cerium, europium, and americium, the differences in sorption ratios (which are

reasonably high) obtained by the sorption and desorption methods are greater.

A large fraction of these elements are sorbed irreversibly, although in most

cases the trends from the sorption measurements with stratigraphic position

are qualitatively retained in the desorption results. The differences for

plutonium, which do not show discernible trends, are also approximately a

factor of 10. It should be noted that sorption ratios for technetium, uranium,

and neptunium, which are low, are nevertheless significantly greater for

] desorption than for sorption. Sorption ratios for plutonium cover a fairly

narrow range (less than a factor of 10), independent of sample location or

mineralogy. Based on the limited data available, neptunium exhibits similar

behavior with a range of less than a factor of 5, although the R values ared
about an order of magnitude less than those for plutonium. Americium sorption

ratios show a much wider variation, from just over 100 ml/g to nearly 30 000

;m2/g, but again with essentially no correlation to mineralogy. Sorption

ratios for technetium and uranium are low; correlations with stratigraphic

position or mineralogy cannot be made from the limited data available.

Results from three batch sorption experiments performed at 701C have been

compared with those performed at room temperature. Values are similar, with

those for 700 being generally higher by factors up to 5 than those for room

temperature.

The presence of very fine particles (<38 pm) in rock fractions of larger

particle size apparently can change the observed sorption ratio of an element

by a factor of 2 to 5, especially for devitrified tuffs. It is, therefore,

advisable that larger size fractions be wet-sieved to avoid the presence of

fine particles, which may increase the observed sorption in an irreproducible

manner. The removal of small particles may result in measurements being made

on material that is not completely representative of the tuff; however, the

observed results are useful for comparison purposes and are probably not far

from the "true" values. Any errors should be in the conservative direction,

that is, too low R values for samples that do not contain very fine particles.
d

Because reducing conditions are expected for some groundwater/rock systems,

it-may be anticipated that the sorptive behavior of some elements in such

systems will be different from that under normal atmospheric conditions.

These effects were investigated by comparing the results of batch studies

8
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performed in a nitrogen atmosphere (<0.2 ppm oxygen and <20 ppm carbon

dioxide) with similar measurements made under normal atmospheric conditions

on the same geologic materials. Depending upon the element, sorption was

observed to be lower, higher, or unchanged for different elements in the

nonoxidizing atmosphere. Technetium, in particular, showed the effects of

the atmosphere, giving Rd values in the nitrogen atmosphere greater than 10

times those in air.

The circulating system used at Los Alamos for sorption measurements

incorporates features of both batch and column methodologies. The batch and

circulating-system procedures are similar in some ways, but the solid phase

remains stationary in the circulating system and is not subject to the possible

self-grinding of the batch measurements. The presence of smaller particles

could result in greater sorption as a result of greater surface area or differ-

ences in mineralogy. In most cases, the results from the two methods fall

within the spread of individual experimental values. Devitritied tuffs tend

to give slightly higher sorption ratios by the batch method than by the circula-

ting-system method. The observed difference could well be the result of the

presence of smaller particles in the batch measurements.

The study of sorption isotherms is important for several reasons; it will

be used to (a) determine the influence of groundwater/tuff interactions on the

sorptive properties of tuff, (b) accurately model the retardation of waste

elements under various source-term and groundwater conditions, (c) detect

irreversible sorption processes, which would be a potentially highly positive

property if present in tuff, (d) correctly interpret and model diffusion into

the tuff matrix as would occur in fracture flow, and (e) explain the observed

dependence of the sorption ratio (distribution coefficient) on the solution-to-

solid ratio. The Langmuir and Freundlich isotherms have been used for these

applications as well as to determine a relationship from mass-action equilibrium.

Experimental fits to the Freundlich isotherms for strontium, cesium, barium,

cerium, and europium generally indicate nonlinear behavior for nonzeolitized,

welded tuffs and linear behavior for zeolitized tuffs. For plutonium, there

-appears to be little correlation between sorption ratio and the element con-

centration; the sorption isotherm for the zeolitized tuff is linear, whereas

that of the devitrified tuff deviates. The effects of nonlinear isotherms on

sorption phenomena have also been studied, and equations and computer programs

to solve the diffusion equations with nonlinear isotherms have been developed.

9



Some simple relations have been derived that can explain the dependence of Kd

on the solution-to-solid ratio. Experimental results in which the solution-to-

solid ratio was varied can be directly compared with the results of measurements

in which the element concentration was varied (isotherm determinations). These

relationships are important because of the difference in solution-to-solid ratios

between laboratory batch determinations and real situations.

Laboratory measurement of permeability and storage capacity has been

accomplished by a transient pressure pulse method. Porosity has been obtained

by measuring the wet and dry weights of the samples, by grain density measure-

ments, and by mercury porosimetry. These measurements are basic to under-

standing the transport of waste elements in groundwater through tuff. Data

for both permeability and storage capacity are necessary for comparison with

field tests and to predict flow through unfractured tuff in response to a

pressure gradient; this gradient might be the regional hydrologic gradient or

the result of heating by the repository. Porosity is a necessary parameter in

calculating the effects of diffusion. The combined results for permeability,

storage capacity, and porosity can be used to gain insight into the pore

structure of the tuff. This understanding of pore structure is important to

the understanding of diffusion because it will help estimate constrictivity

and tortuosity parameters. The permeability of tuff is quite low and contrasts

with the relatively high porosity (7 to 40%) of the samples tested. Porosity

clearly does not determine permeability because there is no correlation between

the two. Mercury porosimetry indicates the permeability is more closely

related to pore size. In tuffs, low permeabilities are probably caused by

small connections between larger pores, which suggests that the constrictivity

of tuff may be relatively large. Permeability shows only a slight variation

with effective confining pressure. The storage capacity and porosity values

taken together indicate that the pore compressibility of tuff is quite small,

and as a consequence the porosity of tuff also varies little with effective

confining pressure. Because the permeability does not show a marked decrease

with increasing effective confining pressure, it seems likely that the stiff-

ness of the pores indicated by the pore compressibility applies to the small

connections as well as to the larger pores that make up most of the porosity.

Therefore, studies of the pore structure of tuff made on unpressurized samples

should apply well to the rock at depth. Permeability measurements on tuff

samples before and after heating wet at 1201C for 5.5 months show no significant

change in permeability in samples composed predominantly of zeolites. However,

10
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some increase in permeability was observed in samples with quartz, cristobalite,

and potassium feldspar as predominant phases.

Diffusion into the rock matrix is an important mechanism for retarding the

transport of radionuclides through fractures in tuff. It is of particular impor-

tance for nonsorbing soluble species. The diffusion coefficient for a given

radionuclide in tuff matrix depends on properties that are intrinsic to the

chemical species, such as ionic mobility, and properties of the tuff, such as

porosity, tortuosity, and Rd. It is, therefore, necessary to measure the dif-

fusion coefficients of waste element species in various tuff units. An experi-

mental program to accomplish this has been initiated using several techniques.

In general, the equations that have been used to describe fracture flow with

matrix diffusion and simple diffusion into tuffaceous rock treated sorption as

linear with concentration. This approach clearly has a serious deficiency because

sorption on nonzeolitized tuff has already been shown to be nonlinear. Isotherm

measurements on tuff YM-22 show that sorption of simple cations of strontium,

cesium, and barium gives a Freundlich isotherm exponent <1.0. A nonlinear iso-

therm complicates the equations for matrix diffusion by giving the diffusion

coefficient a concentration dependence, rendering the differential equations

nonlinear. A computer program, using the finite difference method, is being

developed to apply some of the mechanisms to matrix diffusion. Eventually,

the program will be incorporated into a transport model so that a more realistic

model can be developed.

Experiments specifically designed to examine transport in a single fracture

provide information about the effectiveness of diffusion in retarding radio-

nuclides and the effectiveness of sorption processes in rapidly flowing systems

such as occur in a single fracture. The results of these experiments have been

compared with transport model predictions to validate or demonstrate deficiencies

in the models. The shape of the elution curve calculated for fracture flow in

tuffs is not in agreement with the observed elution. The activity desorbs more

slowly than would be expected for reversible, diffusion-controlled sorption.

This observation is also consistent with previous measurements of sorption on

tuff. In general, the Rd values determined by desorbing activity from tuff are

considerably larger than those determined from the sorption process. The lack

of agreement between the experimental and theoretical elution curves suggests

a more complex sorption mechanism than simple linear sorption; sorption and

matrix diffusion in tuff (especially welded tuff) appear to be more complex

than expected.

11



Important conclusions resulting from laboratory fracture-flow studies are

that (1) matrix diffusion is an important mechanism contributing to the retar-

dation of radionuclides in fracture flow; however, simple analytic models do

not appear to be adequate to predict accurately the transport of waste elements

in tuff fractures; (2) the high porosity of tuff makes matrix diffusion much

more effective in retarding the movement of soluble species than does the low

porosity of crystalline rock such as granite; and (3) undisplaced, induced

Bullfrog- and Tram-Member tuff fractures subjected to a simulated lithostatic

stress of 3000 psi sealed to cause a fracture permeability comparable to that

of the undisturbed matrix.

Experiments examining the transport of radionuclides through porous media

have been conducted in an effort to determine the radionuclide retardation that

will be provided by geochemical processes along flow paths. These experiments,

using both crushed-tuff and solid-tuff columns, provide intermediate steps in

the laboratory-to-field link. Chromatographic columns packed with crushed rock

have been used for most of the studies. The following radionucides have been

used: 131 85 137C 133Ba, 14Ce, 152Eu, 95Tc , and H. Some of the

columns have been run at two flow rates. The crushed-rock columns have begun

to provide information on dynamic effects in radionuclide transport through

porous media. In addition to the crushed-rock columns, some solid-core columns

have been run and more solid-core column experiments are being run. These

columns are providing data to establish whether minerals are made available by

crushing that are not naturally available and also to examine dynamic effects.

General conclusions from these studies are as follows. (1) The sorption ratios

determined by using column methods agree with those determined by the batch

techniques within a factor of 10. Recent studies indicate that much of the

previously reported disparity between batch and column results may be caused

by particle fractionation. When the same particle-size distributions are used,

the results are in reasonable agreement. (2) At water velocities comparable to

regional flow velocities (-10 5 cm/second), the shapes of peak elutions for some

simple ions are comparable to what would be expected from diffusional broadening

alone. This may indicate that at these velocities, kinetics is not an important

factor. (3) The anion exclusion effect may have been observed in a highly

zeolitized tuff. (4) Plutonium particulate matter was filtered out by flow

through a solid-core column.

Kinetic sorption experiments (sorption as a function of time) have been

performed on thin tablets of tuff. The uptake of activity has been measured

12
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as a function of time for a number of elements on several tuffs. These data

should fit the solution for diffusion into a plane sheet if one ignores any

edge effect. When the analytic solution to a one-dimensional plane sheet is

applied to the data, a good fit cannot be achieved. This is typical of the

nonsteady state diffusion experiments that have been performed with tuff

samples.

Some new fluorobenzoate tracers, with very low detection limits, have

been developed to use in field experiments. The diffusion coefficients of

these tracers have been measured so that their usefulness as diffusing tracers

in characterizing fracture-flow systems can be evaluated. The ionic diffusion

coefficients are generally close to 8.0 x 10 6 cm2/second. This is considerably

lower than the diffusivity of tritiated water (2.4 x 10 5 cm2/second) and has

potential application to field experiments.

The study of natural analogues to waste repository environments can give

important information on long-term chemical reaction and transport. Such

analogues can be used to extrapolate experimental data from laboratory time,

days and months, to "geologic time," the hundreds to hundreds of thousands of

years that may be required for isolation of waste in a repository. A poten-

tially important source of information on the long-term behavior of Yucca

Mountain tuffs in a hydrothermal gradient is the study of hot-spring environ-

ments in felsic tuffs in Nevada. The mineral alteration in these localities

can give information about (1) the response of the near-field repository

environment to the thermal pulse that is expected after the initial emplace-

ment of the waste and (2) the response to the normal geothermal gradient, the

natural increase of temperature with depth. Another useful analog study may

be the investigation of rock matrix diffusion of elements near ore bodies.

Matrix diffusion has been proposed as a process that would retard the trans-

port of elements in media in which the hydrology is dominated by fracture

flow. Recent measurements of lead isotope abundance in a rock core from the

Oklo uranium mines suggest that lead may have diffused into a crystalline rock

matrix from a fracture that was an aqueous transport channel in past geologic

times.

Field experiments are performed to collect radionuclide migration data

under conditions that approximate those of a nuclear waste repository more

closely than can be obtained in laboratory measurements. Data from field

experiments will be used for two primary purposes: to verify the accuracy of
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models used for repository performance assessment and to determine the extent

to which laboratory measurements can be scaled to give results valid for field

conditions.

The techniques used in field migration studies are of two types: one

addresses aqueous flow and transport through a fracture, and the other addresses

diffusion into the rock matrix from water but without aqueous flow. Three

fracture-flow experiments performed by others have been reported in some detail;

all are in granitic rock. A nuclide migration field experiment in tuff was

begun, but geochemical and hydraulic conductivity measurements showed that a

more suitable tuff and location than the one originally chosen must be selected

for this work.

Geochemical and transport models have been developed and tested both in

support of the nuclear waste management programs at Los Alamos and to contribute

to development of an overall performance model. The efforts in geochemical

modeling have concentrated on testing the available codes and improving the

thermodynamic data base. Geochemical models can be used to predict the chemical

species that should occur in a groundwater system and also the mineral solu-

bility and solubility limits for the waste element species. These predictions

influence the expected retardation of the waste elements. For instance, an

anionic species would not be sorbed by zeolite minerals, whereas most cations

are strongly sorbed. Currently the data base for these geochemical models is

being updated to include thermodynamic data for the minerals composing Yucca

Mountain tuff. The geochemical model EQ3 has been used to calculate uranium

and plutonium solubilities in water from well J-13.

Several transport codes available at Los Alamos can be used to model a

variety of problems, including multiphase flow, unsaturated flow, the inverse

problem, fracture flow, and three-dimensional systems. Transport models are

being updated to include appropriate sorption mechanisms and to account for

the dependence of sorption on concentration, that is, nonlinear isotherms.

These codes will provide a means of modeling field and laboratory experiments.

In the near future it is hoped that some of these codes can be validated by

designing and executing appropriate experiments in the laboratory and field.

Code TRACR3D simulates transient air, water, and tracer flow in permeable

media for a three-dimensional geometry. Tracer motion can occur in either the

air phase or the liquid phase. Transport mechanisms include advection, mole-

cular diffusion, mechanical dispersion, and capillary action. Several equili-
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brium sorption models as well as nonequilibrium sorption model are included.

Material properties such as permeability can vary spatially. The code also

has the capability of simulating flow in a fracture system with transport into

or out of a porous material surrounding the fractures. This code has been

used to model a field experiment with a single fracture to predict the effect

of partial saturation and to aid in the design of such experiments.

The second part of this report delineates the proposed experimental

program that will be necessary to resolve those geochemistry issues of impor-

tance to the use of the Yucca Mountain area of the NTS as a nuclear waste

repository site. For the most part, these studies will be natural extensions

of those already in progress and described above, with the addition of some

complementary experiments. In particular, Los Alamos has not been using

isotopic techniques to obtain information about Yucca Mountain, and believes

such techniques used by the US Geological Survey for Yucca Mountain investi-

gations have been limited to 14C and 180 analyses. The information that can

potentially be obtained from isotopic analyses includes (1) origins of the

groundwaters and pore waters, (2) flow paths and mixing of aquifers, (3) age

and age gradients of the water, (4) paleoclimate information, and (5) natural

water/rock interactions and geothermometry.

Work is planned that will use cosmogenically produced 36Cl (half-life

3 x 105 years) to measure the ages of old groundwaters and "bomb pulse" 36C1

to measure the ages of old groundwaters and "bomb pulse" 36C, to measure re-

cent rates of water movement in the unsaturated zone. Other nuclides being

considered are 2 3H 4H 13C 14C 180, 34S, 39Ar, 81Kr, 129, and uranium

and radium isotopes and their daughters.

Obviously, isotope techniques can yield useful information about how the

natural system has behaved over recent and geologic time. Interpretation

requires wise selection of the proper models.
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Chapter 1:

INVESTIGATIONS OF THE GEOCHEMISTRY OF YUCCA MOUNTAIN AND ENVIRONS
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I. INTRODUCTION

This report details the technical contributions of Los Alamos National

Laboratory to the Nevada Nuclear Waste Storage Investigations (NNWSI) project

since the time of its inception in FY 1977 (as the NTS Terminal Waste Storage

project) until March of 1982. The NNWSI project is managed by the Nevada

Operations Office of the Department of Energy. Efforts have been devoted

primarily to resolving geochemistry issues pertinent to siting a nuclear waste

repository in tuff at the Nevada Test Site (NTS).

The Los Alamos National Laboratory studies of the sorptive behavior of

tuff and transport of radionuclides through tuff have been partly generic in

nature (to understand the sorptive behavior of tuff as a function of many

variables) and partly site specific (to obtain data for a possible repository

site in tuff). It is necessary to have an understanding of the mechanisms of

radionuclide transport and retardation in tuff, as well as to have a data base

of sorptive behavior, to perform the required safety assessment dealing with

possible releases from a repository in tuff. Previous reports in this series

are Refs. 1, 2, and 3.

When the work was initiated, the only appropriate tuff samples for this

study were from drill hole (later well) J-13 (Ref. 4) in western Jackass Flats

at the NTS. When the NNWSI identified Yucca Mountain as a possible repository

location and undertook an exploratory drilling program, samples from additional

drill holes became available.

Tuffaceous groundwater used in these studies has been obtained from well

J-13 in Jackass Flats except for studies of the Yucca Mountain groundwaters

themselves. To better simulate water in contact with the rocks under investi-

gation, the water from well J-13 is pretreated with the particular rock of

interest. Analyses of the water before and after such treatment have indicated

only minor changes in composition.

Perhaps a more critical problem is simulation of the redox conditions

that exist in the actual rock/groundwater systems. If the underground conditions

are reducing, as is postulated for many deep geologic systems, then the sorptive

behavior of elements such as technetium, uranium, neptunium, and plutonium

will be different from that under the normal, mildly oxidizing conditions in

air; In their lower oxidation states, these elements are generally more insolu-

ble or sorb better on geologic media and, consequently, should be retarded

more than in the higher states. However, at the present time, there is no
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definitive description of the actual redox conditions in the tuff formations

under investigation or of conditions that might be in possible release scenarios.

Preliminary observations of the alteration features of the mafic minerals in

zones of the bedded tuff of Calico Hills and Prow Pass Member of the Crater

Flat Tuff suggest possible oxidizing conditions, at least at the time when

alteration was occurring. Observations of the dissolved oxygen content of

water pumped from the J-13 well and drill holes at Yucca Mountain also suggest

oxidizing conditions; however, results from the analysis of groundwaters from

hydrology wells at Yucca Mountain indicate that deeper waters may be oxygen

deficient when compared to water at the standing water level. Independent

work by the US Geological Survey (USGS) has shown that there are significant

concentrations of dissolved oxygen in water from tuffaceous wells (J-12 and

J-13), as well as in some other deep water.5 However, contact of crushed tuff

with groundwater under a controlled atmosphere (50.2 ppm oxygen, S20 ppm

carbon dioxide) gave apparently negative Eh values.3 The crushing may have

exposed previously unexposed minerals. Investigations have been conducted

under both atmospheric and near-oxygen-free conditions and there are plans to

do experiments under controlled Eh conditions.

Buffers are being developed to control the oxidation potential during

laboratory experiments. Formation and transport of particles containing

actinides (and presumably other radionuclides) have been found to be important

in waste element mobility. Because Pu(4+) polymer may be mobile, its behavior

and rate of formation are being studied. Waste element sorption has been

found to correlate with stratigraphy and mineralogy. The capability has been

developed to predict retardation properties, based on thermodynamics and the

sorptive mineral content. A strategy for identifying and obtaining geochemical

thermodynamic data was developed and implemented. Matrix diffusion and hydraulic

properties were found to correlate with pore structure. Predictions of diffusion

of nonsorbing tracers agree with experiments, but problems have been encountered

in predicting the behavior of sorbing elements, presumably because of slow

kinetics and nonequilibrium. A field test program has been defined and will

be used to validate geochemical transport models.

The sorption ratio, designated by Rd. is used as a measure of sorption as

a function of many parameters. It is defined as

R = activity in solid phase per unit mass of solid
d activity in solution per unit volume of solution

18



:It

Many authors refer to this ratio as the distribution coefficient Kd' Los

Alamos prefers not to use this term, which implies equilibrium, knowing that

reversible equilibrium is usually not attained. If equilibrium is attained,

then Kd is related to a retardation factor, Rf, in a uniform flowing system by

Rf =K (p/) + 1l

where p is the bulk density and E is the porosity.

A-detailed listing of the measured sorption ratios is given in App. A.

The origin of the tuff samples studied and their mineralogic composition have

been discussed in an earlier report6 or are given in this report. Petrographic

descriptions of tuff thin sections are given in App. B. The prefix JA- indicates

the sample was obtained from-hole J-13; the prefix YM- from hole UE25a-1. The

prefix G# indicates the sample was obtained from drill hole USW-G#; the four

numbers following the prefix give the depth in feet from which the sample was

obtained.

These investigations were performed under the Los Alamos quality assurance

program for the NNWSI, which is designed to ensure that the data and interpretive

reports produced are consistent with formally specified procedures and reviews.

Responsibility for the planning and implementation of the Los Alamos

quality assurance program rests with the Materials Science and Technology

Division (MST) quality assurance organization. Reference 7 contains a complete

account of the Los Alamos NNWSI quality assurance program, including the

Quality Assurance Program Plan and the detailed procedures developed for the

project.

The quality assurance program developed for the NNWSI at Los Alamos is

outlined in the Quality Assurance Program Plan (QAPP), which is updated to

meet changing requirements. It is structured to meet the requirements of

10-CFR-50, App. B,8 as applied to the evaluation of major geologic formations

with regard to their suitability as locations of permanent repositories for

high-level radioactive wastes. The Los Alamos Quality Assurance Manual9 (now

being revised) is used as a primary compliance document. The procedures

described therein are applicable unless otherwise stated in the QAPP or specific

procedure documents issued for the NNWSI.

Work Plans are the primary planning documents covering the Los Alamos

technical activities for the NNWSI. These Work Plans are written to provide
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an adequate description of the scope and purpose of the task. They include,

directly or by reference, the quality assurance requirements with regard to

data validity and documentation. Review boards are used for the quality

assurance program acceptance of the Work Plans, as well as for review and

acceptance of design and acceptance of final documents. The review board

consists of, at a minimum, a management member, a quality assurance member,

and an independent technical reviewer who is experienced and competent in the

field under review but has no direct program responsibility.

In addition to the QAPP, quality assurance procedures specific to the Los

Alamos effort in the NNWSI have been established for document control and pro-

curement. These procedures supplement the guidelines in the Quality Assurance

Manual; they are given in full in Ref. 7. Detailed quality assurance proce-

dures have also been prepared for most of the technical areas of the project,

including all facets of obtaining, handling, and shipping geologic samples;

mineralogical and petrological tests; geophysical and geochemical measurements;

and radionuclide interactions with geologic materials in both laboratory and

in situ experiments. Revisions of these technical procedures are prepared as

necessary as more experience is gained or better techniques are developed.

Reference 7 contains the current versions of these quality assurance procedures.

A one-time research effort may be documented in a Los Alamos notebook with, as

a minimum, technical approval at defined intervals.

Periodic surveillance in accordance with pre-established check lists is

used to maintain quality assurance standards in technical efforts. Measuring

and testing equipment that require calibration is controlled in accordance with

the applicable sections of the Quality Assurance Manual. Corrective action

for significant conditions adverse to quality is provided in accordance with

Sec. QMR 12 of the manual. Compilance with the quality assurance program is

verified by periodic audits that are planned, documented, and carried out in

accordance with Sec. QMR 15 of the Quality Assurance Manual.
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II. GROUNDWATER GEOCHEMISTRY

A. Groundwater Chemistry

1. Reference Groundwater for Laboratory Experiments. In a laboratory

sorption experiment that duplicates field conditions for a specific location,

one problem is the selection of the reference composition of the groundwater.

Ideally, water from individual tuff layers in Yucca Mountain would be used,

but at this time there is no producing well at Yucca Mountain and no way of

obtaining formation water from particular tuff layers. Therefore, the water

from well J-13, the nearest producing well, was chosen as reference water, and

it has been used for several years in all sorption experiments. At the end of

1980, this reference-water composition was as shown in Table I, based on

multiple analyses of well J-13 water by the USGS. Because the composition of

the water directly from the well may change slightly over time depending

on well usage, a standard composition for well J-13 water composition was

established.

TABLE I

REFERENCE GROUNDWATER COMPOSITION FOR TUFF

FILTERED THROUGH 0.45-pm MILLIPORE FILTER

Emission Spectroscopy Concentration (mg/.)

Magnesium 2.1
Silicon 31
Iron 0.04
Strontium 0.05
Barium 0.003
Calcium 14
Lithium 0.05
Potassium 4.9
Aluminum 0.03
Sodium 51

Anion Chromatography

Fluoride 2.2
Chloride 7.5
Phosphate 0.12
Nitrate 5.6
Sulfate 22
Carbonate 0.0
Bicarbonate 120

Other Conditions

pH - slightly basic (7.1)
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Examples of well J-13 water composition now and the extent of change during

specific time periods are shown in Table II. The first six analyses are of

water collected in plastic-lined barrels in June 1981 over several hours. The

last analysis is of water collected in January 1982. Before analysis the

waters were filtered through 0.05-pm Nuclepore membranes and then acidified

with ultrapure HNO3 for cation analysis. This table shows that with time

there are minor variations in composition beyond the standard deviation and

limits of detection of the elements; however, these variations are minor when

compared to other variables in experiments in which the water is used.

The techniques to determine the cation and anion concentrations listed in

the tables of this section are state-of-the-art techniques. Cations are

analyzed on acid-stabilized solutions with a Spectrometrics, Inc., 20-channel,

direct-current, plasma-source, emission spectrometer. Analyses for anion

concentrations are performed on a Dionex Ion Chromatograph; alkalinity and pH

are measured on a Brinkmann Metrohm Dosimat and Titroprocessor.

The analytical techniques for NO2 and NO3, arsenic at <0.1 mg/i, and Fe
2 +

at <0.02 mg/R, need further development. These analyses are especially important

because the ions may be the major oxidizing-reducing species in Yucca Mountain

waters.

As pumped from the well, J-13 water contains -5.5 ppm oxygen and exhibits

a pH of -7.1. As the water stands, the pH slowly increases--presumably the

result of a loss of CO2 from the water.

2. Water for Sorption Experiments. In preparation for experiments to

determine the sorption of waste elements on'tuff, well J-13 reference ground-

water was precontacted with tuff from individual strata of Yucca Mountain and

then was filtered through 0.05-pm Nuclepore membranes. The three parts of

Table III illustrate changes in the composition of well J-13 water that occur

when it is contacted with tuff for -3 weeks. The sample number in the table

reflects the depth in feet in the drill hole from which the sample was taken

(for example, sample G1-1854 was taken from well USW-G1 at 1854-ft depth) and

the sample sequence number in the J-13 drill hole (JA-18).

The tuff sample JA-18 water results are derived from contacting well J-13

water with tuff from the lower Topapah Spring Member, which was sampled during

the drilling of the J-13 well and is from the approximate region of main water

production in the well. It was expected that this tuff would be already in

equilibrium with the water, but, as shown in Table III, the magnesium concen-
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TABLE II
COMPOSITION OF WELL J-13 GROUNDWATER

Concentration
(mD/t) F

Date-ID mg Hn Si- Fe Sr Ba V Ti Ca Li K . Al Na

6/81-51
52
53
54
55
56

1.76 0.012
0.74 0.009
1.71 0.022
1.71 0.007
1.73 0.012
1.72 0.001

31.8 0.011 0.039 0.001 0.021 0.028 11.5 0.060 5.26 0.025 45.1
29.9 0.063 0.040 0.002 0.018 0.014 11.6 0.076 5.36 0.028 46.1
29.4 0.060 0.039 0.002 0.036 0.030 11.4 0.064 5.25 0.028 44.5
29.5 0.017 0.040 0.003 0.038 0.028 11.4 0.074 5.33 0.026 45.2
29.6 0.042 0.041 0.002 0.039 0.038 11.5 0.076 5.65 0.023 45.5
29.8 0.069 0.041 0.004 0.042 0.044 11.6 0.069 5.99 0.026 44.7

37.6 0.039 0.045 0.004 0.013 <0.001 14.2 0.059 4.96 0.040 50.2

0.05 0.007 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.05 0.0001 0.1

1/82-1 2.15 0.014

Limits of
Detection

0.001 0.001

Typical Standard
Deviation of
Instrumental Analysis

0.016 0.001 0.42 0.007 0.005 0.005 0.001 0.005 0.13 0.005 0.09 0.005 0.9

Date-ID F Cl P NO; Sol

6/81-51 2 *1a 6.4a 0 .1 a 10.1a 18.1a

Alk pH

2.339b 6.9

1/82-1

Typical
Standard
Deviation

1.8

0.1

6.3

0.4

<0.1

0.01

9.1

0.4

18.3

0.1

2.089 8.3

0.04

aig/l.

bAlkalinity in meq/1.
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TABLE III

COMPOSITION OF WELL J-13 GROUNDWATER

AFTER CONTACT WITH USW-GC AND J-13 TUFFS

Concentration
(g...)

Mg Ha Si Fe Sr Ba V Ti Ca Li K Al Na

Original groundwatera

2.17 0.16
(0.22) (0.02)

30.7 0.001 0.09
(2.3) (0.020) (0.06)

0.021 0.023 0.000
(0.014) (0.016) (0.013)

12.2 0.16 6.8
(1.2) (0.16) (2.0)

0.003 51.7
(0.011) (3.5)

Tuff filtered through 0.45-pm membrane

GI-1854
G1-2333
G1-2410
G1-2476
G1-2840
G1-2854

0.016
1.51
0.981
1.35
1.75
1.80

0.008
0.009
0.012
0.013
0.009
0.011

31.8
28.6
29.4
29.7
32.0
32.2

0.027
0.101
0.045
0.033
0.027
0.053

0.000
0.042
0.038
0.034
0.043
0.043

0.001
0.013
0.005
0.000
0.005
0.014

0.017
0.050
0.017
0.010
0.011
0.018

0.009
0.019
0.010
0.004
0.003
0.009

0.082
10.3
9.34
9.50

12.1
11.4

0.080
0.123
0.085
0.093
0.086
0.099

1.89
4.88
4.68
6.00
5.73
6.47

0.125
0.056
0.025
0.016
0.033
0.156

80.7
57.9
64.3
68.9
61.2
64.9

Tuff filtered through 0.05-pm membrane

G1-2289
G1-2363
G1-2476
G1-2539
G1-2840

0.121
1.04
1.03
0.848
1.66

0.004
0.008
0.050
0.012
0.009

32.3
31.0
26.6
25.5
33.2

<0.007
<0.007
<0.007
0.0316
<0.007

0.001
0.036
0.040
0.012
0.037

0.006
0.034
0.149

<0.0001
0.002

0.007
0.007
0.002
0.011
0.010

<0.0001
<0.0001
(0.000 I
<0.0001

0.001

0.414
10.3
10.4
4.66

11.9

0.048
0.058
0.066
0.067
0.057

1.29
4.81
8.71

10.1
5.07

0.008
0.011
0.009
0.062
0.010

75.5
53.5
67.3
69.7
48.3

JA-18 0.949 0.007 33.4 0.004 0.002 0.001 0.011 <0.005 11.0 0.054 6.4 0.015 54.1

aWell J-13 water; no contact with solid. Mean of seven measurements made over preceding 6-moath period.
Value in parentheses is the standard deviation of the mean for the well J-13 water.

I



:

tration of the water does change on further equilibration. No conclusive

explanation can be given at this time; the carbon dioxide content of the water

in the laboratory is probably less than at depth, the temperature is lower in

the laboratory by 41C, and the groundwater may actually not be in equilibrium

with the tuff.

Table III also illustrates changes observed in well J-13 water that is

contacted with tuffs from various depths of the USW-G1 drill hole. The main

differences are a decrease in sodium content and an increase in the magnesium

content of the water with depth in the drill hole. There is also a difference

in-waters filtered through 0.05-pm Nuclepore membranes rather than 0.45-pm

Millipore filters. For example, the iron content is drastically reduced when

filtered through the finer membrane. Because accurate iron contents may be

very important for estimating the oxidation-reduction capabilities of solutions,

the Los Alamos procedure recommends filtering all solutions through 0.05-pm

Nuclepore membranes. With state-of-the-art equipment, filtration through

membranes with smaller pores is too difficult and time consuming.

An additional example of the importance of filtration is given in Table IV.

This well-J-13 water was contacted with tuffs from the NTS G tunnel (outside

the proposed repository site) and then was filtered in various ways. The tuff

from the G-tunnel beds exhibited a much greater tendency to produce small

particles and colloids than any of the tuffs studied in the NNWSI program.

3. Temperature Effects on Groundwater Composition. A major question to

be answered by this study is whether or not a temperature increase such as-

that caused by the heat from the waste package will change the water composi-

tion enough to affect the transport of waste elements in the groundwater. In

short-term experiments three tuffs from Yucca Mountain were contacted with

groundwater at 152 t 10C to study possible reactions between the solid and

solution phases.

Three tuff samples of different lithologies were used (Tables V and VI).

Before contact with groundwater, the samples (-2 mm thick by 19 mm in diameter)

were examined with a scanning electron microscope (SEM) to observe general

surface features and mineral phases. The tuff wafers were then contacted with

water from well J-13 in Teflon-lined Parr bombs. A Teflon screen separated

the wafer and solution, and contact between the two was made by inverting the

Parr bomb during the experiment. In future experiments the waters will be

filtered at temperature before analysis because the increases in silicon and
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TABLE IV

EFFECT OF FILTRATION ON APPARENT COMPOSITION

OF WELL J-13 WATERa

Concentration

(mg/1)

Element 0.45 pm 0.40 pmc 0.05 Pm-

Mg 4.0 0.11 0.08

Mn 7.4 0.058 0.021

Si 219 28.3 27.1

Fe 82.0 1.5 0.6

Sr 0.045 0.000 0.001

Ba 9.0 0.05 0.12

V 0.17 0.005 0.008

Ti 14 0.09 0.00

Ca . 5.4 0.70 0.56

Li 80 0.059 0.050

K 30 4.5 4.9

Al 39 0.7 0.009

Na 102.5 94.1 89.0

aWell J-13 water was contacted with matrix tuff for 3 weeks and
centrifuged before successive filtrations.

bMillipore, HA membrane.

CNuclepore, polycarbonate membrane.

TABLE V

TUFF SAMPLES FOR INITIAL ALTERATION STUDY

Sample Unit Rock Type

G1-1292 Topopah Spring vitrophyre

Gl-1436 Tuffaceous beds of Calico Hills zeolitized nonwelded tuff

G1-2476 Bullfrog II devitrified welded tuff
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TABLE VI

MINERALOGY OF TEST SAMPLES USED IN ALTERATION STUDY

Clayb Alkali
Glass Clay Zeolite Feldspar SiO2j

Sample (X) (%) (/) (4 ) (%)

Gl-1292 80-90 tr mant 0 5-10 5-10 cr

G1-1436 0 tr i/m 65-85 5-10 10-20 qz

2-5 cr

G1-2476 0 tr mant 0 30-50 25-40 qz

2-5 i/m- 5-10 cr

atr = trace; mnt = montmorillonite; i/m = illite/mica.

bclinoptilolite.

Ccr = cristobalite; qz = quartz.

iron may be in the form of suspended colloids or polymers that will be filtered

out of solution.

After a contact time of 3 weeks at elevated temperature, the bombs were

reinverted to separate the phases and were allowed to cool. The tuff samples

were again examined by SEM to determine if reaction had occurred. Sample

G1-2476 containing cristobalite, alkali feldspar, and silica showed little

reaction other than some rounding of surfaces and precipitation of clays. The

vitrophyre, sample GI-1292, showed greatly increased amounts of clays or other

fine-grained sheet silicates, which had formed on glass edges. Globules,

analyzed as pure SiO2, also were observed. An unusual surface fracture network

developed (Fig. 1), and in some cases these fractures were filled with a phase

of the same composition as that of the glass. Sample G1-1436 showed marked

dissolution of clinoptilolite crystals, and the latest formed phases, mordenite

and cristobalite, which were observed by SEM before reaction, apparently

dissolved. The SEM photographs (Figs. 2 and 3) show sample G1-1436 before and

after contact with well J-i3 water. Figure 2 shows clumps of fresh cristobalite

crystals over clinoptilolite before the experiment. After soaking atelevated

temperature, the cristobalite is no longer present and the clinoptilolite is

distinctly etched (Fig. 3).

In Table VII cation concentrations in the solutions after contact at

1520C are compared with cation concentrations in well J-13 water treated with
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Fig. 1. SEM photograph of sample G1-1292 after contact with water from well
J-13 at 1520C for 3 weeks.

Fig. 2. SEM photograph of sample Gl-1436 before contact with well J-13
water.
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Fig. 3. SEM photograph of sample GI-1436 after contact with well J-13
water.

the same tuffs at 220C. Significant increases in the concentrations of silicon,

iron, potassium, and sodium and decreases in the concentration of magnesium

were observed after reaction of samples G1-2476 and GI-1292 at the higher

temperature; these changes represent dissolution and precipitation, respectively.

4. Oxidation-Reduction Potential of Groundwater. The oxidation-reduction

potentials (Eh) of groundwaters at Yucca Mountain cannot currently be measured

without ambiguity because they do not contain sufficiently high concentrations

(>10 5 M) of oxidizable or reducible species. Therefore, oxygen and sulfide

poisoning of the Eh electrode are very real problems.10 If the water as sampled

contains measurable oxygen of >0.1 ppm, redox potential measurements will be

meaningless because the electrode is poisoned. A reading of -350 mV at pH 7

will be obtained. In the presence of large amounts of sulfide, the electrode

may also be poisoned so that measurements below -200 mV are probably in error.

Although most waters at the NTS do not contain measurable quantities of

sulfide ions, the sulfide electrode can help estimate when the Eh electrode

would be poisoned by oxygen. Theoretically, the Eh electrode and sulfide
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TABLE VII

COMPOSITION OF WELL J-13 GROUNDWATER

CONTACT WITH USW-G1 TUFFS AT 220 AND

AFTER

1520C

G1-2476

Cation 220C 1520C

Concentration

(mg/.)

Gl-1436

22%C 152%C

Gl-1292

22%C 1520C

Mg

Mn

Si

Fe

Sr

Ba

V

Ti

Ca

Li

K

Al

Na

1.35

0.013

29.7

0.033

0.034

0.000

0.010

0.004

9.50

0.093

6.00

0.016

68.9

0.042

0.044

>60

0.120

0.013

0.000

0.000

1.02

0.657

0.223

7.68

0.418

122 ± 4

0.009

0.020

30.8

0.064

0.000

0.002

0.019

0.000

0.176

0.074

3.51

0.042

78 ± 5

0.015

0.022

>60

0.285

0.019

0.000

0.000

0.549

0.031

0.099

>10

0.000

134 ± 6

1.79

0.010

32.3

0.020

0.090

0.000

0.000

1.72

13.1

0.084

5.02

0.000

57 ± 4

0.006

-0.018

>60

0.063

0.011

0.000

0.021

0.000

0.534

0.086

>10

3.26

128 ± 2

electrode readings should be -180 mV

electrode showing the more positive r

where sulfide electrodes are usable I

apart for t

measurement.

he same solution, with the Eh

11 For this reason the conditions

iave been investigated.

The sulfide-ion electrode contains a silver sulfide membrane. The voltage

across this membrane is a function of the Ag concentration and can be expressed

in terms of the S2 concentration by using the solubility product of Ag2S.

The potential of the electrode can then be expressed by the Nernst equation

ES2_ = (EO2-) - RT ln(S2 ) . (1)

A plot of measured ES2- vs log (S2 ) should be a straight line of slope -29.58 mV

for each decade change of concentration. Figure 4 shows the results for a
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change in the sulfide-electrode potential as the S concentration is varied

in the range of 4 x 10O 3 to 4 x 10 9 M. The four sets of experiments were

either done at pH 8, or the measurements were corrected to pH 8. The lower
2- :limit of accurate detection of S from this graph is -4 x 105 M (20O%).

However, the sulfide electrode is qualitatively useful to concentrations as

low as 10 9 M.

Figure 5 shows the effect of ionic strength on the electrode potential of

s2- solutions. Sulfide solutions were prepared over the concentration range

of 4 x 10 3 to 4 x 10H9 M and adjusted to pH 8 ± 1; then the 2 potentials

were measured. Sufficient KC1 was added to each solution to make it 0.1 M in

KC1, and the S2 potentials of the solutions were again measured with the

sulfide-ion electrode. From Fig. 5 it can be seen that at S2 concentrations

below 4 x 10i6 M, the ionic strength of the solution has a large effect.

Complexes of H and S2 form as the pH of a solution is increased. At pH

11 the major species in solution is S2 , whereas at pH 7 and pH 4 the major

species are HS and H2S, respectively. Because the sulfide-ion electrode
2-responds only to S , all electrode manufacturers have recommended that the pH

11
of a solution be adjusted to pH 11 before measurement. Bouligue has shown

that this is not necessary. The S2 concentration and electrode potential can

be calculated for any pH and total H 2S concentration and can be used to form

calibration curves as E. 2 - VS pH. Figure 6 also shows that the electrode-

measured S potentials agree quite well with the calculated values. Eight

sets of experiments in which the S2 concentration was 10 3 M are shown on the

graph. Also included are-calculated ES2- vs pH lines.

The electrode manufacturers also recommend using an antioxidant such as
2-ascorbic acid in the solution so that the S will not oxidize. The reaction

of s2 with air is reasonably slow, and the antioxidant is not necessary if

the measurements are carried out within a reasonable time (a few hours) after

sampling (Fig. 6). At most, the measured potential increases by 20 mV when

air is present in the solution.

A platinum Eh electrode can be used in a sulfide system to measure the

2- ~ ~ ~ ~ ~~2potential of the half-cell So S + 2e .Using Eq. (1), Eh = El - 0.0295 log

(S2 ). When this equation is combined with that for the potential of a sulfide-

ion electrode, Eh = E52- + (E0 - E02-). Bouligue and Michard12 estimated from

thermodynamic data that (E0 - E02-) is 180 mV. Therefore, Eh = (ES2-) + 180 mV.

This equation is plotted in Fig. 7 with measurements (shown as x and +) of Eh
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Fig. 4. Variation of sulfide-electrode potential with sulfide con-
centration.

and ES2- carried out in the oxygen-free nitrogen atmosphere of a Vacuum-Atmosphere

glove box. In an oxygen-free atmosphere the Eh-ES2- relationship is very good.

In addition, Eh and ES2- measurements were plotted for solutions of con-

stant S concentration but with different oxygen contents. The vertical

lines (Fig. 7) connect experiments of equal pH and, supposedly, the same Eh

and ES2-. The uppermost measurements on each line represent solutions either

in air or in a poor glove box that had air leaks. The middle points represent

these same solutions after ascorbic acid was added' to remove the oxygen in

the solution. Three conclusions can be drawn from this figure: (1) the Eh

electrode measurements are influenced by oxygen contamination, even in a

sulfide environment; (2) the sulfide electrode is not affected to a large

extent by the oxygen contamination; and (3) ascorbic acid either does not

eliminate all the oxygen in a solution or does not clean the Eh electrode

enough to give a reading that represents the absence of oxygen.
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It would be interesting to pursue this study further to test whether the

divergence of the Eh measurement from the Eh = (ES2-) + 180-mV relationship

can be used as a measure of the oxygen content of the solution.

The Eh and ES2_ values were measured for well J-13 water inside the

inert-atmosphere glove box. This water had been kept sealed in a container

inside the glove box for most of the time since it was collected at the well-

head. An Eh of +100 mV vs the H2 electrode and an ES2- of -100 mV were measured.

The results agree quite well with the expression Eh = (ES2-) + 180 mV; however,

the real significance of these measurements is still unclear because the S2

concentration is below the limits of accurate detection (Figs. 4 and 6).

Unfortunately, there are no known redox couples of sufficient concentration

in well J-13 water to give a meaningful Eh measurement.
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The Eh and sulfide electrodes have been tested on a producing well in

which the dissolved iron concentration was known to be high enough, and therefore,

the Eh reading is probably valid. An oxygen electrode was also included to

measure any dissolved oxygen in the groundwater. Table VIII lists the chemical

analysis and the electrode readings taken anaerobically on water from the

Barmon-1 well at Chimayo, New Mexico.

It is possible to calculate from the chemical composition what could be

expected for a measured Eh. Using a value of K = 1038 for the solubility pro-
2+ 3+~ Sp

duct of Fe(OH)3, pH = 7.2, standard Fe * Fe + e potential = 771 mV, and

the measured Fe concentration of 2.40 + 0.02 mg/2, an Eh between +25 and

+100 mV can be calculated. Measurements of +75 mV were found in this case.

5. Composition of Yucca Mountain Groundwater. To determine or estimate

the effect of the groundwater composition on the waste package, on the waste

itself or its compounds, and on retardation mechanisms, it is necessary to

determine the composition of the formation water in each particular stratum

being considered for a repository or a transport path. The groundwater composi-

tion is also important in its effect on forming or dissolving the newly formed

minerals brought about by the temperature gradient exerted on the repository

by the waste package.

Wells in the vicinity of Yucca Mountain and Pahute Mesa have been sampled

in various ways to determine the groundwater composition as a function of

location. Wells 8, UE25b-1, and UE29a-2 were sampled while they were being

pumped at a high rate. These samples were integral ones; the main contribution

was made by the water from the permeable region (aquifer) nearest the pump

intake. The water's Eh, pH, temperature, and oxygen were measured under

anaerobic conditions for wells UE25b-1 and UE29a-2. Well USW-H1 was sampled

under different conditions. Evacuated sample bottles were lowered by wire

line to selected depths of the well. An electric valve on the bottle was

opened to admit water, after which the valve was closed and the bottle was

retrieved. These water samples were opened inside an inert-atmosphere glove

box at Los Alamos, where Eh, sulfide and oxygen contents, and pH were measured

before the samples were passed through 0.05-pm Nuclepore membranes and chemically

analysized. Tables IX and X list the cation and anion compositions and electrode

measurements for these samples. The nomenclature, or the sample number, for

samples taken from well USW-H1 again indicates the depth from which the sample

was taken.
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TABLE VIII

COMPOSITION OF BARMON-1 WELL (NEW MEXICO) GROUNDWATERa

Concentration
(Mg/l)

Mg

10.5

Mn

0.29

Si

5.9

Fe

3.1b

Sr

1.00

Ba

0.15

V

N.D.c

Ti

N.D.

Ca

69.7

Li

0.12

K

5.5

Al

0.08

Na

7.7

Concentration
(mg/Z)

F

0.8

Cl

6.8

NO

N.D. N.D. N. D. 12.0

S20

0.032

12

<1.2

Alkd

5.904

pH

7.16

Ehe

75

aEach sample was passed through 0.05-pm Nuclepore membrane.

Fe2 content is 2.4 mg/Q.

CN.D. = not detected.

dAlkalinity in meq/2.

emV vs a hydrogen electrode.
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TABLE IX
CATION COMPOSITION OF GROUNDWATERSa

Concentration
(ng/l1)

Well Mg Mn Si

8 1.377 0.005 25.6

Fe Sr

0.009 0.007

Ba V Ti Ca Li

<0.0001 0.003 <0.0001 8.2 0.045

K

4.13

Al

0.035

Na

36.5

UE25b- 1

8/7/81

8/7/81

9/11/81

9/11/81

UE29a-2

H1-2000

3000

4000

5900

(0.740)

0.833

(0.616)

0.677

(0.303)

0.343

0.196

0.087

0.074

0.149

(0.192) (30.1)

0.193 31.6

(0.004) (28.1)

0.004 31.5

(<0.002)(25.9)

0.034 25.8

(0.154)

0.047

(0.34)

0.035

(0.008)

0.048

0.019

0.143

0.026

0.214

(0.051)

0.055

(0.041)

0.046

(0.037)

0.041

0.027

0.035

0.043

0.106

(0.005) (0.010)

0.005 0.011

(0.006) (0.006)

0.007 0.015

(0.001) (0.002)

0.03 0.003

(0.023) (20.4)

0.015 22.5

(0.014) (17.3)

0.026 19.7

(<0.0001)(10.3)

<0.0001 11.1

(0.834)

0.873

(0.262)

0.283

(0.094)

0.105

0.074

0.092

0.112

0.143

(3.62)

3.69

(3.19)

3.28

(1.13)

1.17

6.38

1.37

1.45

2.19

(0.044)

0.032

(0.015)

0.028

(0.016)

0.041

0.017

0.028

0.018

0.022

(59.8)

63.0

(53.6)

55.8

(50.1)

50.8

106.0

153.0

166.0

120.0

0.112

0.08

0.036

0.146

3.55

11.5

12.9

16.1

0.38

0.007

0.008

0.013

0.001

0.005

0.007

0.006

0.004

0.004

0.003

O0.001

3.45

5.23

1.68

6.18

aValues in parentheses for waters that were not filtered through 0.05-pm Nuclepore membranes.
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TABLE X
COMPOSITION OF GROUNDWATER

Concentration
(mg/2)

c b
Well

8

UE25b- 1
8/7/81
9/11/81

UE29a-2

HI-2000
3000
4000
5900

F

0.5

1.07
1.2

0.56

2.7
17.7
13.1
16.8

Cl

6.9

11.4
7.1

8.3

24.6
8.3
8.4
9.5

POj

N.D.a

N.D.
N.D.

(0.2

N.D.
N.D.
N.D.
M.D.

NO3

5.4

N.D.
0.6

18.7

N.D.
N.D.
N.D.
N.D.

SO0

14.6

21.1
20.6

22.7

13.9
34.4
60.9
50.0

°2 S2_ Alk

1.407

1.8

5.7

3.4
1.3
1.3

<1i.2e

N.D.

N.D.

N.D.
0.064
0.000064
0.032

3.421
2.213

1.769

3.494
5.861
5.898
4.253

pH

6.6

8.7
7.7

7.0

7.2
7.0
8.0
7.6

d
Eh

220

305

270
-40
-25

-105

aN.D.
not detected.

bAlkalinity in meq/2.

CMeasured after return to Los Alamos.

dmV vs a hydrogen electrode.
eThe 1.2 was the minimum detectable.



When making comparisons among the results for the wells, the pumping his-

tory of each well must be kept in mind. Wells 8 and J-13 are producing wells

that are still in use. Well UE25b-1 was pumped for more than 1.3 x 107 gal.,

but the water still contained detergent from the drilling of the well. Well

UE29a-2 was pumped for a relatively short time and also contained detergent,

and well USW-H1 was a stagnant hole that had not been pumped for over 6 months.

Despite the differences in pumping histories, several generalizations can

be made.

(1) Well 8 water composition is very similar to that of well J-13. The

concentrations of cations and anions in well 8 are all lower but are at approxi-

mately the same ratios to each other as those for well J-13 water.

(2) Well UE25b-1 water, however, contains higher sodium and calcium and

lower magnesium and potassium concentrations. There is a large drop in manganese

concentration in well UE25b-1 with time. The difference in results for unfiltered

and filtered water from well UE25b-1 again shows the importance of filtration

through 0.05-pm Nuclepore membranes when measuring iron concentration. An Eh of

220 mV was measured for this water, representing a solution without measurable

quantities of oxygen present (<0.1 ppm). Oxygen analysis on the water after

it was shipped to Los Alamos gave the high value of 1.8 ppm, which must be

considered as a maximum because of the handling involved. Using the same

constants and procedure that were used to calculate the measured iron concen-

tration for well UE25b-1 (Table IX), the calculated Eh would be +110 ± 30 mV.

The measured Eh of +220 mV (Table X) is too positive and may indicate poisoning

by some oxygen in the system or during sample handling. The difference between

the Eh and sulfide-electrode measurements (290 mV) is also greater than 180 mV,9

indicating that the Eh electrode was poisoned by oxygen and was giving too

positive a reading. The higher measurement may also be a result of mixing the

water from two aquifers, one of which contains oxygen, during pumping.

(3) Well UE29a-2 water is very similar to well J-13 water except for a

lower magnesium concentration and lower alkalinity. This water, like well

J-13 water, contained -5.7 ppm dissolved oxygen. Both well UE29a-2 and well

J-13 produce water in a permeable zone at or near the standing water level;

therefore, it is not surprising to see high oxygen contents. Well UE25b-1,

however, produces water from several zones.

(4) The results on the at-depth samples from well USW-H1 are very different

from those of pumped wells. The sodium is very high, whereas magnesium,

39



calcium, and potassium are low. At several depths the sulfide and iron con-

centrations are very high; these depths approximate the strata in which pyrite

is found. The fluoride, chloride, and sulfate concentrations and the alkalinity

are very high in these same samples, and a negative Eh is measured. At the

time these measurements were taken, 1.2 mg/k was the minimum detectable oxygen

using the Yellow Springs Instrument electrode. These results probably represent

reactions that can take place with time after drilling rather than conditions

' that existed before drilling. The difference in NO results between wells may
3

be an indication that wells USW-H1 and UE25b-1 are not fed by the same aquifer

as wells 8, J-13, and UE29a-1 and that well UE29a-1 may be unique.

I These results are important because there is now some evidence that all

groundwaters at NTS are not highly oxidizing with measurable amounts of dissolved

oxygen. Therefore, samples of formation water from particular strata must be

obtained.

6. Determination of Fe2 + in Water. The presence of Fe2+ and Fe3 + in

groundwaters has important effects on the oxidation potential in geologic

systems. Total iron can easily be determined, but measuring the Fe2 content

is usually difficult in the presence of Fe3 . However, using a procedure

adopted originally from Lee and Stumm,13 there seems to be very little inter-

ference from Fe . The reagent, 4,7 diphenyl-1,10 phenanthroline, commonly

called bathophenanthroline, is more sensitive and the color developed is more

| stable than other phenanthrolines. Ferric iron does form a slightly colored

complex with the bathophenanthroline, but unless large quantities of ferric

iron are present its contribution to the absorbance can be considered negligi-

ble. If needed, correction for large amounts of ferric iron can be made.by

establishing a calibration curve for ferric iron; however, the solubility of

Fe at pH 7 should be very low.

Reagents are prepared iron free by extractions to reduce the blank. The
2+

present lower limit for the procedure is -1 pg Fe , which is 0.0125 mg/.Q for

* an 80-am sample.

None of the common anions chloride, nitrate, acetate, or sulfate interfere

in the determination of iron with bathophenanthroline, nor do the alkali and

alkaline earth cations. Results for several groundwater samples are presented

in Table XI.

40



4
I

TABLE XI

Fe2+ IN GROUNDWATER

Filter Fe2 Concentration
Water (Pm) (ppm <)a

G Tunnelb ionec 0.057

G Tunnelb 0.05 0.0125

YM-46b 0.45 0.037

yM_5b 0.45 0.023d

Barmon No. l 0.40 3.0

Barmon No. 1e none 3.0

aReported as < because the small contribution of Fe(III) has not been subtracted.

bWell J-13 water contacted with indicated tuff cores.

CNot originally filtered. A precipitate formed after boiling with acid. The
solids were filtered out on No. 541 Whatman filter paper before extraction.
Iron results may be low if the precipitate trapped iron.

dLimit is high because only a small sample was available.

eNew Mexico well used to test equipment.

7. Determination of Fe2+ in Silicate Rocks. The presence of Fe2+ and

Fe3 influences the oxidation potential in geologic systems. An estimate of

the total quantity of Fe2+ and Fe3+ in tuffs could be an indication of the

total oxidation-reduction capacity of the tuff in Yucca Mountain. Total iron

can easily be determined; however, a good method for determinating Fe2 in

silicate rocks must involve special'techniques to prevent Fe2+ from oxidizing

during separation or at other times when it is not being measured. Using a

modification of Banerjee's technique,14 in which the silicate rock is dissolved,

the Los Alamos method includes a simultaneous oxidation of Fe2+ by ICl to form

I2' Iodine monochloride has a lower oxidation potential than either permanganate

or dichromate, other oxidizing agents that might have been used; however, the

use of IC1 as oxidant precludes interference by Mn(II) or Cr(III). Pertinent

half-cell reactions are

MnO- + 8A + 5e = M2n + 4H0 EO = 1.52 V
4 2

Cr 0 2 - + 14H + 6e- 2 Cr 3 + 7H0 E 0 =1.33 V
2 7 2

I
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MnO2 + 4H + 2e = Mn2 + 2H2 0 E 0 = 1.23 V

2(ICl) + 2e = I2 + 2C1 E = 1.19 V

Fe3 + e = Fe E° = 0.77 V

The Los Alamos procedure uses 13 1 -tagged ICI. The 13112 is reduced with NaHSO3,

extracted from an. organic into an aqueous phase, and counted on a Ge(Li) detector.

Standards are run at the same time for calibration. The method uses hydrofluoric

acid in the dissolution, which limits the vessels that can be used. The FEP

Oak Ridge-type centrifuge cones (50 mi) and fluoropolymer screw caps (Nalgene

3114) are suitable; most other plastics cannot be used because I2 sorbs or

diffuses into them. Several USGS "standard" rocks were analyzed, with a 2.0%

average deviation from the published results.

In previous analyses, the Fe2 was detectable in YM-22, YM-38, and YM-46

tuffs. These analyses will be repeated, however, because a less sensitive

analysis of I than the 131I tracer method was used. Two analyses using the
2 2+

radioactive method were completed on G-Tunnel core U12G-RNM9. The Fe content

was <0.1%.

The procedures must be improved before they can be used for routine rock

analyses.

B. Actinide Behavior

To assess the radiochemical hazards that would be associated with dissolved

actinides in the repository, the geochemical processes along possible flow paths

from the repository to the accessible environment must be known. The principal

issues concerning actinide chemistry are:

(1) Speciation

(a) oxidation state

(b) hydrolyzed forms

(c) complex ions

(d) polymeric forms

(2) Solubility of oxides and hydrous oxides

(a) effect of Eh and pH

(b) effect of temperature

(c) effect of complexing anions [closely related to (1c) above]

(d) rates of precipitation and dissolution.
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These issues must to be resolved before reasonable predictions of the behavior

of plutonium and other actinides in the environment can be made. These issues

are not strictly site specific; many are dependent upon the composition of the

groundwater and rock.

The behavior of an element in solution under various conditions will

depend on the species present. Thus, speciation is an important underlying

issue in any discussion of the effect of groundwater chemistry on the behavior

of waste elements. For elements that can exist in more than one oxidation

state, the species present will depend on the Eh, the pH, and the concentration

of complexing anions.

For plutonium and the other lighter actinides (An), the species present

in acid solutions are well understood: An3 , An4 , AnOc, and AnO 2j for the

III, IV, V, and VI oxidation states, respectively, in the absence of significant

concentrations of complexing ions. Plutonium (VII) is a very strong oxidizing

agent and is not stable in acid solutions. At lower acidities, hydrolysis

becomes important, and for plutonium significant concentrations of PuOH 2+,

PuOH3 , PuO OH, and PuO 0H appear at pH values of -8.0, 0.5, 9.7, and 5.6,
2 15 2 2

respectively. More highly hydrolyzed species are known for PuOZ and are
4+ 2

almost certainly important for Pu as well. However, Pu(IV) forms polymers

in the pH region where more highly hydrolyzed species are expected, and no

data exist.

The species present in acid solutions of many complexing agents are

known, and a number of complexing constants have been determined.16 Complex

ions are expected to hydrolyze, but very little has been reported on these

mixed complexes.17

The very low solubilities of the An(IV) oxides and hydrous oxides often

limit the available concentrations in the environment and in the laboratory.

Direct spectrophotometric methods for studying speciation usually require con-
-4centrations of -10 M, and determination of the oxidation state usually

requires -10- 6 M, much higher concentrations than those expected under environ-

mental conditions. To determine an average charge (a step toward understanding

speciation) by electrophoretic methods requires concentrations that are high

enough that sorption on the medium is not important. Species present at low

concentrations can sometimes be inferred by the effects that pH, Eh, and

complexing ion concentrations have on the solubility equilibria and various

distribution equilibria (for example, ion exchange and solvent extraction).
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Quantitative consideration of any plausible set of solubility products,

hydrolysis constants, and oxidation potentials for plutonium, uranium, and

neptunium shows that the net solubility in noncomplexing media is a complicated

function of both Eh and pH. The most stable solid phase is Pu(IV) oxide or

hydrous oxide for most of the accessible Eh-pH region, but there are large

regions where Pu(III) and Pu(V) are the principal solution species.18

A number of studies that are relevant to actinide solubility and speciation

have been carried out. Los Alamos' experience in determining sorption ratios

for actinides in tuff is outlined below, including the methods of preparation

of the feed solutions and techniques for separating the solid and aqueous

phases after contact. Studies of plutonium chemistry in near-neutral solutions

are reviewed, including work with osmium complexes and observations concerning

Pu(IV) polymeric material. Finally, the preliminary work related to particulate

transport is reported, including production of actinides in the form of polymers

or colloids.

1. Preparing Actinide Feed Solutions and Separating Solid and Aqueous

Phases After Contact in Batch Sorption Measurements. Introducing plutonium or

americium into groundwater is difficult because both elements tend to behave

unpredictably in near-neutral solutions. Precipitation, polymerization, and/or

colloid formation frequently result if great care is not taken in the preparation

of the traced feed solutions and separation of the final aqueous and solid phases.

Most traced feed solutions were prepared by evaporation of the tracer, violent

agitation with groundwater, and finally, filtration through two different size

filters. Sample separation problems were caused primarily by actinide sorption

on very fine particles and filters and also by the the difficulty in removing

such particles from the contacted groundwater. To determine, as far as possible,

what species might be present in both plutonium and americium "solutions," a

number of sample and traced feed solutions were characterized by microautoradio-

graphs of the filters used in their preparation.

The traced solutions were normally prepared using rock-pretreated ground-

waters, isotopically pure Am tracer from Oak Ridge National Laboratory,

39Pu tracer (weapons grade) from Los Alamos, and 37Pu tracer from Argonne

National Laboratory. Tracer purities were checked by both alpha and gamma

spectroscopy. Feed solutions were usually prepared to contain -2 x 10 dpm/mY.
o 241 a 239 3 237Of Am, and/or -3 x 1 dpm/nme of Pu, or -2.4 x 10 dpm/m.2 Pu at l0O0,
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yield of tracer, which was generally not obtained. These correspond to mass

concentrations of -1 x 106 X americium, -1 x 10 5 M plutonium when 239Pu was

used, and -4 x 10 13 M plutonium when 237Pu was used. The 237Pu tracer was

treated with NaNO2 so that the plutonium was in the IV oxidation state at the

beginning, which resulted in the addition of -10 4 M sodium ion to the feed

solutions containing 237Pu. Batches of traced feed solution were prepared in

sufficient quantity to contact a predetermined number of crushed-rock samples,

to aliquot for concentration determination, and to measure the pH value.

The "pH-adjusted" feed solutions were prepared by adding tracer solution

directly to the groundwater and then adjusting the pH to the original value by

adding NaOH solution, which resulted in the addition of -10 2 sodium ion.

"Dried" feed solutions were prepared by first evaporating an aliquot of tracer

solution in air at room temperature in a polypropylene tube. The dried activity

was then contacted several times with 20-mt volumes of groundwater for periods

of from a few minutes to overnight. After each contact the tube was centrifuged

for 1 hour at 12 000 rpm (-28 000 g), and the aqueous phase was added to a

large polyethylene bottle. These two contact processes were continued until

no significant decrease in y-ray activity was observed in the tube; generally,

this required three contacts. Groundwater was added then to the bulk of the

feed solution in the bottle to give a volume -20 mit less than the desired

final volume, and this bulk solution was shaken overnight. At the same time,

the final contact was being made in the original tube. The next day the tube

was centrifuged, and the solution was added to the bottle. Water was added

to give the desired final volume, and the bottle was shaken for at least 1 hour.

The solution was then centrifuged for 1 hour at >6000 rpm and transferred to a

new bottle.

'In early experiments, feed solutions were not filtered. The yields of the

traced feed solutions generally varied from -5 to 70%. The procedure currently

in use to prepare traced feed solutions is described in Sec. IV.A.2. Within

1 hour after preparation of a feed solution, an aliquot was taken and acidified

for later assay for the initial concentration of each tracer, and 20-mt portions

were added to crushed-rock samples in polypropylene tubes and to empty tubes

for use as "controls." The pH value of the remaining solution was then measured.

The results of experiments using the pH-adjusted feed solution differed

from measurements using feed solution prepared from dried tracer. Individual

sample sorption ratio values are presented in Ref. 2; average values are
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presented here in Table XII. Differences are presumably the result of

differences in speciation that were caused by the alternate methods of feed

solution preparation.

Feed solutions for early actinide sorption experiments were prepared in

a manner to optimize the actinide concentration of the feed solution, and

ensure, as far as possible, the exclusion of any polymeric or colloidal

particles. However, the centrifugation described in Ref. 1 probably did not

eliminate any particles because the feed solution was transferred from the

centrifugation bottle by decanting. For all later experiments, the centri-

fugation was omitted, and the feed solutions were passed directly through a

double filter (0.4 and 0.05 pm), thus eliminating two container changes. The

method removing activity from the tube in which it is dried was changed to

include a 2- or 3-minute contact with rock-treated water using a vibrator or

TABLE XII

SORPTION RATIOSa (mk/g) FOR AMERICIUM AND PLUTONIUM

DETERMINED USING TWO METHODS FOR PREPARING FEED SOLUTIONS

Feed Solutionsa

Dried pH Adjusted
Temp

Element Core (OC) Sorption Desorption Sorption Desorption

Am JA-18 22 180(30) 1100(260) 435(6) 960(15)

70 230(30) 3400(300)

JA-32 22 130(30) 2200(650) 1100(120) 2300(310)

70 110(30)

JA-37 22 670(210) 17000(3500) 8800(1100) 12000(2000)

70 970(240) 34000(6000) 5300(720)

Pu JA-18 22 140(30) 350(140)

JA-32 22 -110 1200(210) 750(170)

JA-37 22 280(100) 3300(1200) 3800(950)

70 -240

Traced feed solutions were not filtered before use. They are averaged over
-1-, 2-, 4-, and 8-week contact times; 106- to 150- and 355- to 500-pm particle
sizes, and -10 6 and -10 13 M plutonium concentrations. Values in parentheses
are the absolute-value standard deviation of the means.
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ultrasonic bath and then a second 2- or 3-minute contact with a fresh portion

of rock-treated water, again using an ultrasonic bath. Subsequent contacts

removed successively smaller portions of the remaining dried tracer; in general,

90 to 99% of the activity that can be removed is removed in the first two

contacts.

Investigations detected the presence of centrifugable or filterable

actinide species generated during feed preparation and sorption procedure.

Improvements were made in the method used to separate solid and liquid phases

after contact, presumably reducing the amount of particulates present in the

aqueous phase and, thereby, giving more accurate results. A few operations

were added to examine (1) container sorption for samples and controls, (2) the

fraction of centrifugable species in the controls, (3) the effect of filtering

successive portions of the same "postcontact" solution through the same filter

membrane, (4) the effects of filtering postcontact solutions through filter

membranes with different pore sizes, and (5) the effects of centrifuging

postcontact solutions a different number of times and for different durations.

The procedure to separate phases after contact was usually three centrifugings,

for 1, 1, and 2 hours, respectively, at 12 000 rpm (28 000 g). Extreme care

was taken to avoid transferring any particulates from the bottom of the tube

or in surface films. The centrifuged solutions were then filtered in various

ways. The relative difference in sorption values obtained from pH-adjusted

feed solutions but different postcontact phase-separation procedures is shown

in Table XIII. The higher Rd values observed with the improved phase-separation

procedure indicate a more efficient removal of solid particles (with their

associated high count rates) from the aqueous phase before counting. In some

cases, aliquots were taken for counting after each centrifuging and each

filtering.

Sorption on container walls during tuff contacts was measured by transfer-

ring the contents after contact, without centrifuging, to new tubes and count-

ing the original tubes. Sorption on the container walls when solids were pre-
241 237

sent was measured for twenty-four Am and seven Pu samples. The amount

of activity sorbed on the container, with the possibility of retention of a

small amount of solid even after transfer, averaged 2.1% for americium and 2.5%

for plutonium. For controls (no solids present), container sorption averaged

24% for nine americium solutions at room temperature, 74% for four americium

solutions at 700C, and 16% for two plutonium solutions at room temperature.
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TABLE XIII

SORPTION RATIOSa (ml/g) FOR AMERICIUM

AND PLUTONIUM DETERMINED USING DIFFERENT METHODS OF

SEPARATING SOLID AND AQUEOUS PHASESb

Americium PlutoniumC
Type of Phase

Separation Sorption Desorption Sorption Desorption

Original procedure

JA-32 950(160)d 920 1200(200) 750(170)

JA-37 5000(800) 4000(1300) 8000(1400) 1100(300)

Improved procedure

JA-32 1400(110) 2700(430)

JA-37 12000(410) 14000(2100) 700(210) 4600(1000)

Sorption ratios are averaged values for two particle sizes (106 to 150 and
355 to 500 pm).

bExperiments run in air at ambient temperature. Feed solutions prepared by
addition of acid solution of tracer and readjustment of pH. Data given for post-
contact solutions after centrifugation but before filtration.

cThese two experiments also differed in the concentration of plutonium used;
the first used -10-13 M 2 37Pu and the second used -10 6 M 236Pu. See
Sec. IV.C.3 for a discussion of concentration effects.

dValues in parentheses are the absolute-value standard deviation of the means.

The amount of plutonium or americium activity remaining on the containers is

obviously much lower for the samples than for the controls.

For comparison, container sorption during experiments with argillite samples

from the Eleana formation at NTS was also investigated. The measurement methods

were essentially the same as those used on the tuff except that the control samples

were centrifuged and the aqueous phase was transferred to another tube. The

activity observed in a control tube, therefore, represented the sum of wall sorp-

tion and centrifugable species. Sorption on the container walls when solids were

present was measured for thirteen 241Am and nine 237Pu samples. The amount of

activity sorbed on the container averaged 1.2% for americium and 0.6% for pluton-

iuum, with the possibility of retaining a small amount of solid even after transfer.

For the controls, the americium activity remaining in the container averaged 13%

for 13 solutions at ambient temperature and 90% for 4 solutions at 700C.
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For two plutonium controls at each temperature, the values were 43% at ambient

and 88% at elevated temperature. Again, container sorption was much higher

for the controls than for samples containing crushed rock.

To determine the distribution of activity sorbed on the tuff control

tubes, the bottoms of 6 tubes were washed twice with 2.5-mg portions of 3 H

HCl; the activity removed was assumed to represent that which sorbed on the

bottom of the tube. The tubes were then completely washed with two 2.5-m2

portions of 3 H HC1, and the activity removed from each tube was again assumed

to represent that which sorbed on the walls. The final "clean" tubes were

checked by gamma counting. The activity was calculated per unit area; the

ratio of the activity on the bottom to the activity on the walls varied from

0.3 to 1.1 with an average of 0.7. The activity on control tubes appears to

have been sorbed fairly evenly on the surface. The above results for container

sorption suggest that sorption is dependent on available surface area, so when

crushed tuff is present, container sorption is negligible.

For the tuff controls described above, the fraction of centrifugable

species was measured by centrifuging the contents of the new tubes after the

first transfer, again transferring the liquid, and counting the activity left

in the tubes. The average fraction of the activity in the solution after

contact that was removed by one 1-hour centrifuging was 17% for nine americium

controls at room temperature, 37% for four americium controls at 701C, and 13%

for two plutonium controls at room temperature. Because there was a significant

amount of centrifugable species in the control solutions, presumably a similar

fraction of the activity was also present with the samples; there it would

have been combined with the crushed rock and counted with the sorbed activity.

Each of three centrifugings (1, 1, and 2 hours) removed additional activity

from americium solutions after contact and, therefore, would appear to be

necessary. (These measurements were not repeated with plutonium solutions.)

In an experiment to see if effects related to the filtering process would

result in a change in the radionuclide concentration of solutions after contact,

three -3-m-9 portions of a solution were passed through the same 0.4-pm poly-

carbonate membrane. Each portion was aliquoted and counted after passing

through the membrane. Filtering successive portions of the same postcontact

solution through the same filter membrane did not appear to result in a signi-

ficant difference in the concentration of plutonium or americium in the solution.

The effects of centrifuging the postcontact solutions and passing them

through filters with various pore sizes were examined by counting aliquots of.
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the solution after each step. Data for a number of samples and controls are

given in Table XIV. The filter sequences were 1.0/0.4/0.05 pm, 0.4/0.4 pm,

and 0.05/0.05 pm. The most recent procedure for postcontact centrifuging and

transferring produced plutonium solutions from which no additional plutonium

was removed by filtering. This was not true for americium, where a factor of

2 or more of the activity was sometimes removed by filtering the centrifuged

solutions, the results varied with the contact temperature. These results

suggest that plutonium does not significantly sorb on polycarbonate filter

membranes, at least in the time required for filtration. The activity present

in a plutonium solution after it has been centrifuged three times is, therefore,

probably the correct value for calculating sorption ratios. For americium, it

appears that centrifuging the solution after contact establishes a lower limit

to the sorption ratio because crushed-rock particles and particulates remaining

with the solution tend to lower the calculated Rd.

In an attempt to better understand the mechanism by which americium is

retained on filter membranes, 38 membranes from the sequential filterings

listed in Table XIV were examined by a microautoradiographic technique.

Approximately one-half to one-third of each filter membrane was mounted on a

glass slide by coating it with a thin layer of parlodion (a 2% solution in

isopentyl acetate). The slide was then alpha counted to determine the length

of exposure time needed (calculated to give -107 total disintegrations) and

clamped together with a second slide on which a Kodak AR.10 strippable emulsion

had been mounted. Mounting the emulsion directly onto the coated filter made

it difficult to see single tracks. To ensure that the emulsion adhered well

to blank glass slides, the slides were first etched with a dilute solution of

HF, then dried and coated with a solution of 2% parlodion in isopentyl acetate,

dried again, and finally coated with a thin gelatin layer by dipping the slide

in a water solution containing 0.5% gelatin and 0.06% KCr(SO4)2 12H2O.

Microautoradiography of the "sorption" membranes (those from solutions

after initial sorption experiments) showed not only single-alpha tracks but

also clusters and stars, indicating the presence of large complex species,

polymers, or colloids in the so-called solutions, even after multiple centri-

fugings. Some sorption solutions were filtered successively through several

membranes with the same or decreasing pore sizes (Table XIV); essentially all

these membranes were found to retain americium in clusters, stars, and single

tracks. Americium species in these solutions probably exist in a broad range

of particle sizes. In contrast, the "desorption" membranes (those from
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AVERAGE ACTIVITYa REMOVED FRC

TABLE XIV

)M SOLUTIONS BY CENTRIFUGING AND FILTERING

Treatment

2nd CentrifugeC
1 hour

Samples

(%)
237Pu 241Am

28

241 b
Am

51

Controls

(%)
237Pu 241Am

14

241 b
Am

8

3rd Centrifuge
2 hours

Filter
0.1 pm
0.4 pm
0.05 pm

or

0.4 pm
0.4 pm

or

0.05 pm
0.05 pm

24 26 6

0

0
0

10 3 28

26
28

8

0

0
48

13
27

2
1

22
11

2 26
24

6
3

0
0

39
21

70
6

40
32

aDecreases in activity are in per cent
removed by that operation.

bFor 701C solutions.

CAll centrifugings were at 12 000 rpm.

of input activity for a given operation

solutions after desorption experiments) generally showed only single-alpha

tracks, suggesting that some americium sorbed on the membranes and that large

particulates were neither removed from the solids during desorption nor formed

in the aqueous phase during contact.

Some caution must be exercised in interpreting these autoradiograms

because radiocolloids and particles coated with radioactive material often

produce a similar pattern of tracks. It is sometimes possible to distinguish

between them by viewing the original particle or colloid with reflected as

well as transmitted light. In related work, Allard has observed sorption

From information received from B. M. Allard, Chalmers University, Goteborg,
Sweden.
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ratios for Millipore filter paper that are comparable to ratios for rock-

forming minerals during batch sorption experiments with americium in simulated

groundwater.

Considering the above results, a conservative approach was taken in

calculating americium sorption ratios; the results from the solutions after

they been centrifuged but not filtered were used. After the early postcontact

experiments described here, all feed solutions were prepared by drying the

tracer and redissolving it in groundwater (Sec. IV.2).7

It must be emphasized that the measured sorption ratios for plutonium and

americium include effects other than sorption. There may well be differences

in the behavior of plutonium or americium even between supposedly identical

solutions at pH 8 to 8.5; for example, the degree of polymerization and radio-

colloid formation and hydrolysis result in variations in species (including

charge) and particle size. Grebenshchikova and Davydov 9 reported that the

charge on colloidal Pu(IV) species may be either positive (at low pH values)

or negative (at high values) and that the isoelectric pH, or point of zero

charge, is in the pH region 8.0 to 8.5. Polzer and Miner20 presented a plot

of effective charge (caused by hydrolysis) of the americium species vs pH for

a 0.1 M LiC104 solution. Between pH 8.0 and 8.5 the average effective positive

charge per atom of americium varied from -1.3 to -0.0. Therefore, large

variations in the behavior of both plutonium and americium can be expected in

this pH range.

2. Plutonium Chemistry in Near-Neutral Solutions. In an effort to control

the Eh in laboratory experiments involving plutonium and other multivalent ele-

ments, several systems are being investigated. A number of osmium complexes that

could be used for this purpose have also been prepared and tested. Because of

the importance of the Pu(IV) polymer as a possible migrating species from a

repository (as described in Sec. II.B.2.e), its rate of formation at very low

concentrations and its ionic dissociation are being studied. Because the

Pu(V)-Pu(VI) potential in speciation and solubility at Eh greater than -0.9 V

and pH less than -7 is important, measurements of the equilibrium in selected

Pu(VI)-Os(II) reactions are being used for an independent determination of the

Pu(V)-Pu(VI) potential at low acid concentrations and ionic strengths.

a. Eh Control. Measurements of Eh in the laboratory have been made

with either a platinum or a gold electrode referenced to a standard calomel
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electrode. Standards of +430 and -388 mV, relative to the normal hydrogen

electrode, have been used for calibration.

Measurements of Eh on unpoised or complex systems are difficult to

interpret.21 A weak signal can be undetectable because of electrical noise

in the system. Laboratory measurements of both aerated and oxygen-free ground-

waters in the absence or presence of many rock samples studied (tuff, Climax

Stock granite, and Eleana argillite) have generally shown positive potentials.

However, mixtures of tuffs YM-54 (divitrified) or tuff YM-38 (zeolitized) and

water from well J-13 that have been shaken in a controlled atmosphere for more

than a year show slightly lower Eh values, -20 to -140 mV, compared to values

of +300 to +350 mV for aerated solutions with pH values of -8.

Next, NH 2OHHCl was examined as a reducing agent. Solutions were sparged

for several hours with argon gas to remove some of the oxygen, NH2OH-HC1 was

added, and the pH was adjusted with dilute NaOH to neutral'or slightly basic.

The Eh was measured as a function of pH, and an approximately linear correlation

was found. At pH 7, Eh _ 120 mV; at pH 10.8, Eh _ -130 mV.

Before a potentiostat was obtained and set up, a preliminary experiment

was run with 10 6 M Nile Blue in sodium carbonate solution; ferrous iron was

used as reductant to decrease the Eh to the Nile Blue theoretical value of

-160 mV at pH 8.3. This reading was maintained for several hours with the

addition of ferrous ammonium sulfate. It is unclear which couple was actually
22 -7measured: Ottaway states that concentrations of <10 M are needed for true

solution behavior of Nile Blue.
23 24A potentiostat cell similar to those of Harrar and Rai et al. was built

with a 3.6-cm diam and 7.5-cm height. The bottom has a convex indentation to

hold a 5/8-in. Spinfin for magnetic stirring, which allows the very vigorous

mixing needed to deoxygenate any solution used under controlled Eh conditions.23

The working electrode is a 3.3-cm-diam, platinum-gauze cylinder. The counter

electrode is a folded 5- by 2-cm platinum gauze isolated in a glass cell with

a porous Vycor frit making contact with the solution. A salt bridge contains

a calomel reference electrode. Inlet and outlet tubes for inert-gas sparging

and a sample port with a stopper are included.

Control of pH is necessary when working with Eh buffer-potentiostat

systems. Although tris-(hydroxymethyl)-amino-methane makes usable buffers in

the desired (underground systems) pH range, the borate-boric acid systems have

been the most useful and probably are less likely to interfere in the rock-

groundwater systems.
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Work at Eh values below that of the H202-02 couple (0.68 - 0.059 x pH)V

is difficult because of oxidation by oxygen in the air. It is necessary to

work in an inert-atmosphere glove box when studying systems with Eh values

<0.1 V. A Vacuum Atmospheres controlled-inert-atmosphere glove box with a

Dri-Train purification system is used. The oxygen content is <0.2 ppm and the

carbon dioxide content is <20 ppm in the atmosphere of the box. Argon gas

that has been through a chromous-perchlorate, zinc-amalgam scrubber and an

acid scrubber is piped into the box so that various solutions under study

can be sparged in the box.

The first investigations of possible redox buffers have focused on redox

indicators because a wide range of potentials is available.22 However, in

addition to having an appropriate potential, a satisfactory Eh buffer system

must be relatively stable in both oxidized and reduced forms; it must also

show a relatively rapid redox reaction rate with the species of interest, but

must not react in other ways.

The first work in Los Alamos involved the organic redox indicator Indigo

Carmine. The formal potential (that given by equimolar concentrations of oxidized

and reduced forms) for Indigo Carmine is reported22 to be (0.291 - 0.059-pH)V.

Using this dye, Los Alamos scientists have maintained stable Eh values of

(-0.19 ± 0.02)V at pH 7 for several days. Indigo Carmine, however, has some

drawbacks; unstable Eh values are observed if attempts are made to reduce the

last 0.01% using a potentiostat. Also, Los Alamos has been unable to reproduce

the reported Eh-pH function--the values at pH = 1.1 and 7.6 are 0.1 V lower

and 0.04 V higher, respectively, than published values.22

Preliminary experiments with thionine show that it may be useful at Eh

values somewhat higher than those provided by Indigo Carmine. The range might

be useful for experiments with technetium. The formal potentials are reported

to be 0.563 and 0.064 V at pH = 0 and 7, respectively. Reasonably satisfactory

behavior was observed at pH 5.6 after stirring the solution and sparging it

with argon for several days and then reducing with a potentiostat. After this

treatment the measured formal potential came to within 0.003 V of the theoretical

value in 3 days. This time may indicate slow attainment of equilibrium at the

electrodes.

- b. Osmium Complexes. Couples involving selected osmium complexes will

probably be useful as Eh buffers or moderators. H. Taube, who has had con-

From information provided by H. Taube, Stanford University, Stanford, CA
94305 (1980).
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siderable experience with a wide variety of inorganic complexes, suggested

that although many ruthenium complex couples have desirable potentials, they

are probably not stable enough for these purposes. Certain osmium complexes

are much more stable, and Taube suggested that the II-III couples such as

Os(bipyridyl)3 and Os(bipyridyl)2(CN)2 should be tried. This section describes

the preparation and some of the properties of these complexes. Osmium com-

plexes have the advantages that (a) the redox potentials of the Os(II)-Os(III)

couples are essentially independent of pH in the range of interest, (b) the

standard potential of the couple can be changed by varying the coordinated

ligands, (c) the complexes are neutral or positively charged so they are not

expected to complex plutonium or other actinide species, and (d) the, Os(II)

complexes are highly colored so that reactions can be studied at low concen-

trations. Long-term stability with respect to decomposition in solution and

rapidity of redox reaction with plutonium or other actinide species are addi-

tional properties required for suitability of complexes as buffers or moderators.

If the complexes were to be used as moderators in conjunction with a potentiostat,

rapid electrochemical reversibility would also be required.

Preparation. The tris complexes [Os(bipy)3]C12 (identified as complex A),

[Os(dimebipy)3]Cl2 (B), [Os(diphenbipy)3]C12 (C), and [Os(nitrophen)3]C12 (D)

were prepared by refluxing an excess of ligand with (NH4)2OsCl6 in ethylene

glycol according to the procedure described by Fabian et al.25 Excess solvent

was removed under vacuum, methanol was added, and the product was recovered

using a column of Sephadex LH-20 with methanol as eluant. Complexes A, B, and

D were recrystallized from methyl ethyl ketone-methanol mixtures under vacuum

using a rotating flask. Complex C was precipitated from methanol by an excess

of ethyl ether.

The other complexes, lOs(en)(bipy)21I2 (E), [OsCl(py)(bipy)21C104 (F),

and [OsCl(py)(dimebipy)2JCl (G), were prepared from the appropriate dichloro-

complexes using modifications of the procedures described by Buckingham et
26

al. Complex F was precipitated from the reaction mixture using NaClO4,

separated from a large amount of by-product using the Sephadex column, and

finally precipitated from the methanol solution using ethyl ether. The pre-

paration of complex G was similar to that of complex F except that the reaction

Abbreviations for the ligands are bipy = 2,2'bipyridine; dimebipy =
4,4'-dimethyl-2 2'-bipyridine; diphenbipy = 4,4'-diphenyl-2,2'-bipyridine;
rtitrophen = 5-nitro-orthophenanthroline; en = ethylenediamine; py = pyridine;
and acac = acetonylacetonate.
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mixture was taken to small volume under vacuum, methanol was added, and the

solution was transferred directly to the Sephadex LH-20 column. The product

was repurified by a second passage through the column and recovered by removing

the methanol at -451C.

Solutions of the Os(II) complexes were assayed by spectrophotometric titra-

tions based on the colors of the complexes. Standard solutions of Ce(IV) or

Mn(VII) were used as oxidants. The equivalent weights and peak extinction

coefficients determined for some of the complexes are listed in Table XV. The

absorption spectra between 300 and 600 nm have been used to identify complexes

to indicate chemical change.

Properties. Formal oxidation potentials were determined in dilute sulfuric

acid by titration with Ce(IV) or Mn(VII) in cells equipped with bright platinum

and silver-silver chloride or mercury-calomel electrodes. Because the oxidation
2+ .27

potential for Os(bipy)3 is accurately known, it was used as a standard for

the other complexes. Tritrations of this complex were run consecutively with

the other complexes to calibrate the electrodes and the procedure. The titra-

tion data, that is, cell potential vs volume of oxidant added, were fit to the

Nernst equation, and the formal cell potential was determined by a least

squares procedure. The standard potentials were determined by comparing the

formal cell potentials with the measurements taken with Os(bipy)2 made at

approximately the same time. Standard potentials determined in this way are

included in Table XV.

The stabilities of the complexes in solution were determined by observing

changes in the spectra as a function of time.

Solutions of Os(bipy) 3 were stored in water for several months at room

temperature without significant changes in the spectra. A sample of the

material was refluxed in 6 M NaCl for 16 hours, again with no significant
3+

changes. A solution of Os(bipy)3 was prepared from the Os(II) complex by

oxidizing it with chlorine, drying it on a vacuum line, and redissolving it in

water. After 72 days at room temperature in the dark, this solution showed

large amounts of the Os(II) complex. The potentials are such that the Os(III)

complex can oxidize water in near-neutral solutions.

Long-term experiments have not been done on solutions of Os(dimebipy)

but it is expected to be as stable as the corresponding bipy complex. The
3+

spectrum of Os(dimebipy)3 in water was found to be unchanged after 90 hours

at room temperature or 15 minutes at 900C. However, a 200-minute exposure to

daylight caused a 207 decrease in the absorption peak at 488 nm.
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TABLE XV

OF SELECTED IPROPERTIES OSMIUH COMPLEXES

Complex

A. [Os(bipy)3IC12

Equivalent
Weight

(g/equiv)

782 a

(784,3)

837 + 6a

1155 ± 38

(1186,0)c

B. [Os(dimebipy)3JC12

A
(nm

480

488

502

470

505

345

Extinction
Coefficient
(l 1cm- 1)

1.36 x 104

1.42 x 104

2.45 x 10

1.17 x 104

C. [Os(diphenbipy) 3 lCl2

D.

E.

P.

G.

H.

I.

J.

[Os (nitrophen)3 J Cl2

[Os(en)(bipy)2112

(OsCI(py)(bipy)2 C104

Oxidation
Potential

(V)

0. 8846b

0.694 ± 0.002

0.849 ± 0.004

-1. e

0.476 + 0.005

0 .4 8 3 6 b

0.421

o. 153b

0.990 ± 0.003

- .90e

* 741

(73,,1)c

[OsCl (py) (dimebipy) 2 JC1

(Os(acac) (bipy)2 1C1 (d)

[Os(2-(2'-pyridyl)quinoline)3 Cl2 (d)

[Os(6-methyl-2,2'bipyridine)3 1C1 2(d)

473

515

503

a5 eated to -50°C under vacuum.

bReference 25.

CCalculated equivalent weight for indicated hydrate.

A d~aterial furnished by D. M. Klassen, Department of Chemistry, Mcfurry College, Abilene, TX 79605.

ePotential is only approximate because of serious drifts.



The stabilities of the bis-(bipy) and bis-(dimebipy) complexes were

examined in experiments in which the complexes were dissolved in argon-swept

water and sealed into 13-mm-o.d. Pyrex tubes. The +3 oxidation states were

prepared using iodine as the oxidizing agent. The spectra were determined,

and the absorbances at characteristic peaks and valleys were recorded for

periods of a week or more; the results are summarized in Table XVI. Except

for two of the oxidized forms, [Os(acac)(bipy)2]C12 and [OsCl(py)(dimebipy)2 IC12,

the spectral changes are quite small. Also, [OsCl(py)(bipy)2]C104 was found

to be relatively unstable in solution at pH 3.

After the room temperature experiments were completed, the sealed samples

were subjected to a temperature of -90OC for 2.5 hours and then room temperature

under daylight for -50 hours. Neither of these treatments caused drastic changes;

in all cases the spectra of the final solutions were similar to the original

ones. [Os(acac)(bipy)2 IC12 and [OsCl(py)(bipy)2 ](CO 4)2 appeared to be the

least stable, showing absorbance changes up to 12 and 43%, respectively.

c. Reaction Rates Between Plutonium Species and Osmium Complexes. The

rates of a number of reactions between osmium complexes and the various oxidation

states of plutonium were investigated because such data are required when

evaluating the complexes for possible use as Eh buffers and moderators.

TABLE XVI

STABILITY OF VARIOUS OSMIUM COMPLEXES IN WATER AT ROOM TEMPERATURE

Observation
Period Spectral Changes

Complex (days) (% day-')

E. [Os(en)(bipy)2 1I2 73 +0.01 to +0.03

[Os(en)(bipy)2 ]I3 11 0 to -0.23

F. [OsCl(py)(bipy)2]ClO4a 3 -0.10 to +0.40

[OsCl(py)(bipy)2](CIO4)2 11 -0.30 to -0.50

G. [OsCl(py)(dimebipy)2 ICn 13 -0.08 to -0.23

[OsCl(py)(dimebipy)22CI2 13 -0.11 to -1.44

H. [Os(acac)(bipy)2]Cl 20 0 to -0.05

([Os(acac)(bipy)2]Cl2 12 -1.0 to -4.0

aRun in ordinary 1.00-cm cell.

Values were -1.8 to -3.3% day 1 at pH 3.
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Plutonium(III) solutions were prepared by dissolving weighed pieces of

electrorefined 239Pu metal in concentrated HC104 and diluting to the desired con-

centration or by reducing other oxidation states on zinc-amalgam. Plutonium(VI)

was made from Pu(III) by oxidation in strongly fuming HC104. Plutonium(IV)

solutions were made by mixing appropriate amounts of Pu(III) and Pu(VI) in 3 M

acid.

The reactions were studied spectrophotometrically at room temperature,

and the results are summarized in Table XVII. Rapidly stirred 10-cm absorption

cells were used for the faster reactions. Except for the reduction of Pu(V),

the rates are sufficiently rapid for satisfactory Eh buffer behavior.

The reaction

Pu(III) + 20s(bipy)3 = Pu(V) + 20s(bipy) 3

was studied at pH values of 3.0 and 3.8, using a great excess of the Os(III)

complex. The concentration-vs-time curves at pH 3 were consistent with con-

secutive pseudo first-order reactions with the second-order rate constants

listed in Table XVII. The results obtained at a pH of 3.8 are difficult to

interpret quantitatively because the overall change in absorbance corresponded

to only -82% conversion of Pu(III) to Pu(V). However, the data indicate that

the oxidation of Pu(IV) to Pu(V) is about five times faster, and the oxidation

of Pu(III) to Pu(IV) is about two times faster, than at the lower pH value.

d. The Pu(V)-Pu(VI) Potential. The reaction

PuO2+ + Os(bipy)2 = PU0 + Os(bipy)3 (2)

deserves further comment because it was found not to go to completion at pH 2.

Net absorbance change was measured at the Os(II) peak in experiments in which
-6the initial Pu(VI) concentrations were in the range (1.7 to 8.4) x 106 M, and

the initial Os(II) concentrations were (1.9 to 9.4) x 10 6 M. In each of

seven runs, values for the equilibrium quotient Q and the extinction coefficient

difference for the reaction were found that minimize the sum of the squares of

the differences between the observed and calculated absorbance values. Values

for Q were found to depend very strongly on the initial Pu(VI)/Os(II) ratios,

so-the analytical determination of the reactants must be very accurate. The

average of the seven separate determinations of Q is 14 with a mean deviation
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0 TABLE XVII

REACTION RATES BETWEFN OSHIUH COHPLEXES AND THE VARIOUS OXIDATION STATES

IN AQUEOUS SOLUTIONS AT ROOM TEHPERATURE

OF PLUTONIUH

Reaction

Pu(VI) + Os(bipy)3 =
33+

Pu(V) + Os(bipy)3

Pu(VI) + Os(dimebipy)3 2

Pu(V) + Os(disebipy)3=

Pu(V) + Os(disebipy) 32
33+

Pu(IV) + Os(dimebipy) 3

Pu(V) + Os(acac)(bipy) 2

Pn(IV) + ~ 22+

Pu(IV) + Os(acac)(bipy)
Pu(IV) + Os(bipy)3 2

3 +
Pu(III) + Os(bipy) 3

Pu 6
(H x 10 )

Concentrati

Os 6
(M x 10 )

.on

1.7 to 8.4 1.9 to 9.4

2.0

12

21

1.5 to 2.0

1.5

1.9 to 3.8

2.0

34.5

130

6.5

6.5

1.8 to 9.1

(M)

0.01

0.001

0.006

0.002

0.01 to 0.82

0.10

0.01

Ionic

Strength
(M)

0.01

0.001

0.006

0.0022

0.82

0.10

0.01

Apparent Second-Order

Rate Coaltant
(C S )

(4.45 ± 0.17 x 104

(3.7 ± 0.02) x 105

3.2 x 10 3

O0.013a

(6.2 ± 0.2) x 1 0 3b

1.1 x 103

(6.8 ± 0.2) x 102

PuCIY) + Os(dimebipy)~ 2=
PuCIJI) + ~ 33+
uII)+Oh(dimebipy) 3

32+

Pu(IV) + Os(bipy)3t

2.1

1.9

6.2 (0.17 to 10) x 10 3 0.01 2 x 10 4/1 + 3.56 x 10 1(1 )I

73 0.001 0.0015

3+
Pu(IV) + Os(bipy)329=

Pu(V) + 2+bpy 1.9 73

Very approximate because the stoichiometry is not understood.

bNo significant H dependence.

46

40.001 0.0015



4

of 2.4. This average value is readily extrapolated from 0.01 M to zero ionic

strength giving 11.7 ± 2.4 for the equilibrium constant. Combining this with
270.8846 V, the accurately determined value for the Os(II)-Os(III) couple, gives

0.948 ± 0.005 V for the Pu(V)-Pu(VI) standard potential. This result is compared

to 1.016 ± 0.050 V recommended by Fuger and Oetting28 and 0.933 V estimated by

Allard et al.18

e. Ionic Dissociation of the Pu(IV) Polymer. The existence of bright
29green Pu(IV) polymer suspensions is common knowledge. This polymer is of

interest as a possible migrating species from a repository and also because it

is probably related to the nonreactive Pu(IV) that is discussed in Sec. II.B.2.f.

Suspensions of the polymer have been prepared by diluting Pu(IV) in

HCl-HC104 mixtures, rather than by using HNO3 as previously described.30'31

The formation of polymer was observed to be much slower than reported for HNO3

solutions,32 but after ionic species were removed with a cation exchange

resin, the spectra of the preparations were essentially the same as those

reported earlier.32 In a second method of preparing the polymer, Pu(IV) in

HC104 was partially neutralized with NaOH solution and then heated to 901C for

30 minutes. The spectrum of the suspension prepared in this way and treated

with a cation exchange resin agreed with published spectra.

The solubility of the polymer [(PuO 2mH 2O)n] may be defined in terms of

the equilibrium

(1/n)(PuO 2 mH2 0)n + 4H + = Pu + (2 + m)H20 * (3)

polymer

In a previous attempt to measure the solubility,31 polymer was equili-

brated in solutions with 3 < pH <7. Soluble plutonium was defined as all

plutonium species that pass through a Centriflo filter with 2-nm pore size.

These species were shown to be predominantly Pu(V), although the oxidizing

agent was not identified.

A preliminary experiment tested the feasibility of determining the solu-

bility of the Pu(IV) polymer in a way that should avoid the difficulties

associated with the above method. In this experiment PuO2+ was mixed with
2

polymer at pH 3, where the equilibrium reaction is probably

(1/n)(PuO2 mH2°)n + PuO2 = 2PUO2 + mH2O . (4)
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2+
The concentration of PuO2 was determined spectrophotometrically as a function

of time. The question is whether concentrations can be identified where the

rates of the forward and reverse reactions are equal. If so, the equilibrium

quotient for reaction (4) can be determined and that of reaction (3) calculated

from it by using the Pu4 - PuO2 and the PuO - PuO2+ potentials.
2 -3 2 2uO4

Three mixtures were prepared in 10 M HCIO4: (A) 10 N polymer, (B)
-5 2+ and C) 2+5 x 10 M PuO2 , and (C) 10 N polymer and 5 x 10 M PuO2 . The mix-

tures were placed in 10-cm absorption cells, and the concentrations of PuO2

were determined spectrophotometrically at 830 =m for 30 days.

Mixture (A) showed an increase in PuO concentration corresponding to
2

<0.01% per day based on the total plutonium present. In an experiment in much

higher acid, a mixture -5 x 10 N in polymer and 0.04 M in HCIO4 was followed

spectrophotometrically for 18 days. During this period the Pu(VI) concentra-

tion increased at a rate of -0.11% of the total plutonium per day.

Mixture (B) showed a linear decrease in PuO concentration because of
2

the net reaction

2Pu02+ + H2 0 = 2Pu02 ++ 02

caused by alpha particle self-irradiation from the decay of the 239Pu. 1

observed rate of this reaction was 1.25% of the total plutonium per day.

is in satisfactory agreement with the value of 1.5% per day reported for

solutions in 1 M HCO34.

The mixture of PuO2 and polymer, mixture (C), showed a nonlinear de

in PuO2 concentration. The absorbance values were found to agree withii
2

0.002 with the empirical equation

(5)

rhe

This

!crease

I

A = 0.325 exp(-0.0299 t) - 0.050 , (6)

where A is the absorbance and t is the time in days. The initial decrease in

absorbance, from this equation, is 0.0097 per day or 3.5% of the original

Pu(VI) per day, or 1.16% per day based on the total plutonium present.

At the end of the 30-day period, excess Ce(IV) was added to estimate the

ionic plutonium species present. Sufficient Ce(C104)4 was added to produce

final mixtures that were 3 x 10 4 M in Ce(IV) and 0.079 M in HC104.
2+ 4

Mixture (A), polymer with no added PuO 2 , showed a rapid absorbance

increase of 0.03 during the first minute after the Ce(IV) was added. This was
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followed by a much slower increase with a rate of -2.5 x 10 4 per day for the

next 150 minutes. These results indicate that Ce(IV) reacts relatively slowly

with the polymer, but -5% of the plutonium present reacted rapidly, suggesting

that small amounts of ionic Pu(III), Pu(IV), or Pu(V) had formed.

Mixture (B), PuO2+ with no polymer, reacted rapidly with Ce(IV). The
2

final absorbance value was reached within 1 minute and remained constant for

the next 163 hours. The Pu02 formed in reaction (5) was apparently reoxidized

to PuO2 2

Mixture (C), polymer plus PuO , showed a rapid increase in absorbance
2

when the Ce(IV) was added, followed by a slower increase similar to that

observed for mixture (A). The absorbance, extrapolated to the time the Ce(IV)

was added, was greater than that of the original mixture. The concentrations
2+

of PuO in mixture (C) before and after adding the Ce(IV) were calculated
2

from the absorbance values and are given in Table XVIII; two derived quantities

are also given.

Entry (d) in Table XVIII shows that reaction (4) occurred at a slow but

measurable rate. From entry (e) it can be calculated that the average rate of

reaction (5) was 0.67% per day, based on the total plutonium present. This is

about one-half the rate observed for mixture (B), where no polymer was present.

This smaller value indicates that some of the alpha particles from the decay

of the 239Pu are absorbed in the colloidal particles and do not lead to chemical

reaction.

Because the results in Table XVIII show that most of the reduction of
2+

PuO 2 was by reaction (5), an accurate estimation of the equilibrium quotient

for reaction (4) cannot be expected. In addition, an assumption about the

rate of reaction (5) must be made. However, the following calculation will

demonstrate the process. Equation (6) can be used to show that the observed

rate of reduction of Pu02 equaled the average rate of reaction (5) at -18.5 days.

If the rate of reaction (5) was essentially constant in the mixture containing

the polymer as well as in mixture (B), then the net rate of reaction (4) must

have been zero at -18.5 days. At this time the rates of the forward and

reverse reactions would have been equal, and the equilibrium quotient, Q =

[PuOJ 2/PuO2+ ], can be calculated from the concentrations for that time. The
2 2 ~~~~-5

value obtained is -4 x 10 M, with an experimental uncertainty of 20%.

The potentials for the Pu4 - PuO and the PuO - PuO have been estima-
2 2 2 18

ted as 1.115 and 0.933 V, respectively, at an ionic strength of zero, which
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TABLE XVIII

PuO CONCENTRATIONS IN MIXTURE C
2

Concentration

Description (M x 105)
(a) Original mixture 4.86
(b) After 30 days; room temperature 1.40
(c) After adding Ce(IV); extrapolated to time of mixing 5.34
(d) Consumed by reaction (4), (c)-(a) 0.48
(e) Consumed by reaction (5), (a)-(b)-(d) 2.98

4+ 2+ +2 +4 3 -4
leads to [Pu ][PuO2 ]/PuO2] [H ] = 1.2 x 10 M . Combining this with our

provisional estimate of 4 x 10 M for [PuO12 /iPuO2 ] gives 5 x 102 M 3 for

reaction (3). This result is reasonable, so the experiment is being repeated

using u2 Pu to minimize the complexities caused by alpha particle self-irradia-

tion, reaction (5).

f. Polymer Formed in Dilute Solutions. The rate of Pu(IV) polymer

formation has been studied in HNO3 solutions with plutonium concentrations in

the range from 0.009 to 0.05 M and the acid concentration from 0.02 to 0.4 M

(Refs. 32, 34). Preliminary experiments at much lower concentrations of both

plutonium and acid strongly suggest the formation of polymer under these

conditions also.

Studies of the reaction between Pu(IV) and Os(dimebipy) 2 revealed that

the amount of Os(II) oxidized depended on the history of the Pu(IV) solution.

Experiments were performed in which.a stock solution -0.04 M in Pu(IV) and 3 M

in HClO4 was diluted to a pH of 3. Aliquots were removed periodically and

added to excess Os(II), and the absorbance change was determined. The amount

of plutonium capable of rapid reaction with Os(II) decreased with time in

approximately second-order fashion. Possible reactions to account for this

loss include the following.

O2 oxidation: 2Pu(IV) + °2 = 2Pu(V) + H20

disproportionation: 2Pu(IV) = Pu(III) + Pu(V)

polymerization: nPu(IV) = [Pu(IV)In

The effect of oxygen on the disappearance of reactive Pu(IV) was deter-

mined by adding concentrated plutonium stock to either oxygen- or argon-saturated
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-6solutions. The concentrations in the diluted solutions were 4.4 x 10 M

Pu(IV), 1 x 10 3 M HCl 4, and 9 x 10 3 H LiClO4. After 30 minutes, during

which the appropriate gas was passed over the surface of the solution, a 33%

excess of Os(dimebipy) 3 was added. Fractions of reactive Pu(IV) remaining

were determined by measuring absorbance changes caused by oxidation of the

Os(II); they were 0.304 ± 0.037 for the oxygen saturated solution and 0.299 ±

0.009 for the argon-saturated solution. These data lead to the conclusion

that no more than -6% of the disappearance of the Pu(IV) is the result of

oxygen oxidation.

The fact that Ce(IV) in 0.5 M H So4 reacts rapidly with Pu(III) and Pu(V)

but only slowly with Pu(IV) shows that disproportionation is relatively unimpor-

tant. Separate solutions 2 x 106 M in Pu(IV), 1 x 10 M in HCl04, and
-3 49 x 10 M in LiClO4 were prepared from Pu(IV) in 3 M acid and were allowed to

stand for 2 and 84 minutes, respectively. A sevenfold excess of Ce(IVj was then

added to react with any Pu(III) and Pu(V) that might have formed. Sulfuric

acid was added with the Ce(IV), so the final solutions were 0.5 M in H2S04 and

1.4 x 10 5 M in Ce(IV). Unreacted Ce(IV) was-determined from the absorbance

at 320 nm. The two solutions showed an absorbance difference of 0.009, indica-

ting that slightly more reducing agent was formed in the solution that stood

for 84 minutes. These results indicate that -9 ± 4% of the Pu(IV) may have

reacted to produce Pu(III) and Pu(V) in the period between 2 and 84 minutes.

Previous experiments under the same conditions showed that in the same time

interval the amount of reactive Pu(IV) decreased by at least 54%. This experi-

ment should be repeated using a more sensitive reagent, but the tentative con-

clusion is that most of the disappearance of reactive Pu(IV) is not caused by

disproportionation. This conclusion requires that the reverse of reaction

(2) not be rapid in 0.5 M H2S04 compared with the oxidation of Pu(III) and

Pu(V) by Ce(IV). This was shown to be the case in a separate experiment.

The discussion given above makes it appear highly likely, but does not

prove, that disappearance of reactive Pu(IV) is the result of polymerization.

The effect of reducing the hydrogen ion concentration from 1.0 x 10 3 to

5.0 x 10 4 M was determined in experiments in which OsCl(py)(bipy) was used

as the reducing agent. The second-order rate constants found at the two

hydrogen ion concentrations indicate that the empirical rate law is

-3 2 + -2 *2M min -1-d[Pu(IV)]/dt = 6.2 x 10 [Pu(IV)] (H ) Hm
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This rate law is written in terms of the plutonium species present in the

solution in the pH range studied, 3.0 to 3.3. If the hydrolysis constants

published by Baes and Mesmer are accepted, the observed hydrogen ion depen-

dence is consistent with a rate determining step in which Pu(OH)+ reacts with

Pu(OH).

3. Particulate Transport. One mechanism by which radionuclides may move

through geologic media is particulate transport. Dissolved radionuclides can

sorb onto particulates consisting of microscopic pieces of rock, dust, fibers,

or other debris present in the liquid phase. If these particulates are less

than a micrometer in diameter, they are often called radiocolloids. Dissolved

radionuclides may also aggregate to form colloids or other stable associa-

tions. In addition, leaching of solids containing radioactive material may

produce collodial material that is then transported with the aqueous leachant.

The extent to which particulate transport may contribute to radionuclide

migration in geologic media has not been widely studied. Presumably, such

transport would depend on the aqueous flow rate, pore and fracture size of the

rock media, ionic composition of the water, and the nature of the particulate,

among other factors. Filterable aggregates containing americium and plutonium

have been observed in the effluents of crushed-rock columns. Because the feed

solutions that were used contained both ionic and aggregated species, it is

not clear whether the aggregates in the effluent formed during passage of ions

through the column, or whether the aggregates passed intact through the column.

Better characterization and control of the feed solutions are necessary in

order to do studies of this type.

Particulate size is likely to be a determining factor when particulates

pass through connected rock pores or constricted fractures. The Pu(IV) polymers

prepared by dilution of Pu(IV) ionic solutions under controlled pH conditions

are being studied. The characteristics of these polymers depend somewhat on

the conditions of their formation. The size of these colloids varies consider-

ably; -10% are sufficiently small that the material cannot be centrifuged at

12 000 rpm (28 000 g). Eventually, perhaps, the size of this polymer can be

controlled by varying the conditions under which it is formed. To date,

particulate transport research in the laboratory has relied upon centrifugation

and filtration to separate particulates according to size and on microautoradio-

graphy to detect the presence of aggregated radioactive species on filters or

other surfaces. Determining the presence of aggregates in the aqueous phase
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by microautoradiography has proved to be more difficult. With this technique,

an aliquot of the solution is dried, usually on a glass plate, then microauto-

radiography is used to determine whether the radioactive material was present

in dispersed or aggregated forms. Problems may arise because under some condi-

tions dissolved material may form aggregates during the drying process. Experi-

ments with freeze-drying techniques and substrates other than glass have not

resolved all the problems associated with this method of identifying aggregates

in the liquid phase.

In some preliminary work, fluorescent dyes were incorporated in microscopic

plastic particles to trace particulate flow through crushed-rock columns or

through solid-tuff disks. This seems to be a promising technique for tracing

the transport of particles in the size range of a few micrometers or less. -

4. Microautoradiography Studies. Microautoradiography, a technique in

which autoradiographs are examined using optical microscopy, has been employed

at Los Alamos in speciation studies of actinides (Sec. II.B.1, II.B.3.) and in

sorption studies of actinides on specific minerals. Details concerning the

application of this technique to sorption investigations are given in two

reports and are summarized here. 35,36 Standard 30-pm polished petrographic

thin sections are contacted for periods up to several days with groundwater

solutions of the actinide of interest. After this solution is rinsed off, a

thin photographic emulsion is adhered to the thin section and exposed for a

period determined by the level of sorbed activity. The emulsion is then

developed in situ, and the alpha-particle tracks are readily visible with an

optical microscope at 50 to 400X. Because the emulsion remains adhered to the

thin section, the tracks can be related to the mineral site at which the radio-

nuclide was sorbed. Thus, one can distinguish, for example, between sorption

on a bulk mineral phase or on the thin layer of alteration phase at the mineral

boundary.36 Also, it is possible to distinguish individual sorbed species from

sorbed aggregates (for example, colloids) because the latter give rise to mul-

tiple tracks called stars.35

The microautogradiography technique can be extended to trace the movement

of radionuclides through fracture systems in rock cores and over rock surfaces

that are not too rough. There may be difficulties in undercutting such rock

samples so that they will transmit light. In some instances, the alpha-particle

tracks may be observed using reflected light. Autoradiographs may be prepared

using beta particles (for example, from 63Ni, 90Sr, or 233Pa) or Auger elec-
85trons (from Sr), but the spots left in the emulsion by the electrons are much
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more difficult to identify against the mottled background typical of thin sec-

tions than are alpha-particle tracks. In general, microautoradiography is a

useful adjunct to other analytical techniques commonly used in geochemical

investigations.

III. NEAR-FIELD ENVIRONMENT

Possible changes in the solid phases at Yucca Mountain are of concern

because they could affect rock properties, especially sorption, strength,

permeability, and porosity. This is especially true in the near field where

temperature will rise as a result of the repository emplacement. The phases

most likely to change are the clays, zeolites, and glass, which may be expected

to alter to less hydrous phases having a smaller volume. Anhydrous phase

assemblages such as feldspar and silica phases may also be hydrated to zeo-

lites or clays. To predict the mineral assemblages that will be present in

Yucca Mountain as a function of time and location, phase changes that may

occur in the Yucca Mountain tuffs must be studied in the laboratory. These

changes must be studied as a function of pressure, temperature, and bulk

composition.

Phase changes in tuffs of varying mineral composition at known values of

pressure and temperature are being examined using samples from drill holes in

Yucca Mountain. The samples are ground and enclosed in gold capsules with water.

The capsules are then placed in standard cold-seal pressure vessels that are

pressurized and heated to the desired conditions. In these experiments water

pressure is equal to the total pressure. Table XIX shows the mineral composition

of the starting materials and the composition of the final products after 2 weeks

at 400'C and 400 bars and after 4 weeks at 300'C and 400 bars.

The preliminary hydrothermal experiments illustrate several interesting

points. The upper stability limit of mordenite is apparently below 4001C at

400 bars in most of these rocks; however, in sample BH, mordenite is apparently

stable at 4001C. Two explanations are possible. The mordenite may be metastable

at 400'C, which seems unlikely because clinoptilolite in the other runs at 400'C

did not produce mordenite. It is more likely that the stability of mordenite in

this sample is caused by a difference in composition. Such a difference might

be in the ratio of potassium to sodium. There is also some indication that the

mordenite in these samples is stable above 300'C. In the samples that originally

contained clinoptilolite and mordenite, mordenite has crystallized at the expense
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TABLE XIX

MINERAL COMPOSITION OF STARTING MATERIALS AND

HYDROTHERMAL RUN PRODUCTS AT 400 BARS WATER PRESSURE a

Sample
Number

BH

Gl-1319

G1-1639

G2-547

G2-762

G2-2001

G2-2667

Starting
Composition

clinoptilolite

glass
feldspar
cristobalite?

clinoptilolite
minor mordenite

feldspar
montmorillonite

clinoptilolite
minor cristobalite

mordenite
clinoptilolite

mordenite
quartz

Run at 300'C
(4 weeks)

clinoptilolite

glass
feldspar
cristobalite?

clinoptilolite
mordenite
cristobalite
feldspar?

feldspar
montmorillonite?

clinoptilolite
cristobalite

mordenite
minor quartz
cristobalite?

mordenite
quartz

Run at 400°C
(2 weeks)

mordenite
cristobalite?

feldspar
glass
cristobalite?

feldspar
cristobalite

feldspar
cristobalite

feldspar
cristobalite
minor quartz-

feldspar,
cristobalite
minor quartz

feldspar
quartz

aieaN ls are listed in approximate order of abundance.

of clinoptilolite. This is, however, not definitive evidence of mordenite

stability; mordenite may well be a metastable product of clinoptilolite

decomposition. Certainly this is the case for cristobalite, which is known

to be metastable with respect to quartz under these conditions. The observation

of mordenite growth at the expense of clinoptilolite also indicates that the

upper temperature stability limit of clinoptilolite is <3000C at 400 bars water

pressure. Results for sample G2-547 indicate that this may also be true for

montmorillonite. These conclusions are made somewhat uncertain by lack of

knowledge of the exact compositions of the minerals and by-questions of meta-

stability.

Experiments have also been performed in which tuff was reacted with J-13

water in Teflon lined Parr Bombs at 152°C. These experiments are discussed in

detail in the groundwater chemistry section (II.A.3). The major difference

between these experiments and the gold capsule experiments is that the fluid-to-
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rock ratio is much greater here. In these experiments, the growth of clays and

other fine-grained sheet silicates was observed on glass. This would certainly

increase the sorptive capacity of the rock. The dissolution of cristobalite,

mordenite, and clinoptilolite was also observed. This, however, should not be

taken as proof that clinoptilolite and mordenite are unstable at this temperature.

It may be that there was insufficient cristobalite available to the solution to

raise the silica activity to an equilibrium value with cristobalite because of

the large amount of water present in the experiment. Low silica activity,

rather than the temperature may be the reason for mordenite and clinoptilolite

instability.

Another study has been conducted on cylinders of intact tuff to examine

changes in thermomechanical properties as well as changes in mineralogy. The

details of this study are given in Ref. 37. Large changes in tensile strength,

compressive strength, and permeability were observed in these experiments, but

with a few exceptions, porosity, grain density, and thermal properties were

observed to be unaffected. Mineralogic and petrologic examination of the test

samples has established the operation of reactions involving the dissolution of

silica and feldspar, formation of clays, and possible conversion of clinoptilolite

to mordenite. However, it has not been possible to establish a one-to-one cor-

relation of mineralogic and structural changes with physical properties changes.

Changes in the volumes of minerals involved in these reactions were observed to

be very small, reflecting their sluggish nature. This can explain, in a quali-

tative way, why some properties were unchanged. For example, thermal properties

are dominantly determined by the inherent thermal properties of the constituent

mineral phases. Unless there are substantial changes in the amounts of minerals

with significantly different thermal properties, the thermal properties of the

rock are not expected to change. It should be kept in mind, however, that the

duration of this test was short relative to the operational time of a repository.

The thermal pulse of a repository will last for hundreds of years. During this

time slow processes of the type identified could cause significant changes in the

thermomechanical properties of the host rock, and should be taken into considera-

tion. Furthermore, it is believed that the strength changes observed are related

to the subtle surface modifications of minerals observed, probably most actively

along grain boundaries and fracture surfaces where the catalytic action of water

is effective. It is expected that these same processes will be important in con-

trolling the mechanics of discontinuities such as joints. Indeed, there is
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evidence that rock friction is time-dependent, reflecting viscoplastic processes

at point contacts of the surfaces.

A quantitative inclusion of these time-dependent phenomena will require

careful measurements on target-horizon tuff samples held at simulated repository

conditions for long time periods. Detailed examination of tested samples should

identify the physical-chemical mechanisms involved. In addition, the difficult

task of determining the rates of the processes will be required. Once these are

determined, they can be incorporated in design and performance models to predict

the response of the host rock mass over the lifetime of the repository.

IV. GEOCHEMICAL RETARDATION

A. Sorptive Behavior of Tuff

To predict the retardation possibilities in the Yucca Mountain area, a

data base must be established from which models can be produced. Geochemical

retardation processes and flow paths between the repository and the accessible

environment must be identified. Geochemical retardation will depend on a

number of factors, including Cl) sorption processes, (2) the horizon and rock

type of the repository, (3) temperature variations, (4) groundwater geochemistry,

(5) fixation reactions, (6) diffusion processes, and (7) the effect of mineral

precipitation. Information collected through studies of these processes will

help predict the rates and concentrations in which radionuclides could be

released into the environment and assess the hazards associated with such

potential releases. The experimental program thus far has addressed various

aspects of sorption by tuff, the physical makeup of tuff, the diffusion process,

and various transport processes involved in porous and fracture flow. Planned

extentions and additions to these retardation studies will be discussed in

Chap. 2 of this report.

1. Introduction. The term sorption has generally been used to describe

processes by which elements are removed from solution through their interaction

with rock, such as ion exchange phenomena, chemisorption, and diffusion into

the rock matrix; these processes may ultimately end in a variety of precipitation

or coprecipitation reactions. A variety of experimental techniques have been

used to gain an understanding of these processes, to study the importance of the

parameters involved, and to build up a data base that will be used to model the

sorption of nuclides by tuffs in the Yucca Mountain area.
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Much effort has been spent studying sorption by a simple batch technique

for measuring the distribution of an element between groundwater solutions and

crushed tuff. The method is valuable because it is simple and a large number

of samples can be processed in a relatively short period (a few days to several

months). Other methods may also provide information on speciation, kinetics,

diffusion, and surface effects, but they require more elaborate equipment and

fewer samples can be studied. They frequently require much more time, and

some information cannot be obtained within the time limits of the NNWSI.

One modification of this batch method uses machined wafers, or disks, of

tuff instead of crushed-rock samples. The technique, discussed in Sec. IV.C

of this report, gives similar results when the two methods can be compared.

Another modification of the batch technique involves a system in which

the groundwater is circulated through a column of crushed tuff. This method

was studied to investigate whether the agitation of the rock in the batch

studies caused effects, such as self-grinding, that might affect results. Also

the ratio of rock and solution volume is closer to that in the field geologic

setting, relative to the high solution-to-solid ratios that are required in the

batch work. The effect of variation in solution-to-rock ratios is discussed in

Sec. IV.A.13 of this report.

The behavior of radionuclides eluted through columns of crushed tuff, in

which nuclides are eluted as if through ion-exchange resin columns, was studied38

as a step to a dynamic system. The results are summarized in this section.

Another step toward understanding the behavior of transport involves studying

elution of tuffs through solid samples (cylinders and blocks) of tuff or

samples containing real or artificial fractures. These techniques and results

are discussed in Sec. IV.D.

2. Batch Measurements--Experimental Method. In batch measurements of

sorptive properties, the distribution of a radionuclide between groundwater

and crushed tuff is measured as a function of such parameters as contact time,

concentration of sorbing element, particle size, temperature, atmosphere, and

lithology.

Considerable time was spent developing a satisfactory procedure; the

actinides were particularly difficult, both in preparation of traced solutions

and in separation of aqueous and solid phases (Sec. II.B.1). Sorption data

collected during procedure development have been included in this section when

they are believed valid.
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In this batch sorption procedure, the crushed-tuff sample is pretreated

by contact for at least 2 weeks with well J-13 groundwater. The groundwater

that is used to prepare the solution containing radionuclides (the "traced

feed" solution) is pretreated by at least 2 weeks contact with tuff from the

same sample as the tuff being studied; it is then filtered through a 0.05-pm

Nuclepore membrane. There are slight variations in the procedure, depending

on the element to be studied.

Preparation of the tuff sample is accomplished by weighing -1 g of crushed

solid material into a weighed and washed polyethylene or polycarbonate tube

with a cap, adding 20 ml of groundwater to the tube, shaking the mixture well,

and putting the tube in a shaker to be agitated at a speed of -200 rpm for not

less than 2 weeks. At the end of the 2-week period, the sample is removed

from the shaker and centrifuged for 1 hour at -12 000 rpm. The liquid phase

is decanted and the sample is reweighed and then capped; contact with traced

feed solutions is started within 2 to 24 hours.

Feed solutions containing barium, strontium, cesium, cerium, europium,

iodine, nickel, cobalt, sodium, tin, iron, manganese, or selenium are prepared

using commercially produced nuclides. The final concentrations of the elements

studied in these feed solutions generally range from 10 6 to 10 9 M. The tracer

is evaporated at room temperature in a polyethylene or polycarbonate container.

After a few drops of HC1 are added, a second evaporation is carried out. The

appropriate amount and type of pretreated groundwater is added, the container

is capped, and the traced solution is agitated in a shaker for 1 or 2 days.

The traced feed solution is then filtered through a 0.05-pm Nuclepore membrane

just before use.

Exceptions to the above general procedure include technetium, uranium,

and the actinides. Because technetium volatilizes when heated in acid solution

and is more stable in base, the tracer is delivered in 0.1 M amonium hydroxide

solution. It is added in a small volume to the appropriate tuff-treated water

in amounts to produce 10 3 to 10 9 M feed solutions. Once the dilution has

been made, the solution is equilibrated for a few days and then passed through

a 0.05-pm filter just before use.

Uranium-traced feed solutions are prepared from a dilution of a stock

solution prepared by dissolving a weighed amount of uranyl nitrate in water

that has been purified with a Millipore de-ionizing system and filtering this

solution through a 0.05-pm membrane. The final preparation of a uranium-traced
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feed solution consists of adding an appropriate amount of the uranium stock

solution to tuff-treated water, shaking the mixture for a period of up to a

week, and then filtering the solution through a 0.05-pm membrane just before

use. The resulting solutions are approximately 1017 M in uranium.

The preparation of americium-, plutonium-, and neptunium-traced feed

solutions is done in the following manner. Americium tracer obtained from Oak

Ridge National Laboratory, 237Pu obtained from Argonne National Laboratory, or
239Pu tracer (weapons grade) from Los Alamos is dried at room temperature in

air in a polycarbonate or polypropylene container. The plutonium is treated

with sodium nitrite before drying to ensure the (IV) oxidation state. The

dried activity is removed from the container in two steps: (1) a 1- or

2-minute contact with tuff-treated groundwater using a vibrator or ultrasonic

bath and (2) a second 1- or 2-minute contact with a fresh portion of tuff-

treated water, again using an ultrasonic bath. After each contact the aqueous

phase is added to a large polyethylene bottle. The solution is shaken from 1

to 2 days and then passed through 0.4- and 0.05-pm filters serially just

before use. Final solutions are approximately 1 x 10 6 M for americium solu-

tions, 1 x H0 6 M for 239Pu solutions, and 4 x l0 13 M for 237Pu solutions.

Contact starts when 20 ma of traced feed solution are added to 1 g of

groundwater-treated tuff in a polyethylene or polycarbonate tube (Tube 1), the

two phases are mixed thoroughly, and the sample is placed in a shaker to be

agitated for a predetermined time. The time at which contact starts is noted.

At the end of the sorption period, the time is noted again, and the sample is

removed from the shaker and centrifuged for 1 hour at -12 000 rpm (28 000 g).

A portion of the liquid phase (the top 15 to 18 mP-) is pipetted to a clean

polyethylene or polycarbonate tube (Tube 2) and capped. The remaining liquid

is carefully removed to another separate tube (Tube 3). The solid phase in

Tube 1 is weighed and then prepared for counting. The liquid phase in Tube 2

is centrifuged at -12 000 rpm for 1 hour. A portion of the liquid (the top 12

to 16 mk) is pipetted to a clean polyethylene or polycarbonate tube (Tube 4),

capped, and centrifuged for 2 hours at -12 000 rpm. The 2 to 3 mk remaining

in Tube 2 is added to Tube 3. When the 2-hour centrifugation is finished, a

portion of the liquid (the top 9 to 10 mk) is pipetted to a clean polyethylene

or polycarbonate tube (Tube 5) and prepared for counting (see below). Any

liquid remaining (O to 3 mg,) in Tube 4 is combined with the previously saved

liquid (Tube 3), and the combination is used to measure pH.
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After the solid phase has been sampled for counting, or after counting is

complete if the solid phase is counted, the desorption step of the procedure

can be started. Twenty milliliters of tuff-treated water is added to the re-

maining solid phase in its tube. The tube is capped and weighed and the two

phases are thoroughly mixed. The sample is placed in a shaker to agitate at

-200 rpm for a predetermined time. The time at the start of desorption is

noted. At the end of the desorption period, the sample is treated and

separated in exactly the same manner as were the solid and liquid phases of

the sorption sample.

The tracer activity in the separated phases is determined in several

ways. The gamma-emitting actinides, except for uranium, are counted in the

following manner. The solid phase in its polyethylene or polycarbonate con-

tainer is counted in a NaI(Tl) well detector. Standards are prepared by using

a known amount of the appropriate activity in geometry and conditions identical

to those of the samples; these standards are counted whenever the samples are

counted. Three milliliters of the liquid phase is transferred by automatic

pipettor to a polyethylene counting vial and acidified by adding 1 ml of

concentrated hydrochloric acid. The mixture is mixed well and the tube capped.

These liquid samples are counted in both the NaI(Tl) well counter and in an

automatic gamma scintillation counter. Alternative methods for counting
237

plutonium samples when the tracer used is plutonium other than Pu include

radiochemical analysis of both the liquid and the dissolved solid sample or

liquid scintillation counting of both fractions. The uranium sorption ratio

is such that it is necessary to count only the liquid phase. When the tracer

used is 237 U, a portion of the liquid phase is placed in a vial and gamma

counted with a Ge(Li) detector. At present, natural uranium is being used as

tracer, and the liquid samples are being counted by a delayed neutron counting

method. The remaining elements are prepared for gamma counting in the following

manner. A fraction of the solid phase is dried and weighed, then transferred

to a vial, sealed, and counted with a Ge(Li) detector. The liquid samples are

prepared by acidifying 10 mg of the aqueous phase in a vial with 1 m. of

concentrated HCl and sealing the vial. The liquid sample is also counted with

a Ge(Li) detector.

- A value of the sorption ratio Rd is obtained from the batch measurements.

It is defined by

R = activity on solid phase per unit mass of solid
d activity in solution per unit volume of solution
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Many investigators refer to this quantity as the distribution coefficient Kd.

Los Alamos prefers not to use this term except under equilibrium conditions.

Los Alamos data indicate that equilibrium is not achieved in many instances,

but the sorption ratio is a measurement of an element's distribution between

phases under specified conditions, although not necessarily at equilibrium.

Sorption from near-neutral groundwater onto a rock is complicated on tuff; it

may involve many competing cations and complexed or hydrated species. Many

equilibria would have to be described in equations leading to the thermodynamic

quantities for sorption of an element. Later in this section some simplifying

assumptions will be applied in relationships between an equilibrium constant

and the distribution coefficient.

Los Alamos' previously published 3 and recent unpublished data are con-

solidated in App. A, which gives data from individual batch sorption and desorp-

tion experiments on tuffs, including the (1) parameters of contact time, (2) con-

centration of sorbing element in the groundwater, (3)- particle size of crushed

tuff, (4) temperature, and (5) atmosphere in which the experiment was conducted.

Tuff samples from drill holes J-13 (Ref. 4), UE25a-1 (Ref. 39), and USW-G1

(Refs. 40 and 41) have been assigned the prefixes JA-, YM-, and GI-, respec-

tively. At this time, in an attempt to put the results of these measurements

on a common basis, any lateral variation of properties within tuff units in

the Yucca Mountain region is ignored, and depth equivalents in drill hole USW-G1

are assigned to samples from the other two drill holes (Table XX). These

depths are designated according to the sample's relative position within a

given stratigraphic unit and compensate for vertical variations between holes.

The thicknesses of the Bullfrog Member in drill hole UE25a-1 and the Tram

Member in drill hole J-13 are not known at this time and are assumed to be the

same as in drill hole USW-G1. Although this treatment is fairly successful

for the three drill holes considered, it cannot be applied to all of Yucca

Mountain because of lateral variation in other drill holes.

Previous discussions 3 and examination of the data in App. A indicate

that sorption ratios change only slowly with contact time >1 week or that there

is no definite correlation with the length of contact. For devitrified tuffs,

which contain some clays but not zeolites, sorption ratios are greater (usually

by factors of 2 to 3) for the finest (<38-pm) fractions of ground tuff than for

the coarser fractions (Sec IV.A.9). Accordingly, in averaging the values in

App. A, values for fractions containing <75-pm particles were not used except

with cores for which only data for a <500-pm fraction was available.
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TABLE XX

DEPTH INTERVALS OF MAJOR TUFF

STRATIGRAPHIC UNITSa

Drill Hole Drill Hole Drill Hole
Tuff Stratum Symbol J13 UE25a-1 USW-G1

Yucca Mountain Tpy 60-235

Tiva Canyon Tpc 426-1037 30-270

Topopah Spring Tpt 1037-1476 270-1362 235-1426

Calico Hills Tht 1476-1821 1362-1834 1426-1802

Prow Pass Tcp 1821-1991 1834-2333 1802-2173

Bullfrog Tcb 1991-2851 2333- 2173-2640

Tram Tct 2851- 2640-3558

Dacite Flow-Breccia Th 3558-3946

aDepths are given in feet.

bThese symbols are used in the figures in this section.

The average values are given in Table XXI for sorption and in Table XXII

for desorption experiments. Samples are ordered according to depth equivalent

in drill hole USW-G1. Some of the values in these tables are not the exact

averages of those in App. A because the numbers in the appendix have been

rounded off. Data"12 for the cation exchange capacity and surface area are

given in Table XXIII.

The uncertainties associated with averages of sorption data (such as in

Table XXI) are the standard deviations of the means am defined by

7.d 1/2

o =
m n(n-1)

where

dI is the deviation from the mean of the ith experimental value, and

n is the number of values.

The standard deviation of the mean is used rather than the standard

deviation of the sample or the population so as to avoid including zero in

the range of uncertainty when, for example, averaging a large range of
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0° TABLE XXI

AVERAGE SORPTION RATIOS FOR PULVERIZED TUFF FROM SORPTION EXPERIHENTSa

USw-0I

Depth Depthb
Sample (ft) fL Sr_

JA-8
YH-5
YH-22
C1-1292
YH-30

JA-18
Gl-1436
YM-38
YH-42
Cl-1854

YM-45
0l-1883
YH-46
Gl-1982
YH-48

YM-49
JA-26
JA-28
Gl-2233
G1-2289

YH-54
G1-2333
Gl-2363
Cl-2410
JA-32

G0-2476
01-2698
01-2840
0l-2854
Cl-2901

G1-3116
JA-37
G1-3658

606
251
848
1292
1264

1420
1436
1504
1824
1854

1930
1883
2002
1982
2114

2221
1995
2001
2233
2289

2491
2333
2363
2410
2533

2476
2698
2840
2854
2901

3116
3497
3658

172
221
868

1292
1318

1339
1436
1538
1802
1854

1873
1883
1926
1982
2019

2090
2173
2178
2233
2289

2330
2333
2363
2410
2467

2476
2698
2840
2854
2901

3116
3286
3658

270(5)
280(80)'
53(4)

200(6)'
260(80)

17000(3000)
36000(3000)
17000(2000)
3900(600)
60000(14000)

194(14)
22.0(0.2)

190(60)
55(4)

2100(400)

3200(300)
95(35)
94(20)

48000(3000)'
7300(500)

62(12)
180(20)
64(3)

169(1)
57(3)

41(1)
42000(3000)'

160(1)
94(1)
68(1)

2400(17)'
287(14)

13000(0)

Cs

2700(400)
5800(800),
290(30)
430(28)e
855(5)

16000(1000)
7800(500)
13000(2000)
17000(1000)
13000(2000)

520(90)
187(3)
840(6)
1120(110)
9000(4000)

36000(3000)
1500(600)
1640(210)
13500(800)
37000(13000)

180(40)
1400(130)
470(40)
1250(50)
123(4)

700(40)
7700(400)
2200(200)
1080(120)
1290(10)'

6600(500)e
610(40)

4950(50)

Ba

435(15)
1100(200) c
900(30)

2100(300)'
3400(1500)

38000(18000)
150000(24000)
100000(10000)
94000(14000)
45000(7000)

1200(100)
182(12)

14000(6000)
700(50)

18000(6000)

42000(8000)
800(300)
820(50)

250000(30000)
66000(9000)

400(150)
1500 (200)
235(9)
1780
380(30)

385(11)
63000(5000)'
2070(70)
1000 (50)
1600(200)'

12000(4000)e
760(150)

13500(500)

Ce

450000(240000)'
1270(40
66(8)

230000(100000)

2800(1400) d

59000(7000)
760(140)

49000(7COO)

730(100)
140(20)

310000(110000)
560(40)'

1400(500)

550(100)

1400(300)

150(40)

82(14)

240(30)e

42000(3000)'

100(10)e

1000(200)'

Rd (at/g)

Eu

2100(300)
230000(400GO)c

1390(1101
140(14)

160000(50000)

1400(2G0) d
30000(2000)
1600(200)

52000(4000)
>15000

1600(200)

307000(110000)
970(150)

2200(500)

1200(100)

2100(1000)
900(200)
797(10)

470(40)
2300 (400)
730(50)
440(80)
90(20)

3200(1001
200(30)

4900(400)
1300(200)

160000(50000)'

760(60)e
6000(800)
530(40)

Am Pu U Tc ND

1 2 0 0 (1 3 0 )cld 6 4 (2 0 )C 1 .8 (0 .2 )C 0 .3 0 (0 .1 4 )C 7 .0 (1 ,0 )C

180(30)

4600(1100)

120(20) 2.5(0.4)

140(30) 5.3(0.2) 11.0(0.7)

4700(300) 77(11)

4300(1400) 230(50)d

6.4(0.6)

0.15(0.02)

0.21(0.02) 9(3)

153(6) 80(20) 1.3(0.3) 4.2(0.5)

130(30) 110 2.2(0.9)

28000(10000)d 400(70)d 4.6(0.3) 28(7)

aAmbient conditionas, air, 20 ± 4°C; fraction, do not contain <75-Merdian particles except those designated by footnote e.

Depth equivalent in drill bole USW-C1 according to position in geologic unit.

CNonweighted overage; values in parentheses are the abcolute-value standard deviations of the means.

dSome data were rejected in averaging.

aAverage of data for <500-la-diau particle-size fraction (contains some <75-pn particles); no other data available.



TABLEM3(1

AVERAGE SORPTION RATIOS FOR PULVERIZED TUffFM 89 DESORPTION UMIHETs'

UffifGC Rd (02/8)
Depth Depthb d

Sample (ft) (ft) Sr Cs Ba Ce Eu An Pu U Tc MPv

JA-8 606
Th-5 251
Y1-22 8U4
G1-1292 1292
T"-30 1264

JA-18 1420
G1-1436 1436
Y11-38 1540
Y11-42 1824
01-1854 1854

Y11-45 1930
G1-1883 1883
11-46 2002
G1-1982 1982
YM-48 2114

Y1-49 2221
JA-26 1995
JA-28 2001
G1-2233 2233
G1-2289 2289

Y1-54 2491
G1-2333 2333
G0-2363 2363
G1-2410 2410
JA-32 2533

G1-2476 2476
01-2698 2698
Gl-2840 2840
C1-2854 2854
G1-2901 2901

G1-3116 3116
JA-37 3497
G1-3658 3658

172
221
868

1292
1318

1339
1436
1538
1802
1854

1873
1883
1926
1982
2019

2090
2173
2178
2233
2289

2330
2333
2363
2410
2467

2476
2698
2840
2854
2901

3116
3286
3658

311(3) 46 0 0 (400)¢ 480(50)
3 2 0 (3 0 )' 8900(600) 1200(120) 3 10 0 0 0 (3 0 0 0 0 )'
59(2) 365(7) 8 3 0 (10 0 )d e 6500(800)

120(5)' 510(20)' 1500(100) 600(200)
210(30) 1500I(00) 3100(600) 170000(15000)

15000(2000) 17500(700) 280000(50000) 1600(500)d
87000(12000) 24000(2000) 340000(90000) 6700(600)
22000 13000 260000 2600
4100(1000) d 21000(2000) 90000(30000) 4000(5000)

72000(13000) 14000(2000) 150000(40000)

210(20k 620(112) 1310(60) 58"(600)
59(1) 430(4) 440(10) 2200(100)'

260(201 1800(300) 21000(3000 300000(5000")
322(8) 2300(200)' 2780(120) 7000(900)

2700(200) 27000(4000) 34000(7000) 128000(300)

4400(100) 39000(1000) 65000(7000) 1040(40)
39(3) 1580(90) 450(13)

114(3) 2400(100) 1160(20)
9 0 0 0 0 (4 0 0 0 0 )' 2 3O0 0(6 OOO)' 240000(80000) * .20000(13000)

10000(3000)
36000(14000)'
3500(2001
600(70)

11000(700)

2400(300) d
5300(600)
7300

64000(3000)
4800(700)

7300(900k
1350(50)

31000(20001
6370(130)
8100(1200)

2100(500)
2900(200)

12300(500)
5000(2000)'

1840(110)
9900(12001
6100(300)
6000(3000)
850(130)

9000(1100)
5000(200)

210000(50000)

8000(3000)'
11000(2000)
9000(3000)e

2 5 0 0 (4 00)' 13 3 0 (14 0 )C 5 (2 )C 1 .2 (0 .3 )C 3 3 (5 )C

* 1100(300)

7100(1200)

350(140) 9.4(1.4)

1600(300) 14.8(1.0) 24(2)

7200(900) 890(60) 36(10)

1.6(0.2)

2.0(0.3)3400(400)4 720(90) 12(4)

97(9)
140(131
150(6)
140(14)
53(3)

200(4) e
210000(50000)

150(4)
96( 1)d e
67(1)

24000(13000)'
312(9)

12000(3000)

310(20)
1230(1000
1200(30)
1120(100)

175(11)

1520(0)
17000(1100)'
2300(130)
1160(20)
1380(30)'

11000(3000)'
850(50)

12000(2000)'

660(20)
1460(1301
820(20)

1760(150)
490(40)

1000(200)

130000(6000)'

530(120)

550(80) 720(40) 12(8) 2.0(0.3)

2200(600) 8(2)

190000(80000)' 2000(400)'
2500(200)
1330(0)
1980(30)' 39000(1000)'

160000(80000)' 3000(1000)'
920(40) e

10000(4000)' 9000(4000)'
32000(10000Y 1400(300) 9.9(0.4) 170(50)

aAmbient conditions, air, 20 1 4UC; fractions do ot contain 075-mr diam-particles except those designated by footnote e.

bDepth equivalent in hole drill USW-G1 according to position in geologic unit.

wonveighted average; values in parentheses are the standard deviations of the means.

dson data were rejected in averaging.

eAverage of data for <500-po-dia particle-size fraction (contains some <75-p particles); no other data available.



TABLE XXIII

CATION EXCHANGE CAPACITY AND SURFACE AREA

Cation Exchange
Capacity

Mesh Size (meg/100 g) Surface Area

Sample (pm) Cs Sr (m2/g)

JA-18 106-150 75 48 31

JA-18 355-500 80 44 46

JA-32 106-150 2 2 8,8b

JA-32 355-500 2 3 9

JA-37 106-150 17 63 94,115b

JA-37 355-500 18 30 131

YM-22 106-500 2 3 22

YM-38 106-500 109 54 103

YM-45 106-500 6 6 43

YM-48 106-500 51 21 19

YM-49 106-500 107 47

YM-54 106-500 4 4

aBy the glycol method.'

bThe two values are from separate determinations.

R values from individual determinations, all of which indicate a high sorptiond
ratio. The total spread of values averaged in the measurements is often a factor

of 5 larger than a . This is the result of the choice of am just discussed, the

nonweighted averaging, and the simplifying assumption that the samples belong

to the same population when averaging results for different times, particle

sizes, etc. These uncertainties should not necessarily be used in assessment

calculations as bounds for Kd values within a given unit.

3. Lithology. The lithologies of the samples were determined by a

number of analytical techniques,4,39,40 including x-ray diffraction, optical

microscopy, and electron microprobe. Table XXIV lists the petrologic charac-

terization of samples selected for this work in the various particle size

ranges. The actual depths of the samples from the drill holes, the equivalent

depth in drill hole USW-G1, and the stratigraphic unit are also listed. The
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TAWlIt IOIV

PETROWGIC CNARACTERIZATIOI OF TUFF SAMPLES a

Abundance
(O

Equiv.

bSIG Particle, oea eygre
Dept Depthb Size Illite Clinoptil- Cristob- Alkali Density of Oxidatio Cryatala Lithics

SaPle (ft), (ft) .. Jjb), Suectite !asucoivite olite Quartz alite Feldspar Glass _______ i5..L Welding State ( X) .J(li UGits

JA-8 606 172 all 25-50
" 75-500 30-60

" (<75 30-60

Yl-5 251 221 11$ 10

T1-22 848 868 all 5-10
106-500 <5
38-106 <2

* .4 .4 <38 <5

Gl-1292 1292 1292 all tr
U 75-500 --

1N-30 1264 1318 all 5-10
" 75-500 __

.4 .. *4 <75 --

JA-18 1420 1339 all 5
"4 " 355-500 -5

U * a 106-150 -5

G1-1436 1436 1436 75-500 <5

TH-38 1504 1538 106-500 5-10
" 38-106 5-10

.. U * <38 5-15

Y11-42 1824 1802 75-500 tr
<75 tt

G1-1854 1854 1854 75-500 5-10
4' " <75 5-10

Yl-45 1930 1873 all 1-5

01-1883 1883 1883 75-500 <2
' " ' " 106-500 <2

'4 " " 38-106 (2
' " <38 2-5

Y1-46 2002 1926 all <5
n 4 n " 75-500 <5

-- -- -- 10-20 tr 25-50 --
-- -. <5 10-20 __ 20-50 -
-- -- -- 10-20 -- 30-60 --

__h __ (<5 <5 10-20 -70 --

-- -. 40-60 -- 40-60 -- -- 2.3
<2 -- 30-50 -- 30-50 -- --
tr - 30-50 -- 30-50 -- --
<2 -- 30-50 -- 30-50 -- --

-- -- -- 5-10 10-20 80-90 --
__ __ -- 15-30 10-20 40-60 --

5 5-10 40-60 5-15 30-50 -- -- 2.1
15 30 20 35 -- --

-- 15 30 20 35 -- --

5 5-10 -- 15-25 15-25 -50 --
-- 10-20 -- 30-50 30-50 -40 --
-5 10-20 -- 30-50 30-50 -40 --

C5 75-90 5-10 -- -5 -- -- 1.6

<2 30-50 15-30 10-20 5-15 -- A tr 1.8
<5 40-60 2-10 10-20 5-15 -- --

<5 40-60 2-10 10-20 10-20 *- A tr

(5 20 35-40 -- 40 -- -- 2.3
tr 20 40 -- 40 -- --

-- 30-50 5-15 15-30 20-40 -- --
-- 40-60 20-40 15-30 10-30 -- --

-- -- 40-60 tr 30-S0 --

<5 -- 30-50 -- 50-70 -- -- 1.7
<2 -- 20-40 0-10 40-60 -- --
<5 -- 30-50 0-10 30-50 -- --
<2 -- 20-40 0-10 40-60 -- --

<5 -- 40-60 -- 35-35 -- -- 2.1
-- -- 50 -- 45 -- --

N 8.9 6.7 Tpc

N 10.9 4.3 Tpc

D C6(2-7) 1.0 0.4 Tpt

V Cl

D C5(2-7) 2.1 21.6 '

N C3(2-5) 1.8 11.9 n

C6(5-7)

N C5(4-6)

5.2 3.2 Tht

4.0 7.7 4

n4

15.6 46.6

TCP

N

p

C4(3-5) 13.5 0.6

C4(3-5) 16.6 1.0 n
n

12.7 0.3 -

*-4
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00 TABLE XXIV (cont)

Abundance

(X)
Equiv.
USW-GI Particle Dry Bulk Degree

Depth Depth b S ~~~~~~~~~~~~~~~Density Dere
Deptb Depthb Size Illite Clinoptil- Cristob- Alkali D 3 of d Oxidatin Crystala Lithics

Saple _(ft) (ft) (p) Ssectite Muscovite olite Quartz alite Feldspar Glass Other (g/cv ) Welding State W) ( Unit

Gl-1982 1982 1982 all tr <5
St 9 . " 75-500 5-10 <2

f " 38-106 <2 --
it " " <38 10-20 --

YH-48 2114 2019 all tr --
". " of" 106-500 <2 --

YH-49 2221 2090 all tr tr

JA-26 1995 2173 all -- --

IA-28 2001 2175 all tr 2.5

G1-2233 2233 2233 <500 <5 <5
t " 75-500 c5 5-15
it " " 38-106 <5 -5

G1-2289 2289 2289 75-500 -- 5-10

YH-54 2491 2330 all tr tr
" 106-500 5-10 2-5

"9 " 38-106 5-10 5-10
<38 5-10 2-10

G1-2333 2333 2333 75-500 2-5 2-5
s ' I <75 5-10 <5

Gl-2363 2363 2363 all 10-20 5-10
" 106-500 5 <2
" 38-106 5 <2

<38 5-10 <2

G1-2410 2410 2410 75-500 5-10 <2
"0 of "1 <75 5-10 <5

JA-32 2533 2467 106-500 <5 5-15
" 355-500 -- 5-10

"9 "9 "~ 150-180 -- 10-15
106-150 <5 5-15
38-106 <2 tr

9, '@ " <38 5-10 --

GI-2476 2476 2476 75-500 <2 -2
I" ". "0 <75 2-5 -2

-- 5-15 40-60 30-50
_. -- -- 70-90

-- -- 40-60 40-60
-- -- 30-50 20-40

10-20 -- -- 20-30
20-40 5-10 5-15 20-40

10-20 -- -- 20-30

tr 30-50 tr 10-20

-- 30-50 -- 10-20

20-40 15-20 10-20 10-20
15-30 5-10 -- 40-60
20-40 15-30 10-20 10-20

30-50 <5 -- 30-50

-- 50-70 -- 20-40
-- 30-50 -- 25-45
_. 30-50 -- 30-50
-- 15-30 -- 40-60

-- 15-30 10-30 50-70
15-30 20-40 20-40

-- 30-50 -- 30-50
._ 30-50 0-10 30-50
__ 30-50 0-10 30-50
-- 20-40 0-10 40-60

-- 20-40 0-10 30-50
-- 20-40 5-15 30-50

-- 30-50 -- 30-50
-- 40-50 -- 30-40
-- 35-50 -- 40-65
-- 30-50 -- 30-50
-- 30-50 -- 30-50
-- 20-40 -- 40-60

-- 30-50 5-15 40-60
-- 30-50 5-15 40-60

.. -- 1.8

-- C,<2

40-60 --
10-30 ..

40-60 -- 2.0

-- A,30-50

-- A,30-50

-- M.20-40 1.5
-- H,<5
-- H,20-40

-- H,10-20 1.6

__ -- 2.1

w C2 13.2 0.4 "

..

I9

P C6(5-7) 8.0 1.4 Tcp

N 18.3 1.0 I

20 5 Tcb

N C6(6-7) 15.4 0.4 I
.,

N

W

C6(5-7) 15.8 1.0

C5(4-7) 17.8 0

1.9 N C6(5-7) 20.4 0.2 ,,

,,

It

It

-- A,tr

..

,,

,,

,,

,,

,,

..

..

1.
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TABLE XXIV (cont)

Abundance
(O

Depth
Saple (ft)

C1-2698 2698

G1-2840 2840

Gl-2854 2854
to

Rquiv.
USCb

Depth
(ft)

2698

Particle
Size Illite Clinoptil-
(p) Smectite Muscovite Olite

all <5 10-15 30-50

Cristob-
Quartz alite

<5 --

Alkali
Feldspar

30-S0

Glass Otherc~

-- M,(5

Dry Bulk
Density

(1L.83)

1.8

Degree
ot

Weldina

N

Oxidation
State-

C6(5-7)

Crystals

13.2

Lithicr

I

280 75-500 2-5
3 <75 2-5

2854 75-500 <2
" <75 <2

2-5 -- 40-60 0-10 30-50 --

2-5 -- 40-60 0-10 30-50 --

units

Tet

n'

5-10
5-10

__ 30-50 0-10 30-50 --

__ 30-50 -10 30-50 -

-- 20-40 -- 40-60 -G1-2901 2901 2901

01-3116 3116 3116

all 5-10 5-10 W C6(6-7) 16.5 2

C6(6-7) 4.0 21.4all 5-10 5-10 5-15 20-40 -- 20-40 -- A,10-30 1.9 .9

JA-37 3497 3286 -all
.9 9. n- 355-500

" "9 ' 106-150

20-40
10-is
5-10

40-60
40-60
30-50
50-70

5 -S
tr

30-60 --
40-50, -

40-50 -

15-30 __
30-40 __
30-40

40-60
40-60
50-70
30-50

C tr
C tr

Tct

C3 23.4 0 TIG1-3658

n9

3658 3658 75-500
N 106-500

38-106
* <38

2.3

aAnalysea were performed by Los Aloms rss Division; methods are discussed in Ref. 43.

bEquivalent depth in hole DS-G-l according to relative position in stratigraphic unit. The thickness of the Bullfrog and Tram units in drill holes U925a-I and

J-13, respectively, are *ssumed to be of the same thickness as the corresponding units in drill hole USV-G1.

cA = analcime; C - calcite; and n a mordenite.

* nonwelded; P * partly welded; H * moderately welded; D * densely welded; V = very densely welded (vitrophyre); and V = intermediate degree of welding.

OThe empirical stage of oxidatio, of iron-titminiu exrolution oxide phases; Cl denotes unoxidized and C7 denotes completely oxidized. See Ref. 44 for a discus-

sion of oxide mineral alteration trends.
f

Tpc a Tivr Canyon Member of the Paintbrush Tuff; Tpt a Topopah Spring "ember of the Paintbrush Tuff; Tht * tuffaceous beds of Calico Hills; Tcp a Prow Pass Member

of the Crater Flat Tuff; Tcb Bullfrog Member of the Crater Flat Tuff; Tct = Tram unit of the Crater Flat Tuff; and Tl 2 lava flow and flow breccia.

glesianing with whole rock.

hA blank indicates that no analysis was performed, and a dash indicates that the mineral was not detected; tr = trace (-I%).



average composition of >75-pm-diam. particles is plotted as a function of

depth in Fig. 8 for unaltered glass and for the secondary minerals smectite,

illite or muscovite, and clinoptilolite. In Fig. 9 the values are plotted in

Fig. 9 for the devitrification minerals quartz, cristobalite, and feldspar and

for the sum of the three. In Fig. 10, the abundances are plotted for the sum

of the silica minerals quartz and cristobalite and for the zeolites analcime

and mordenite. Because the Tiva Canyon Member does not occur in the USW-G1

hole, the plot includes the values measured for samples from this member in

drill holes J-13 and UE25a-1 instead of the Yucca Mountain Member in drill
40

hole USW-G1. The compositions determined for a more complete suite of

samples from the USW-G1 drill hole are also plotted. The compositions of the

samples used for sorptive studies are in reasonable agreement with those

characterized in Ref. 40, and the compositions of the samples from the three

drill holes show fairly consistent trends. In a search for a glass sample,

the two samples from the UE25a-1 hole in the Prow Pass Member (Tcp), which

contain high percentages of unaltered glass, were selected. The lithologies

of samples from the three drill holes are detailed in Refs. 4, 6, 39, 41, and

42.

The plots indicate that additional samples from some regions of high

clinoptilolite and smectite should be studied to complete the analysis and

that more samples in the Topopah Member (Tpt) and bedded tuffs of Calico Hills

(Tht) should be studied. Because the unsaturated zone has only recently been

seriously considered for a repository site, these units had not been studied

in detail earlier. The plots also indicate that more samples containing high

percentages of smectite, mordenite, analcime, and glass should be studied.

4. Sorption as a Function of Stratigraphic Position. The data for

sorption in Table XXII are plotted in Figs. 11 through 20 as a function of the

drill hole USW-G1 depth for the elements studied. Figures 12-14 indicate that

the data for strontium, cesium, and barium from the three drill holes follow

approximately the same trends. Sorption ratios increase from a fairly low level

(relative to the maximum values) near the base of the Topopah Spring Member

(Tpt), stay high through the bedded tuffs of Calico Hills (Tht), and then

decrease below the top of the Prow Pass Member (Tcp) in the upper third of the

unit. The ratios increase again through the rest of the unit, but the two

samples from the J-13 drill hole have lower sorption ratios for the three

elements. Sorption ratios in the Bullfrog Member (Tcb) are high, whereas
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Fig. 8. Variation in mineralogy with depth for alteration minerals smectite,
illite or muscovite, and clinoptilo&te. Dashed lines are data
for a more complete set of samples. The letters T and L
indicate trace (<1%) amounts and upper limits, respectively.

DEPTH EQUIVALENT IN DRILL HUE USW-G1 (II)

Fig. 9. Variation in mineralogy with depth for devitrification minerals
quartz, cristobalite, and feldstor. Dashed lines are data for
a more complete set of samples. The letter T indicates trace
(<1%) amounts.
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trace (<1%) amounts and upper limits, respectively.

those in the center of this unit are lower. In the Tram Member (Tct), sorption

ratios are again high at the top of the unit and start to decrease with depth;

however, one sample in the center of the Tram Member exhibits higher sorption

ratios.

The physical and mineralogic variations within tuff units are related to

the mode of emplacement and to alteration processes both during cooling and by

interaction with groundwater (see, for example, Refs. 6 and 40). The lowest

sorption ratios for strontium, cesium, and barium, which are thought to sorb

mainly by ion-exchange reactions, are associated with devitrified tuffs.

These tuffs are generally welded to some degree and contain principally quartz,

cristobalite, and alkali feldspars (with some clays). The maximum sorption

ratios correspond to nonwelded tuffs that contain the zeolite clinoptilolite.

The variations of sorption of cerium, europium, plutonium, and americium

with stratigraphy (Figs. 15, 16, 19, and 20) are not as regular as those for

strontium, cesium, and barium. The chemistry of these elements is more com-

plex in the near-neutral groundwater (Sec. II.B). The sorption ratios for

plutonium cover a fairly narrow range and are independent of sample position

or mineralogy.
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Fig. 11. Sorption ratio variation for technetium as a function of
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Fig. 12. Sorption ratio variation for strontium as a function of strati-
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originated are indicated by symbols in this and subsequent
figures.
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In comparing the sorption ratios for americium with sample mineralogy,

there is a rough correlation of high sorption with samples containing clinoptil-

olite and smectite and low sorption with samples containing devitrification

minerals.

Although sorption of technetium, uranium, and neptunium (Fig. 11, 17, and

18) has not been measured for many samples, the sorption ratios are relatively

low; correlations with stratigraphic position cannot be made.

5. Sorption as a Function of Tuff Mineralogy. The variations of sorption

of strontium and cesium (Figs. 12 and 13) and the abundance of the zeolite

clinoptilolite (Fig. 8) are compared as a function of stratigraphic position

in Figs. 21 and 22. The stratigraphic correspondences are quite striking,

showing the correlation of increasing strontium and cesium sorption with

increasing clinoptilolite abundance. A similar correlation can be made for

sorption of barium by comparing the plot in Fig. 14 with the plot of clinoptil-

olite abundance in Fig. 8.

Sorption ratios are plotted as a function of clinoptilolite abundance in

Figs. 23-25, for strontium, cesium, and barium for all of the samples studied.

Again, the samples containing no clinoptilolite have significantly lower

sorption ratios than those containing more than a few per cent of the zeolite.

If the abundance of this zeolite is the only factor influencing sorption

ratios, with no differences in sorptive properties caused by changes in the

composition of the clinoptilolite (or heulandite), then there should be a

linear relationship of the form

Kd =kc

where

k is a constant, and

c is the clinoptilolite abundance (in per cent).

A nonweighted least squares fit45 to the data points, for which the abundance

of clinoptilolite is >10%, gave values of 690 ± 170, 430 ± 150, and 2300 ± 700

for strontium, cesium, and barium, respectively. The fits for strontium and

cesium give K values of 6.9 x 104 and 4.3 x 104 mY/g for 100% of the pure
d

minerals. These values are compared with those calculated (see below) using

simplifying assumptions from Ames' thermodynamic data,46'47 which used different
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mineral samples, of 1.8 x 105 and 3.8 x 104 mYQ/g for strontium and cesium,

respectively.

The lines in Figs. 23-25 represent these fits with the dashed lines defining

±2a envelopes. Although the least square fits are not particularly good, the

points fall within the uncertainty envelopes fairly well. The dotted lines in

Fig. 23 through 25 define an uncertainty of a factor of ±3 for later comparison.

Most values for cesium with clinoptilolite abundances of >10% fall within this

larger envelope.

One could equally well argue that all tuffs containing >10% clinoptilolite

fall into one grouping for cesium and two groupings (10 to 25% and >25%) for

both strontium and barium with the sorption ratio in each group known within

one order of magnitude.

In Figs. 26-29, sorption ratios for technetium, cerium, europium, and

americium are shown as a function of clinoptilolite abundance. There are no

obvious correlations or trends with zeolite abundance; sorption ratios of

samples with no clinoptilolite scatter among those for samples with the zeolite.

Sorption ratios for uranium, neptunium, and plutonium are plotted similarly

in Figs. 30-32. Although there are no trends with increasing zeolitization,

for each element, sorption ratios are higher for the zeolitized tuffs than for

the nonzeolitized one.

Can simple correlations be made for other minerals in tuffs where clinoptil-

olite is absent? Consider the smectite clays: Fig. 33 shows the absence of

any obvious trend for cesium when considering smectite alone in nonzeolitized

samples. Similar plots for other nuclides, not shown, do not indicate any

apparent correlations. Possible explanations are that (1) trace quantities of

clinoptilolite, undetected by x-ray diffraction, may mask any influence of

smectites, (2) combinations of all sorbing minerals contribute to the sorption

ratio, and (3) sorption by clays involves other factors, such as their texture

or their availability to the groundwater. One of these possibilities is

discussed later in this section.

Tuff samples JA-26 and JA-28 contain the zeolite analcime. The sorption

ratios for these samples, shown as triangles at the bottom of the Prow Pass

Member in Figs. 8-16, do not exhibit the large values expected for clinoptil-

olite. Evidently, the more random structure of analcime, compared to the
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open-cage structure of clinoptilolite, 48 inhibits exchange of ions such as

strontium, cesium, and barium. The ring sizes49 51 in analcime, -2.2 A, are

smaller than those in clinoptilolite, 3.5 x 7.9 and 3.0 x 4.4 A, which further

inhibits in analcime an exchange of ions larger than K+. The two mordenite-

containing samples studied also contain clinoptilolite, which may have masked

any effect of the mordenite.

The three tuffs containing fresh glass and no zeolites are samples YM-5,

JA-8, and G1-1292. For cesium, which exchanges strongly on glass, the first

two samples show sorption ratios approximately an order of magnitude higher

than the third. Sample G1-1292, although very high in glass, is from the

vitrophyre and probably has much less surface area, even in pulverized form,

than the other two fine-grained samples. Trends for divalent strontium and

barium are not as evident as for cesium.

Because tuff samples may be composed of more than one sorbing mineral,

L6s Alamos is currently researching ways to predict sorption ratios by combining

the effects of several minerals. Tentatively, the combined effect is defined

as a weighted sum, the 'sorptive mineral content (SMC)," determined by
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SMC = I W.X

where

W. is the weighting factor for each mineral phase and

Xiis the abundance (%) of each phase.

The weighting factors are determined relative to clinoptilolite, to which

a value of 1.0 is assigned because it is the most strongly sorbing mineral in

the group. A set of values for sorption of cesium on other minerals must be

obtained from data for the pure minerals or inferred from mixtures. The Kd

values for clinoptilolite, mordenite, and montmorillonite are calculated from

published thermodynamic data.46'47'49 -51 Some simplifying assumptions

(mentioned earlier in this section) were made in applying the data to calculate

Kd values for the specific tuff/groundwater cases. The assumptions are that

(1) all mineral phases observed in the x-ray diffraction analyses, which are

performed on samples ground to <10 pm, are available for sorption, and the

only competition for sorption sites is, in this case, between trace amounts of

cesium and sodium; (2) the sodium concentration in the assumed groundwater is

3 x 103 M (the approximate ionic strength of the trace groundwater); and (3)

one set of thermodynamic data applies to all samples of each mineral. The

last assumption is not strictly true because samples of the same mineral from

different localities, when prepared differently, gave different thermodynamic

constants.47

Consider the following equilibrium

Cs+ + Na-R Cs-R + Na+ , (7)

where

Cs-R and Na-R represent the ion sorbed on a mineral.

Define

K = the equilibrium constant for equilibrium (7),

CEC = cation exchange capacity in meq/g, and

[Na+ 1 = sodium concentration;
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then,

Kd = (CEC) K/[Na ]

Table XXV gives the values used for X and CEC. If clinoptilolite is the

only mineral available for exchange in the samples listed in Table XXIII, then

CECs of 1.7 to 5.3 and 0.7 to 3.5 meq/g for cesium and strontium, respectively,

are inferred for the pure zeolite. The values obtained by Ames46 for two clinop-

tilolites are 1.7 and 2.0 meq/g, and Barrer49 gives a value of-3.3 for heulandite.

Thus, there are some differences in the properties of clinoptilolite, depending

on the sample.

The weighting factor for illite was somewhat arbitrarily set at 0.05 because

the CEC for this mineral52'53 is -10 times less than that for montmorillonite.

The factor for analcime was set at 0.10 to correspond to the sorption ratio for

sample JA-26, which contains 40% analcime as the only sorbing mineral. The

factor for glass was likewise adjusted to give the, observed results for samples

G1-1292 and YM-48, which contain glass as the principal sorbing phase. Quartz,

cristobalite, and feldspars are assumed to have negligible contributions to

sorption. The Kd values, calculated or assumed, and the corresponding weighting

factors Wi are given in Table XXVI.

The sorption ratios in Table XXI are plotted as a function of SMC in

Fig. 34. Figure 35 is the same plot for low values of Rd. The solid lined ~~~4
is the theoretical line for clinoptilolite with a K value of 3.8 x 10 maQ/g.d
The dashed lines represent an error envelope for uncertainties of a factor of 3;

TABLE XXV

VALUES USED FOR CALCULATING K FOR CESIUMd

Mineral K CEC

Clinoptilolite 50a 2.3

Mordenite 1.8a 2 .3b

Analcime 4.5b

Montmorillonite 48c 1.17C

aRef. 47.
bRef. 49.

CRef. 51.
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TABLE XXVI

K AND W. VALUES USED IN SMC EVALUATION OF CESIUM
d

Mineral Kd (m/g) W.

Clinoptilolite 3.8 x 104 1.00

Montmorillonite 1.9 x 104 0.50

Mordenite 1.4 x 10 0.04

Analcime 0.05

Glass 0.016

most of the experimental Rd values fall within the envelope. This treatment

will help predict sorptive properties for nonzeolitized as well as zeolitized

tuffs; sorption of cesium is probably the simplest test of this type of concept.

6. Desorption Experiments: Reversibility. If equilibrium were estab-

lished and if observed R values for tuffs were true K values, the same Rd
d dd

values should be obtained from desorption and sorption experiments. The values

from sorption and desorption experiments are compared as a function of strati-

graphic position in Figs. 36-45. Some differences between the two types of

measurement arise from large ranges in individual determinations (App. A); the

averaging process, which assumed that the samples represent the same population,

may not have been proper for such cases. The results for strontium and cesium

from the two methods agree within -20% for most measurements. In general,

values from desorption experiments are slightly higher than those from sorption

experiments. For barium there is reasonable agreement when Rd values are low

(devitrified tuffs). For some of the zeolitized tuffs, however, values for

barium from desorption experiments are greater than those from sorption experi-

ments by factors of -2 for most samples to -10 for a few. It appears that

barium sorbs on clinoptilolite somewhat more irreversibly than do strontium and

cesium. For cerium, europium, and americium, the differences in Rd values

(which are reasonably high) by the sorption and desorption methods are greater.

A large fraction of these elements is sorbed irreversibly, although in most

cases the trends from the sorption measurements with stratigraphic position

are qualitatively retained in .the desorption results. The differences for

plutonium, which do not show discernible trends, are also approximately a
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factor of 10. Sorption ratios for technetium, uranium, and neptunium, which

are low, are nevertheless significantly greater for desorption than for sorption.

7. Sorption of Actinides and Technetium. The chemistry of these elements

is complex in near-neutral groundwater (Secs. II and IV.A.11). Sorption

ratios for plutonium cover a fairly narrow range (less than a factor of 10)

that is independent of sample position or mineralogy. Based on the limited

data available, neptunium exhibits similar behavior with a range of less than

a factor of 5, although the Rd values are about an order of magnitude less

than those for plutonium. Americium sorption ratios show a much wider variation,

from just over 100 m1/g to nearly 30 000 mk/g, but again with essentially no

correlation to mineralogy. Sample JA-37 gave the highest Rd values for all

three actinides, which could be related to its relatively high clay content

(Table XXIV). It is worth noting that this sample gave the most unusual

results among those whose sorptive behaviors were compared using both batch

and circulating system techniques (Sec. IV.A.11). Obviously, additional

sorption ratio measurements must be made for these elements, particularly for

neptunium. Although sorption of technetium and uranium (Fig. 11-18) has not

been measured for many samples, the sorption ratios are relatively low; correla-

tions with stratigraphic position or mineralogy cannot be made.

It is interesting to compare the Los Alamos results for actinide sorption
54,55with those of Allard et al., who examined the sorption of americium and

neptunium on common rock-forming minerals: quartz, biotite, bytownite, albite,

microcline, olivine, kaolinite, hornblende, and augite. They used a synthetic

groundwater and-a somewhat different batch technique and observed a difference

of about a factor of 10 between the low-sorbing quartz and high-sorbing biotite.

The sorption ratios they report (for pure minerals) tend to be somewhat higher

(factors of 10) than those reported here (for tuff) for neptunium, but they

are quite similar for americium.

8. Effects of Elevated Temperature. The averages of results from three

batch experiments performed at 701C are given in Table XXVII. These values

are compared with those for room temperature given in Tables XXI and XXII.

The values are generally similar but higher than those for room temperature by

factors up to 5. A limited number of experiments should be performed for

other elements.

9. Effects of Particle Size on Sorptive Behavior. Sorption measurements

were performed by the batch technique to determine whether the presence of
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TABLE XXVII

AVERAGE SORPTION AND DESORPTION RATIOS FOR PULVERIZED TFh AT 70C Ca

.,

Equiv.
USW-GI

Depth Depthb
Sample (ft) (ft)

Rd (W/O)

Sr Cs Ba Ce tu AM Pu U

JA-18
JA-32
JA-37

1420
2533
3497

1339
2467
3286

28000(2000)c 9d
113(9)
1050(130)

18000(1000)
97(6)

1360(85)

Sorption

49000(7000)
110(120)

3670(700)
80(20) 140(30)

4200(400)
110(20)

1000(200)

4.0(0.2)
11.7(1.7)

240 16(2)

JA-18
JA-32
JA-37

1420
2533
3497

1339
2467
3286;

21000(2000)
100(a)

1340(110) .

19300(1300)
108(4)

2700(500)

Desorption

108000(13000)
1160(100)
5900(900)

640(8) 1800(300)
14000(1000)

14(3)
21.1(1)
47(6)

Air; fractions do not contain <75 pi-diem particles.

bpepth equivalent in drill hole USW-GI relative to position in geologic unit.

'Wonweighted average; values in parentheses are the absolute-value standard deviations of the means.

Some data were rejected in averaging.
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very small (<38-pm) particles in the samples would result in large differences

in the ratios measured for tuff samples. This investigation was motivated by

the observation that sorption ratios from crushed-rock column measurements are

frequently 2 to 3 times lower than batch measurements for a <500-pm fraction

(Sec. IV.A.11). All material in the crushed-rock columns was >35 pm, the size

of the end frits.

The experimental samples were the zeolitized tuffs YM-38, G1-2289, and

G1-3658 and the devitrified tuffs YM-54, G1-1883, G1-1982, and G1-2363. For

all samples except G1-1982, the fractions were <38, 38 to 106, and 106 to

500 pm. For sample G1-1982 the fractions were <38, 38 to 75, 75 to 250, and

250 to 500 pm. The larger fractions were wet-sieved to remove very fine

particles. Rock samples were contacted with-traced groundwater solutions at

ambient temperature under atmospheric conditions for 3 weeks. (Contact periods

for sample G1-1982 were both 2 and 3 weeks.)

Tables XXVIII and XXIX show the dependence of the sorption ratio on

particle size. Samples YM-54, G1-1883, GI-1982, and G1-2363 (all of which are

devitrified and do not contain zeolites) show higher sorption ratios (by

factors of 2 to 5 for the <38-pm fraction) for strontium, cesium, and barium.

The <38-pm fraction of the devitrified tuff samples contains a higher percentage

of smectite clays than do the larger size fractions (Table XXIV). These clays

may be responsible for the increased sorption by ion exchange of strontium,

cesium, and barium.

For a different set of samples (Table XXIX), all of which are devitrified

except G-1854 [zeolitized with some clinoptilolite (Table XXIV)J, the <75-pm

fraction gave R values averaging a factor of only -1.4 greater than those for

the 75- to 500-pm fraction. Apparently, the large number of particles between

38 and 75 pm in the <75-pm fraction significantly reduces the difference in

sorption between the two fractions studied, and particles in the 38- to 75-pm

range have sorption ratios similar to those in the 75- to 500-pm fraction for

each tuff. Unfortunately, no data are available for direct comparison of

<38-pm and <75-pm fractions of the same samples.

For the zeolitized tuff samples YM-38, G1-1854, Gl-2289, and G1-3658,

sorption ratios for strontium, cesium, and barium are very high. In general,

the smaller fractions have R values less than a factor of -2 higher than the
d

coarser fractions. The increase in sorption ratios for the fine fractions of

sample G1-2289, which exhibited the largest fractionation of minerals after

sieving (Table XXIV), is no greater than would be expected from the increase in
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TABLE XXVIII

DEPENDENCE OF SORPTION RATIO ON PARTICLE SIZE

Rd (Wg)O
Sample.

YM-38
tot

Element

Sr

toof

<38 pm

13900a

205003

17000(3000)

38-106 PM

20300&

19600a

20000(400)

106-500 PM

17600e

17600a

17600(0)

of

It

of

Cs

to

11100

19600

15000(4000)

16600

14900

16000(900)

14300

14000

14200(200)

'i

SI

of

Ba
if

'I

69000

187000

130000(60000)

119000

102000

110000(9000)

56500

103000

80000(23000)

so

of

Eu
to

It

TII-54 Sr
to

of

of
Cs

of

of

to

Ba

St

2250

2990

- 2600(400)

277

274

276(2)

937

889

910(30)

1720

1610

1670(60)

1610

1590

1600(10)

26.2

80.2

50(30)

306

717

500(200)

1350

1340

1340(10)

56.8

56.1

56.5(0.4)

188

186

187(1)

476

471

474(3)

255

420

340(80)

22.2

21.7

22(1)

198

183

190(10)

1330

1510

1400(100)

37.1

56.1

47(10)

114

132

120(10)

134

148

140(7)

489

444

470(20)

22.4

21.8

22(1)

186

181

184(3)

::

of

Eu

II

01-1883
Sto
if

Sr
tof
if

If
tof

Cs

to
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TABLE MCVIII (cont)

Sample Element

GI-1883 Bs
to

It o

of Eu

to to

NoI

<38 M_

234
753

500(300)

375

653

510(200)

Rd (mI/s)

38-106 pa

208

199

204(5)

108

119

110(10)

106-500 pa

161

162

162(1)

173

153

160(10)

106-500 I.

G1-2289
it

of

Sr
tof
n

16600

11700

14000(3000)

6340

6410

6380(40)

7830

8450

8100(300)

N

to

It

01-2363
to

It

tIf

of

of

of

to

Cs
to

Bs

tof

tEu

Sr
#I

Cs
of

tBa

Eu

43400

27100

35000(8000)

173000

114000

140000(30000)

1650

1400

1500(100)

179

168

170(10)

1390

1270

1300(100)

918

865

890(30)

5650

5440

5500(100)

33800

29100

31000(3000)

54000

48500

51000(3000)

780

778

779(1)

73.9

62.2

70(10)

553

520

540(20)

243

255

250(10)

778

794

786(8)

12100

72100

42000(30000)

90300

69600

80000(10000)

817

812

815(3)

58.2

61.4

60(2)

414

382

400 (20)

230

212

220(10)

780

578

680(100)
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TABLE YXVIII (cont)

Rd (ml/ )

G1-3658

II

Element

Sr
it

to

<38 PM

9830

15700

13000(3000)

38-106 pm

11600

13500

13000(1000)

106-500 pm

13100

13400

'13200(200)

of

it
nf

Cs

In

no

13900'

18500

16000(2000)

6140

7080

6600(500)

4910

5040

4980(70)

It

it

of

to

Ba
II

to

Eu

'I

11700

18600

15000(4000)

14600

15700

15000(600)

9020

10200

9600(600)

414

477

440(30)

12700

14200

13000(1000)

488

566

530(40)

Rd (mfl/g)

GI-1,S 2b

'I

'I

of

tII

Sr
.f

Cs

Ba

Eu
nf

nf

<38 pm

1200

1200

1200(0)

3800

3500

3650(200)

10000

10000

10000(0)

1200

2500

1900(700)

38-75 ix

59

66

.63(4)

75-250 pm

'9

53

51(2)

1200

1300

1250(50)

670

844

760(90)

535

885

710(180)

960

1100

1000(70)

568

780

670(100)

614

1300

960(300)

250-500 pm

51

66

59(7)

1200

1200

1200(0)

693

780

740(40)

864

1100

980(120)

'For all samples except C1-1982, the first two lines for each element give duplicate

measurements for 3-week contact periods. The third line gives the average of the

duplicate measurements. Values in parentheses are standard deviations of the means.

bFor sample G1-1982, the first two lines give measurements for 2- and 3-week contact

p'eriods, respectively; the third line gives the average of the two. Values in

parentheses are the standard deviations of the eeans.
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TABLE XXIX a
DEPENDENCE OF SORPTION RATIO ON PARTICLE SIZE

Rd (mg/g)

Samule
Gl-1854

to
to

'C

of

Element
Sr
..

..

it

It

'I

it

'i

C'

Ba
C'

to

::

I,
Eu
it

Gl-2333
it

'C

Sr
to

9'

,,

..

Cs
it

I,

<75 pm
71000
92000
81000(11000)
15100
14900
15000(100)

63000
48000
56000(8000)

>131000
>100000

220
216
218(2)

1700
1510
1600(100)

1900
1820
1860(40)

2000
3120
2600(600)

283
276
280(4)

2000
2040
2020(20)

3040b
3040

390
440
420(30)

75-500 pm
32000
43500
38000(6000)
11400
10000
10700(700)

34000
34000
34000(0)

>122000
>14000

152
144
148(4)

1200
1120
1160(40)

1200
1140
1170(30)

1400
2870
2200(800)

170
168
169(1)

1200
1300
1250(50)

780b
1780

360
510
440(80)

i.

it

..

Ba
..

'C

it

it

Gl-2410
it

to

it

it

of

it

'C

Eu
'i

o.

Sr
..

i.

Cs
t.

..

Ba
I.

Eu
..

..

..

it

C'
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TABLE XXIX (cont)

Rd (ml/g)

Sample
G1-2476

of

If

Element
Sr
9f

.f

.i

of

'i

Cs
I.

..

.t

it

is

Ba
,...

.i

it

it

Eu
i.

..

G1-2840
,.

.f

Sr
it

..

i.

It

Cs
it

It

<75 pm
49
51
50(1)

815
919
870(50)

480
518
500(20)

4600
5080
4800(300)

170
171
170(1)

2800
2480
2600(200)

2300
2620
2500(200)

5000
6200
5600(600)

120
59
90(30)

1700
510
1100(600)

1600
6510
4000(2000)

1100
2560
1800(800)

75-500 pm
41
40
41(1)

660
741
700(40)

374
396
385(10)

3300
3110
3200(100)

160
159
160(1)

2400
2020
2200(200)

2000
2140
2070(70)

4500
5330
4900(400)

94
93
94(1)

1200
952
1080(120)

950
1040
1000(50)

1100
1530
1300(200)

'I

of

Ba
.i

it

it

I I

Eu
.i

.I

G1-2854
i.

9.

Sr
i.

i.

it

IIt

to

Cs
it

of

.i

ft

of

Ba
9,

it

..

it

Eu
.I

..

aThe first two lines are measurements for 2- and 3-week contact periods,
respectively; the third line gives the average of the two. Values in
parentheses are the standard deviations of the means.

bOnly one measurement available.
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zeolite content (Sec. IV.A). Sample G1-3658 exhibited similar variations

without a corresponding variation in mineral abundances.

Sorption ratios are higher for europium for the <38-pm fractions of both

zeolitized and devitrified tuffs, which may be a result of sorption on the

increased surface areas by processes other than ion exchange.

Preliminary results from whole-core column studies indicate that there is

better agreement with the results of batch experiments when batch work is per-

formed with samples from which the very fine particles have been removed.

However, greater variation should be expected in whole-core samples because of

the heterogeneity of tuff; as more whole-core experiments are completed,

samples having Rd values greater than those from the batch experiments may be

found. Perhaps the fine clays are not generally available to fluids for sorp-

tion in real situations or they have been enriched in the samples studied. Of

course, there is better agreement between batch results from sorption on larger

particles and crushed-rock column measurements because the fine particles were

deliberately removed for the crushed-rock column work.

The presence of very fine particles in larger fractions apparently can

change the observed sorption ratio of an element by a factor of 2 to 5, espe-

cially in the case of devitrified tuffs. Therefore, it is advisable to wet-

sieve larger fractions to avoid the presence of fine particles that might

increase the observed sorption in an irreproducible manner. The removal of

small particles may result in measurements on material that is not completely

representative of the tuff; however, the results are useful for comparative

purposes and are probably not far from the "true" values. Any errors should

be in the conservative direction, that is, too low Rd values for samples that

do not contain very fine particles.

10. Comparison of Batch Studies Made Under Atmospheric and Controlled-

Atmosphere Conditions. Because reducing conditions are expected for some

groundwater/rock systems, the sorptive behavior of some elements in such

systems may be different from that under normal atmospheric conditions. Dif-

ferences in the sorptive capacity of a rock type could be expected if the rock's

surface were altered by exposure to air. These effects were investigated by com-

paring the results of batch studies performed on the same geologic materials in

a nitrogen atmosphere (<0.2 ppm oxygen and <20 ppm carbon dioxide) with similar

measurements made under normal atmospheric conditions. However, the controlled-
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atmosphere studies were not truly representative of the conditions to be found

in deep geologic systems because very little carbon dioxide was present.

The pH values of the groundwaters after the experiments in the controlled

atmosphere were -0.5 unit higher than for similar experiments in air. This

might be a consequence of some loss of carbon dioxide (and total carbonate)

from solution and might affect sorption of U(VI), which is strongly complexed

by carbonate. The changes in pH may decrease significantly the solubility of

some multivalent ions and also might result in changes in ionic charge, degree

of hydration, etc.

For most experiments, the radionuclides were 85Sr, 137Cs, 133Ba, 141Ce,

152Eu, 95Tcm, 237 u,237Pu, 241Am, and 235Np; the rock samples were from tuff

cores YM-22, YM-38, and YM-54. Experiments were also performed with 22Na,

54Mn, 75Se, and 113Sn and tuff core G1-2233. The groundwaters used for the

determinations in air and nitrogen atmospheres had the same initial composition.

Fractions'of <75 and 75 to 500 pm were used for most studies under both conditions;

fractions of <106 and 106 to 500 pm were used in some experiments under atmos-

pheric conditions.

The Rd values from both sorption and desorption studies, given in Table XXX,

are the averages of measurements for 3-, 6-, and 12-week contact periods. The

effects of atmosphere on the sorptive behavior of the 14 elements studied are

summarized in Table XXXI and are discussed below.

Strontium, cesium, and barium R values are essentially the same for
d

atmospheric and controlled-atmosphere conditions. The sorptive behavior

of tuff for these elements appears to be independent of the atmosphere

involved.

Cerium and europium R values are similar for the two different atmospheres.
d

The sorption of cerium and europium may be strongly dependent on the

formation of insoluble forms of these elements, such as precipitates or

colloids.

Americium has lower Rd. values for both sorption and desorption in the

YM-22 (devitrified) tuff under the controlled atmosphere. For samples

YM-54 (devitrified) and YM-38 (zeolitized), americium Rd values for both

sorption and desorption are either the same or slightly greater under the

. controlled atmosphere. Americium has exhibited a tendency toward large

variations in behavior when experimental conditions are changed, which

may be the result of speciation effects.
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TABLE =Xm

SORPTION RATIOS (mg/g) FOR ATMOSPHERIC AND

CONTROLLED-ATMOSPHERE CONDITIONS

Sorption Desorption

Sample Element Atmospheric

YM-22

YH-38

YH-54

YM-22

YM-38

YH-54

YM-22

YM-38

YM-54

Sr
of

of

Cs
it

*.

Ba
.i

it

56(4)b

11900(3200)

90(4)

340(60)

8600(1700)

250(20)

980(80)

66000(13000)

620(80)

CAa,

63(6 )b

10600(2600)

110(13)

330(50)

9300(1200)

300(30)

550(130)

>62000

560(70)

Atmospheric

63(4)b

21700

94(9)

400(30)

13000

310(20)

1000(210)

260000

660(20)

CAa

104(12)b

17000(2300)

126(7)

420(60)

12000(1600)

360(50)

830(210)

64000(9000)

600(40)

YM-22

YM-38

YH-54

YM-22

YM-38

YM-54

Ce
..

it

Eu
it

1300(100)

820(100)

140(40)

1400(100)

3000(1000)

510(80)

920(170)

570(90)

520(140)

970(110)

850(110)

900(200)

6100(700)

2640

1000(200)

3600

7300

1800(100)

2300(100)

7000(5000)

1500(400)

2400(300)

7000(5000)

2000(200)
0

G1-2233 Na 141(4) 150(2) 160(10) 150(3)

.. En

o, Se

6000(400)

11(2)

460130)

1500(900)

14(0)

210(2)

>9300

46(5)

580(70)

2300(800)

99(31)

740(240),i Sn

* YM-22

YH-38

YM-54

Am
of

4000(1200)

5500(1000)

590(210)

1400(200)

5600(1000)

1000(400)

4700(1000)

9500(1300)

600(50)

3700(800)

14000(2000)

2600(400)
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TABLE XXX (cont)

Sorption Desorption
Sample Element Atmospheric CA Atmospheric CA

YM-22 Pu 140(40) 220(50) 1400(100) 1600(300)

YM-38 it 250(90) 800(90) 2000(500) >2300

YM-54 " 90(20). 130(20) 720(5) 1300(200)

YM-22 U 1.8(0.2) 0.6(0.3) 5.3(1.9)

YM-38 " 5.3(0.2) 15(1) 15(1)

YM-54 " 1.7(0.2) 1.5(0.2) 13(3)

YM-22 Np 5.9(0.6) 8.6(0.7) 33(5) 23(3)

YM-38 11(1) 100(30) 23(3) 270(80)

YM-22 Tc 0.3(0.1) 2.6(1.0) 1.2(0.3) 18(5)

YM-38 14(4) 120(20)

aCA = controlled atmosphere; nitrogen, <0.2 ppm oxygen, and <20 ppm carbon dioxide.

bAverage of all measurements taken at 3-, 6-, and 12-week contact times; fraction
sizes: <75 and 75 to 500 pm for most atmospheric and controlled-atmosphere
conditions and <106 and 106 to 500 pm for some atmospheric conditions. Values
in parentheses are absolute-value standard deviations of the means. No error
is given for single measurements.

Plutonium Rd values for both sorption and desorption for the zeolitized

tuff YM-38 are significantly higher under controlled-atmosphere con-

ditions than in air. This is perhaps consistent with the tendency of

plutonium to exhibit variations in behavior when experimental conditions

are changed, presumably the result of speciation effects (Sec. II).

Technetium sorbs relatively more strongly in a controlled atmosphere

where conditions are presumably more reducing. The sorption ratios on

zeolitic tuffs are about 15 times larger under controlled-atmosphere

conditions than in air. The values for devitrified tuffs are 10 to

25 times larger under the controlled-atmosphere conditions.

Uranium sorption ratios under controlled-atmosphere conditions are similar

to those in air for YM-22 and YM-54 samples (devitrified) but somewhat
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TABLE XXXI

COMPARISON OF SORPTION RATIOS (Rd) MEASURED UNDER

ATMOSPHERIC AND CONTROLLED-ATMOSPHERE CONDITIONSa

Element Effect on Rd Value

Cs none

Sr none

Ba none

Ce none

Eu none

Na none

Se none

Mn lower in CA (factors of 3 to 4)

Sn lower in CA (factor of 2)

Am none

Pu higher in CA (factor of 2)

Tc higher in CA (factor of >10)

U higher in CAb (factors of 2 to 3)

Np higher in CA (factor of 2)

p h i
a CA = controlled atmosphere;.nitrogen, <0.2 ppm oxygen, and
<20 ppm carbon dioxide.

YM_38 (zeolitized) tuff only; otherwise no effect.

higher for YM-38 samples (zeolitized). The U(VI) apparently remains

strongly complexed by carbonate in the groundwater even though the total

carbonate concentration is reduced in the controlled atmosphere.

Neptunium sorption and desorption ratios are higher in the controlled-

atmosphere than in air, especially for the zeolitized tuff. There is

perhaps a change in the oxidation state of neptunium in the controlled

atmosphere, which could favor increased sorption.

Sodium and selenium show no observable difference in Rd values for sorption

and desorption when measured in air or in the controlled atmosphere.

Manganese has lower R values for both sorption and desorption when
d

measured in the controlled atmosphere; tin values for sorption are

also lower in the controlled atmosphere, but values for desorption are

about the same. It seems that there is less formation of insoluble
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COLUMNl

PERISTALTIC PUM

Fig. 46. Circulating system for crushed-rock system studies.

oxidized compounds of tin and manganese in the controlled atmosphere,

resulting in lower sorption ratios.

If reducing conditions exist in any tuff/groundwater system, the effect

would probably be enhanced sorption or precipitation for a number of elements.

Furthermore, if Fe(II) is present in solution under reducing conditions, the

precipitation of ferric hydroxide from such groundwaters under oxidizing con-

ditions should result in scavenging other waste elements from solution.

11. Comparison of Sorption Ratios Measured by Batch and Circulating-Systed

Methods. The circulating system (Ref. 3 and Fig. 46) is a hybrid that incor-

porates features of both batch and column methods. The batch and circulating-

system procedures are similar in some ways, but the solid phase remains

stationary in the circulating system and is not subject to the possible self-

grinding of the batch measurements. The presence of smaller particles could

result in greater sorption as a result of greater surface area or differences

in mineralogy.

Sorption ratios for strontium, cesium, and barium were determined using

one feed solution for the circulating system and another for the batch measure-

me-nts. The actinide series of comparisons was made using the same feed solution

for both circulating-system and batch measurements for each actinide. Although

the feed solutions for both the batch and circulating systems were prepared
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just before the start of batch sorptions, there was a delay of from 6 to 16

days before the feed solution could be introduced in the circulating system.

The traced feed solutions were made in the standard manner by drying the

tracer (Sec. IV.A.2). The concentrations of tracer and element added were

approximately 5 x 10 9 H for cesium, 5 x 10 8 M for barium, and 5 x 10 7 H for

strontium. Solutions traced with americium or plutonium varied with each

preparation. The concentrations of plutonium were 3.1 x 10 12 H for experiments

with YM-49 and 4.1 x 10 12 H for JA-37 and G1-1883. Americium concentrations

in feed solutions were 1.2 x 10 7 H for YM-49, 1.3 x 10 7 M for JA-37, and

1.2 x 10 H for G1-1883. Desorption experiments were performed with the

circulating-system columns from the actinide measurements with fresh, untraced

groundwater that had been pretreated with the appropriate tuff.

Table XXXII shows the results of individual sorption measurements for

strontium, cesium, and barium that were taken using circulating systems.

Results of batch sorption measurements for these same elements are summarized

in Table XXI. Pertinent data from the batch and circulating-system sorption

and desorption measurements are presented in Tables XXXIII and XXXIV.

The actinide Rd values for desorption measurements with the circulating

system are higher than for sorption, just as they are for the batch technique.

This apparent irreversibility was discussed earlier (Sec. IV.A.6).

The average Rd values for sorption by the two methods are given in

Table XXXV, and the ratios of these results are given in Table XXXVI. Con-

sidering the spread of experimental values, the agreement between the two

methods is good. In most cases, the results fall within the spread of indivi-

dual experiment values (see the tables in this section and in App. A). The

errors given in Table XXXVI arise from propagating the standard deviation of

the mean, which is discussed in Sec. IV.A.2 above. The barium sorption ratio

obtained for sample YM-22 by the column method38 (137 m.2/g) is in much better

agreement with the results from the circulating-system method than is the

batch data.

The devitrified tuffs tended to give slightly higher sorption ratios by

the batch method than by the circulating-system method. The observed difference

could well be the result of the presence of smaller particles arising from

self-grinding in the batch measurements. Similar particle-size effects have

been observed in other experiments (Sec. IV.A.9). The results are quite

similar for the simple cations, which presumably sorb by ion exchange, and the

I.
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TABLE XXXII

STRONTIUM, CESIUM, AND BARIUM SORPTION RATIOS FROM

CIRCULATING-SYSTEM SORPTION MEASUREMENTS

Core

YM-22

Average

YM-54

Contact Time
(days)

26

49

63

84

112

26

49

63

84

112

26

49

63

84

112

Sr

9 a

29

28

30

21

27(2)bD

39

53

49

44

41

45(3)

401

390

398

420

365

390(10)

Rd (tt./g)

Cs

9 9 a

405

441

616

494

4 9 0 (5 0 )b

105

158

131

112

99

120(10)

1770

1890

1800

1920

1480

1800(80)

Ba

33a

129

129

133

102

120(10) b

111

153

146

132

116

130(10)

948

819

891

729

899

860(40)

Average

JA-37

Average

aValue not included in average.

bValues in parentheses are the absolute-value
of the means.

standard deviations

actinides, which probably sorb by a more complex process. The Rd value ratios

for zeolitized tuffs, which in general have higher Rd values than the devitrified

tuffs, scatter considerably and show no consistent pattern; the differences

may be the result of experimental uncertainties. Results from other experiments

(Sec. IV.A.9) indicate a much smaller effect for zeolitized tuffs than for

devitrified tuffs as a result of small particles present in the samples.
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TABLE XXXIII

AMERICIUM SORPTION RATIOS FROM

BATCH AND CIRCULATING-SYSTEM MEASUREMENTS

Rd (ml/g)

Core
(im particle size)

G1-1883
(106-250)

Contact
Time

(Weeks)
3
3

12

Batch Circulating System

Sorption
4200

Desorption Sorption
2900
3000

Desorption
25000
36000

5900

6
6

9
9

12
12

4500 3500
3300

24000
56000

9 6900

3300
3600 .

10000
48000

14000
57000

5300 3100
3500

YM-49
(106-260)

JA-37
(106-250)

3 8900
3
3

2900 3300
2500

34000
41000

12

6
6

2800

9 3800

8
8

1800
1600

2400
1500

2800
1600

30000b
5400

10500
13000

28000
10000

12
12

7100

3 3000

3
3

18000 2700
300

51000
36000

12 54000

6
6

37000 3900
4100

190000
170000

9 59000

9
. 9

4700 220000 b
3900 240000

12
12

3600
3600

290000
500000

3 43000

aValue not included in calculation.. Value is from-filtered sample; unfiltered sample
analogous to those for all other data from these batch measurements was unavailable.

bValue not.included in calculations.
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TABLE XXXIV

PLUTONIUM SORPTION RATIOS FROM

BATCH AND CIRCULATING-SYSTEM MEASUREMENTS

Rd (n.9/g)

Core
("m particle size)

Contact
Time

(Weeks)

Batch Circulating System

Sorption DesorptionSorption Desorption

GI-1883
(106-250)

YM-49
(106-250)

JA-37 .
(106-250)

3
4

51
46

6
12

465
830

6
6

13
13

8
8
9

3
3

52a

91

8 2 a
107

7 4 0 a

1100

67

700

860a
850

3
4

140

12 390 a
410

740
6
6

9
9

160
200a

210
820a

410
4 45 a

12
12

3
3

660
9 3 0 a

3 300 260

12 870

6
6

12
12

.9
9

3
3

420a
560

7 6 0 a
1900

305

8 9 0 a
1700

320

1300a
2400

aPretreatment of crushed rock was for 4.5 months rather than the normal 2 weeks.
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TABLE XXXV

AVERAGE SORPTION RATIOS FROM BATCH AND

CIRCULATING-SYSTEM SORPTION MEASUREMENTS

Rd (mQt/g)

Element

Sra

Tuff Core

YM-22
YM-54
JA-37

YM-22
YM-54
JA-37

YM-22
YM-54
JA-37

Batcha

53(3) b

62(12)
287(14)

290(30)
180(40)
610(40)

900(30)
400(150)
760(150)

Circulating System

27(2) b
45(3)

390(10)

490(50)
120(10)

1800(80)

120(10)
130(10)
860(40)

Baa

Am YM-49
JA-37
Gl-1883

4300(1400)
28000(10000)
4700(300)

230(50)
400(70)

77(11)

2200(300)
3400(600)
3300(100)

570(170)
290(20)
56(11)

Pu YM-49
JA-37
GI-1883

3From Table XXI.

bValues in parentheses are the absolute-value standard deviations of the means.

TABLE XXXVI

COMPARISON OF AVERAGE SORPTION RATIOS FROM BATCH AND

CIRCULATING-SYSTEM SORPTION MEASUREMENTS

Batch Rd-to-Circulating System Rd Ratio

Sr Cs
Zeolitized Tuffs

JA-37a
YM-49

Devitrified Tuffs

YM-22
YM-54
G1:-1883

Ba

0.88(0.18)

Am Pu

8.2(3.3) 1.4(0.3)
2.0(0.7) 0.40(0.15)

0.34(0.03)

2.0(0.2)
1.3(0.2)

0.59(0.09)
1.3(0.3)

7.5(0.7)
1.6(0.6)

1.4(0.1) 1.4(0.4)

aJA-37 also contains a small amount of clinoptilolite.

bValues in parentheses are the errors propagated from errors given in Table XXXV.

128



The very large differences between Rd values measured by the two methods

for sorption of barium on tuff YM-22 and americium on tuff JA-37 are currently

unexplained. They do, however, indicate the complexity of sorption processes

and sorption measurements and, further, the need for additional study. The

americium result for sample JA-37 may be related to the relatively high concen-

tration of montmorillonite in this tuff (Table XXIV). The presence of a large

number of highly sorptive fine clay particles in the batch samples could

possibly lead to the high Rd value. Early attempts to measure the sorption

ratio for americium on tuff JA-37 by using the original inadequate phase-

separation technique (Sec. II) resulted in much lower values. This might also

be attributable to the presence of highly sorptive, fine clay particles that

might be particularly difficult to remove from the aqueous phase (thereby

resulting in a low Rd value). The situation is not clear because the plutonium

results do not show the same behavior; there is much better agreement between

circulating-system and batch measurements and between old and new separation

techniques. However, the behavior of americium has consistently been more-of

a problem than that of plutonium. The extremely high Rd values for americium

desorption that were obtained in the circulating-system measurement (Table XXXIII)

may in some way be related.

The possibility of transport on small particles may have a bearing on

the results of the circulating system measurements and is discussed in Sec. II.B.

12. Crushed-Rock Column Studies. A complete report on these studies is

available38 and is only summarized here. Elutions of radionuclides from

columns of crushed tuff, granite, and argillite have been used as a simple

first step in trying to relate laboratory batch-type measurements to a flowing
2,3,38

system. Although primarily tuffs were studied, granite and argillite

were also included to obtain a more general data base. Because radionuclides

are often sorbed quite strongly by these rock types, small columns (<0.5 cm in

diameter by 2 to 5 cm long) were used to minimize the duration of an experiment.

However, the elutions of nuclides from some of the columns still required 2 to

3 years. The columns were loaded with -5- to 10-pt spikes of groundwater

containing one or more radioisotopes. Groundwater was pushed upward through

the column by syringe pumps at flow rates of 11 to 77 m/year, although faster

flow rates were used in a few cases. The velocity of the radionuclide was

measured directly and then compared to the groundwater velocity (measured-

using HTO or 131I, which does not sorb) to calculate the retardation factor

129



R In simple ion-exchange theory, the Rf is related to the sorption ratio R
V f ~~~~~~~~~~~~~~~~~~~d

(or more precisely, the distribution coefficient Kd) by the expression

R = 1 + (p/)Rd
fd

where p is the density of the rock column and £ is the porosity.

Several general observations can be made from the data of approximately
38

40 columns. (1) The sorption ratios of strontium, cesium, and barium,

measured with the columns, generally fall within the range of measured batch

Rd values when the batch measurements are made on fractions washed free of
d ~~~~~~~~~2,3 .dctdta ausifre

fine (<35-pm) particles. Previous reports indicated that R values inferred

from the column studies were 1 to 5 times smaller than from batch study Rd

values; however, these earlier comparisons were made with batch measurements

using material containing fine particles, and they should not be considered

valid. (2) Elution of strontium from a tuff from a vitrophyre was unusual,

giving a broad, asymmetric peak; strontium peaks were generally narrow and

symmetric. (3) Broad, asymmetric peaks were typical of cesium elutions. In

addition, cesium frequently seemed to be eluted either in two broad, partially

overlapping peaks or in one major peak with a distinct shoulder. On granite

columns, cesium seemed to be fixed at the load end, possibly as a result of

irreversible sorption on biotite; such irreversible sorption was not observed

on any of the tuffs.
85 137 133

In addition to Sr, Cs, and Ba behavior, that of the radionuclides
95 m152 141

Tcm, Eu, and Ce has been studied. Cerium was loaded on two columns but
95m-

decayed before eluting. The Tcm04 was strongly affected by kinetics. This

is not surprising because the retardation mechanism of technetium is probably

by reduction of TcO4 to Tc(IV), perhaps as TcO2, rather than by ion exchange.

At flow rates of -2000 m/year, either in air or in a controlled atmosphere of

nitrogen with <0.2 ppm 02 and <20 ppm C02, argillite-column sorption ratios

were 0.29 to 0.43 m.2/g. The corresponding batch sorption ratio in air was 18

to 222 ml/g. When the flow rate was slowed to 20 m/year, allowing more time

for reaction, the Rd value for technetium increased to 72 ml/g.

Five columns were loaded with 152Eu; for three of the columns, the measured

batch sorption ratios fell between the Rd values corresponding to a small
152Eud 152Famount of 'Eu, which was eluted initially, and the majority of the Eu,

which remained on the columns. (The columns were sectioned, and the distribu-

tion of activity along each column was measured to estimate an Rd value.) It
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is not clear whether the europium that eluted initially from the columns was

the result of colloidal species. Of the last two columns loaded with 152Eu,

one was contaminated with iron and the other gave a sorption ratio that over-

lapped with the large range of batch sorption ratios. Conclusions can not be

drawn for 152Eu until additional measurements are made--ideally using a

continuous feed "loading" technique, rather than a spike. The use of spikes

can lead to problems because of the isotherm effects discussed in the next

section.

A crushed-tuff column (YM-54-4) was loaded with spikes of tritium, 131I,

and 237U. Groundwater elution curves result in an Rd value of 0.72 mA/g for

uranium, whereas the value obtained by batch measurements is 1.5 ma/g. The

uranium peak was quite asymmetric, and the activity per milliliter slowly

decreased; by drop 23, when most of the iodine had been eluted, only 50% of

the uranium had been removed from the column. The marked asymmetry may be an

effect of the complicated sorption illustrated by the large difference between

sorption (1.5 ma/g) and desorption (11 m29/g) Rd values when measured by the

usual batch method.

The general agreement between column and batch measurements for 8 5 Sr,
1 3 7 s 133Cs, and Ba on washed samples is encouraging, because the results of

batch measurements are often used to show relative sorption under a variety of

conditions, and their relevance to the migration of radionuclides under flowing

conditions has been questioned. Whether sample-crushing influences the rock

chemistry in both the batch and crushed-rock columns will be determined by

studying radionuclide migration through columns of intact rock, larger blocks

of intact rock, and in the field.'

13. Sorption Isotherms. The study of sorption isotherms is used to

(a) determine the influence of groundwater/tuff interactions on

the sorptive properties of tuff,

(b) accurately model the retardation of waste elements under

various source-term and groundwater conditions,

(c) detect irreversible sorption processes that could be

very positive properties if discovered in tuff,

(d) interpret and model diffusion into the tuff matrix as

it would occur in fracture flow, and

(e) explain the observed dependence of the distribution

coefficient on the solution-to-solid ratio and pre-

dict real conditions from laboratory measurements.
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In most transport codes, sorption is normally treated as a linear isotherm;

that is, the distribution coefficient Kd-does not depend on the cation concen-

tration. This standard treatment should be valid for ion-exchange equilibrium

at tracer-level concentrations with zeolitic tuffs; however, welded, nonzeoli-

tized horizons have been proposed as repository hosts because of their thermo-

mechanical properties.

The Langmuir isotherm is also commonly used. It is appropriate to any

sorption mechanism that is first order and has a limited number of sorption

sites. The form of the Langmuir isotherm is

q ~QKc
+ (K - l)c

where

q = the solute concentration in the solid phase,

c = the solute concentration in the aqueous phase,

C = the total cation concentration,

Q = the CEC, and

K = the equilibrium constant.

At small solute concentration, Kc << 1, the Langmuir isotherm becomes linear.

The Freundlich isotherm is also commonly used; it is a purely empirical

formula that can be used to summarize a large amount of data. The form of the

Freundlich isotherm is

q= kcn (8)

where k and n are constants. Unfortunately, this isotherm is unbounded and does

not account for saturation of sites; in addition, it can yield infinite Kd

values at zero concentration.

Another approach, which seems most appropriate from a chemical standpoint,

is the so-called mass-action equilibrium. This approach seems particularly

appropriate for cations that have a charge greater than l. This approach for

a given equilibrium takes the form

mA + R B mRA + BM 4
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and the equilibrium relation is

AB= (-A) q

where m' lies between m and unity. This approach is more general than the

Langmuir isotherm and still has the advantage of incorporating a limited

number of sorption sites.

In addition to these sorption isotherms, which imply equilibrium, there

is the possibility of an irreversible sorption process. In this case, a

certain amount of the waste element would be sorbed independently of the

initial concentration.

One of the important tasks of these sorption studies is to identify which

of these isotherms is most appropriate to describe sorption on tuff. In

addition, it may be possible to extract thermodynamic parameters such as

equilibrium constants, thus providing a data base for correlating sorption

ratios with mineralogy and groundwater composition.

a. Experimental results. Isotherms have been determined for three tuff

samples from the UE25a-l drill hole: YM-22, YM-38, and YM-49. Sample YM-22

is a densely welded tuff from the Topopah Spring Member, sample YM-38 is

a highly zeolitized tuff from the bedded tuff of Calico Hills, and sample

YM-49 is a partially zeolitized and partially welded tuff from the lower Prow

Pass Member. Sorption isotherms for strontium, cesium, barium, and europium

were determined for samples YM-22 and YM-38. A brief summary of the published

report3 is given here.

Measurements of strontium, cesium, barium, and europium sorption ratios

were made at 4 to 5 different aqueous concentrations; however, there were not

enough measurements to make a statistically meaningful distinction among the

isotherms mentioned above. The data were all fit to a Freundlich isotherm;

the results, shown in Table XXXVII, indicate nonlinear behavior for the welded

tuff YM-22 and, with the exception of strontium, linear behavior for the

zeolitized tuff YM-38. However, there was a great deal of scatter in the

results from sample YM-3, as has often been observed for samples with high Kd

values. This is to be expected because a zeolitized material should sorb by a

predominantly ion-exchange mechanism and the high CEC should preclude a Langmuir-

type site saturation.
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TABLE XXXVII

FREUNDLICH ISOTHERM PARAMETERSa

Tuff

YM-22

Fraction
Size

("m)

<75

75-500

<75

Element

Sr

Cs

Ba

Eu

Sr

Cs

Ba

Eu

Sr

Cs

Ba

Eu

Sr

Cs

Ba

Eu

n

0.83

0.80

0.83

1.1

0.71

0.79

0.82

0.92

0.85

1.0

1.0

1.1

0.87

1.0

1.1

0.98

-log k

2.23

2.17

1.34

-1.20 .

2.85

2.34

1.57

0.46

0.38

-0.66

-2.41

-1.0

0.41

-0.65

-2.50

-0.29

YM-38

7
75-500

aFrom Eq. (8).

Sorption ratios were determined for plutonium on YM-22 and YM-49 tuffs

for 10 concentrations from 2.9 x 10 8 to 5.9 x 10 13 M (Tables XXXVIII and

XXXIX).

Table XXXVIII lists final results from batch desorption measurements of

the dependence of the plutonium sorption ratio on element concentration. The

desorption contacts were carried out for 3 weeks (equal to the sorption time).

The average Rd values for the desorptions are 780 mQ~/g for the YM-22 tuff

and 650 ml/g for the YM-49 tuff, with standard deviations of the mean of 110

and 48 mQ/g, respectively. The desorption R values are higher than the sorption
d

R values by factors of 2 to 4 rather than 10, as was found in earlier work. 3
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TABLE XXXVIII

DEPENDENCE OF PLUTONIUM SORPTION RATIO ON CONCENTRATION

Initial Plutonium Concentration8 Rd (mi/g)
(H) Sorption Desorption

Tuff

YM-22

YM-49

Added

1.2 x 1O11

5.6 x 10

4.4 x lo 10

3.9 x 109

3.9 x 10 8

Actual

8.0 x 1o012

3.0 x 10 11

2.1 x 1o 10

1.8 x 10 9

1.0 x 10 8

1.6 x o- 12

7.7 x 10 12

1.3 x 10- 10

4.3 x 10 10

2.9 x 10-8

<75 pm

60

63

54

66

34

170

160

130

180

270

75-500 pm

65

62

54

41

17

150

89

140

220

240

<75 pm

1100

1200

990

1100

280

700

840

780

490

690

75-500 Pm

960

580

470

920

230

670

790

590

620

340

1.2

5.6

4.4

3.9

5.4

x 10 11

x 10 11

lo-10

x 10 9

x 10 8

Initial Plutonium Concentrationa
(M)

Rd (mlt/g)

Tuff Added

YM-22 7.3 x 10

4.4 x O1 11

3.7 x 10- 10

2.5 x 10 9

2.7 x 10o8

Actual

5.9 x 10 13

2.0 x 10- 11

1.4 x 10- 10

5.7 x 10- 10

9.7 x 10 9

Sorptionb

120

47

79

70

16

130

240

390

2 0 2 0 c

120

Desorptionb

2800

1800

1400

1900

910

720

700

1300

1700

560

YM-49 7.2

4.4

3.7

2.5

3.0

x 10 12

x 10- 11

o- 10

x 10

x 10 8

3.1

1.8

1.5

8.5

1.3

x 10 12

x 10 11

0o-10

xo-

x 10 8

aThe plutonium concentrations at 100% yield, based on assay of the 237Pu and
2 3 9Pu solutions, are shown as "added." The plutonium concentrations actually
ptesent at the start of the batch contacts, given as "actual," are lower because
of losses during preparation of the feed solutions.

bFraction size 75 to 500 pm.

cValue not included in subsequent calculations.
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TABLE XXXIX

SUM MARY OF DEPENDENCE OF THE PLUTONIUM SORPTION

RATIO ON CONCENTRATION

Tuff

YM-22

YM-49

Initial Plutonium
Concentration

(H)

5.9 x 10 13

8.0 x 1o 12

2.0 x 10- 11

3.0 x 10- 11

1.4 x 10- 10

2.1 x 10- 10

5.7 x 10- 10

1.8 x 10-9

9.7 x 10-9

1.0 x 10o8

Rd (mi/g)

Sorptiona Deso:

120

65.

47

62

79.

54

70

41

16

34

150

130

160

240

140

390

220

2020"

120

240

rptiona

2800

960

1800

580

1400

470

1900

920

910

230

670

720

790

700

590

1300

620

1700

560

340

1.6

3.1

7.7

1.8

1.3

1.5

4.3

8.5

1.3

2.9

x 102

x 10o 12

x lo- 12

x 10
-10- 10

0- 10

0- 10

x 10-10

x 108

X 10o8

Fraction size 75 to 500 pm.

bValue not included in subsequent calculations.

It is possible that the difference may be the result of the shorter total con-

tact-time for sorption plus desorption that was used for these isotherm studies

(that is, 6 compared to 15 weeks). Except for the highest plutonium concentra-

tion, which exhibits the lowest Rd value in three of the five groups, there
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appears to be little correlation between sorption ratio and element concentra-

tion in the range studied. There is some tendency toward lower Rd values with

the larger particle size, especially for sample YM-22. When the Freundlich

equation is applied to the desorption data, the parameters given in Table XL

are obtained.

The Freundlich isotherm parameters for tuff YM-22 appear to be significantly

less than 1, whereas the parameters for tuff YM-49 are approximately linear.

This is consistent with the results of the isotherm measurements using strontium,

cesium, barium, and europium. Because the scatter in the plutonium data is large,

it would not be possible to select between isotherms on the basis of these

data.

b. Dependence of the Distribution Coefficient on the Freundlich Isotherm.

The effects of nonlinear isotherms on sorption phenomena have also been

studied, and equations and computer programs to solve the diffusion equations

with nonlinear isotherms have been developed. In the course of this activity,

some simple relations have been derived that can explain the dependence of the

distribution coefficient Kd on the solution-to-solid ratio. Experimental

results in which the solution-to-solid ratio was varied can be directly compared

with the results of measurements in which the element concentration was varied

(isotherm determinations).

The Freundlich isotherm can be expressed as

x kn
X= kc ,
m

where

x = the number of moles of tracer in the solid,

m = the mass of the solid,

c = the final concentration of tracer in solution, and

k and n = constants.

Combining

K = X/m kcn-1Kd c k
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TABLE XL

FREUNDLICH ISOTHERM PARAMETERSa FOR SORPTION

AND DESORPTION OF PLUTONIUM

Tuff

n

Sorption

k * Fitb

0.99

0.98

YM-22 0.84 . 0.001

YM-49 0.96 0.07

aFrom Eq. 8.

bCoefficient of determination r2.

n

0.88

1.00

Desorption

k

0.04

0.80

Fitb

0.98

0.98

and

c + m kcn = c
V 0

where

c = the initial concentration and

V = the volume of the solution,

Xd = k ( 0~ d n

therefore,

d V d

For V K >> 1
V d

1-n
n

K V(~
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The distribution-coefficient dependence on the solid-to-solution ratio

can be expressed in terms of the Freundlich isotherm parameter n. This simple

relation seems adequate to explain the observed dependence of Rd values on the

solution-to-solid ratios. In batch experiments with crushed samples of YM-22

and YM-38 tuffs, Rd values were determined using solution-to-solid ratios of

5, 10, and 30 (Tables XLI and XLII). These values were fit to the power-law

expression derived above, using a least squares program. The resultant

Freundlich isotherm parameters were compared with those previously determined

using the standard batch technique.3 The' comparison for sample YM-22 is given

in Table XLIII; a similar comparison for sample YM-38 was not made because the

experimental uncertainties associated with high Rd values were too large to

give a meaningful comparison. The agreement between the two experiments is

good, the trends are consistent, and the values of n determined by the two

methods are reasonably close.

14. Conclusions. A variety of techniques using crushed-tuff samples has

been investigated to obtain information on the sorptive behavior of tuff and

the possible application of the data to flowing systems and to real situations.

The applicability of these experiments to solid samples is discussed in Sec. IV.D.

When material of the same particle-size distribution is used, the results

from batch, column, and circulating-column methods are in reasonable agreement.

The column method gives information on dispersion that cannot be obtained in

batch systems. Batch methods, however, allow for processing a large number of

samples with ease under a variety of conditions.

Sorption of strontium, cesium, and barium occurs mainly by ion exchange;

the interaction of these elements with tuff can be explained on the basis of

mineralogy: the zeolite clinoptilolite is the principal sorbing mineral in

many samples. At this time, sorption of the lanthanides, americium, and

plutonium does not appear to correlate well with mineralogy.

B. Permeability, Storage Capacity, and Porosity

Because moving groundwater provides by far the most probable means of

transporting waste elements from the repository, it is necessary to understand

water's ability to move through the tuff formations. It is generally assumed

that groundwater flow in the tuffs will be primarily through fractures; the

permeability of a fracture is certainly much greater than that of the bulk

rock. However, fractures must form a continuous connected network to provide
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0 . TABLE XLI

VARIATION OF THE SORPTION RATIO FOR YH-22 TUFF WITH THE SOLUTION-TO-SOLID RATIO

Fraction
Size
(PM)

<75

75-500

Solution-
to-Solid
Ratio

5:1

10:1

30:1

5:1

10:1

30:1

5:1

10:1

30:1

Contact
Time

(weeks)

3

3

3

6

6

6

_ _

Rd (ua/g)

Ba
-

Cs

827 (4.7)a

755 (2.9)

749 (2.1)

Sr Ce

740

857

1100

(4.6)

(3.0)

(2.2)

(3.4)

(2.5)

(2.2)

122

80.3

67.4

129

99.4

97.9

63.0

44.9

195

(2.0)

(2.1)

(2.1)

(2.0)

(2.0)

(2.3)

(2.0)

(2.2)

(2.0)

1490

1360

1010

1280

1820

1850

601

530

412

(1.8)

(1.4)

(1. 1)

(1.8)

(1.5)

(1. 1)

(2.2)

(1.9)

(1.9)

459

500

1050

(8.5)

(5.7)

(4.5)

297 (8.9)

748 (7.2)

Eu

926

1270

1640

749 (7.9)

2250 (6.2)

794

909

1600

3

3

3

363

336

368

303

508

1000

(6.6)

(5.4)

(4.6)

5:1

10:1

30:1

6

6

6

565

457

522

(4.0)

(2.6)

(2.1)

32.5

59.4

(3.6)

(1.5)

805

605

568

(1.8)

(1.3)

(1.2)

524

1040

1630

(9-5)

(9.2)

(6.7)

910 (6.9)

1300 (4.9)

2010 (3.5)

aThe values in parentheses are the standard deviations for a single measurement of the R values expressed
in per cent. They were obtained from the errors associated with activity measurements and estimated
uncertainties for various parameters entering into the calculation. These estimated uncertainties
were propagated using the rule of change of variables in a moment matrix, assuming independence of the
variables.
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TABLE XLII

OF THE SORPTION RATIO FOR YM-38 TUFF WITH THE SOLUTION-TO-SOLID RATIOVARIATION

Fraction
Size
(PT)

<75

75-500

Solution-
to-Solid
Ratio

5:1

10:1

30:1

5:1

10:1

30:1

5:1

.10:1

30:1

5:1

10:1

30:1

Contact
Time
(weeks)

3

3

3

6

6

6

3

3

3

6

6

6

Rd (mR./g)

BaCs Sr -, Ce Eu

5970

5760

7980

5100

5120

8050

3660

5750

5540

5110

7280

6270

( 1 1 . 7 )a

(7.5)

(3.4)

(12.2)

(6.1)

(3.8)

(10.6)

(7.0)

(3.2)

(18.1)

(7.0)

(4.3)

2770

2790

3610

2370

2410

3700

2040

2840

2770

1760

3080

2050

(5.4)

(3.4)

(2.2)

(6.4)

(3.4)

(2.4)

(4.9)

(3.3)

(2.1)

(5.5)

(3.8)

(2.6)

11000

60000

81500

9020

16000

78900

7410

48000

54200

6180

23200

49200

(5.1)

(9.6)

(3.6)

(5.2)

(3.4)

(3.7)

(5.1)

(7.2)

(3.1)

(4.1)

(3.9)

(3.8)

1330

6390

9070

1140

5460

9190

2560

7230

16000

1600

6050

11600

(17.3)

(13.1)

(6.0)

(20.4)

(15.3)

(8.3)

(17.2)

(13.0)

(5.8)

(19.3)

(15.3)

(11.3)

2700

9070

9700

2160

4330

6000

3060

6780

10400

2500

6330

8810

(17.7)

(13.2)

(5.4)

(18.4)

(9.4)

(5.7)

(1.63)

(11.3)

(4.9)

(17.7)

(11.2)

(7.4)

aThe values in parentheses are the standard deviations for a single measurement of the R values expressed
in per cent. They were obtained from the errors associated with activity measurements and estimated
uncertainties for various parameters entering into the calculation. These estimated uncertainties
were propagated using the rule of change of variables in a moment matrix, assuming independence of the
variables.



TABLE XLIII

FREUNDLICH ISOTHERM

PARAMETERS DETERMINED FROM BATCH ISOTHERM

AND SOLUTION/SOLID EXPERIMENTS

Fraction
Size Element

Sample (pm Method Cs Sr Ba Eu

YM-22 <75 isotherm 0.95 0.76 0.82 1.45

YM-22 <75 solution/solid 1.01a 0.83 0.83 1.1

YM-22 75-500 isotherm 1.01 0.60 0.83 1.67

YM-22 75-500 solution/solid 0.88 0.71 0.82 0.9

aThese n values are based on measurements for a cesium concentration <10 8 M
because the initial concentration used in the solution-to-solid experiments
was <10 8 M. Values are different from those reported originally because the
cesium isotherm appears to change slope at -10 3 M.

an effective pathway for fluid movement. The connectedness of fracture systems

can be assessed by comparing laboratory and field measurements of bulk per-

meability. The issue of fracture connectedness is not only important when

characterizing the volume of groundwater flow, but is also necessary to assess

the volume of rock that will be contacted by flowing groundwater. If an

appreciable amount of porous flow occurs through the bulk rock, the surface

area available for sorption will be appreciably increased.

Laboratory measurements of permeability and storage capacity have been

accomplished by means of a transient pressure pulse method. Porosity has been

obtained by measuring the grain density and the wet and dry weights of the

samples and by mercury porosimetry. These measurements are basic to the

understanding of the transport of waste elements in groundwater through tuff.

Both permeability and storage capacity are needed to compare with field tests

and to predict flow through unfractured tuff in response to a pressure gradient.

Such pressure gradients might occur where there is either a regional hydrologic

gradient or gradients that result from heat caused by the repository. Porosity
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is a necessary parameter when calculating the effects of diffusion. The

combined results of permeability, storage capacity, and porosity measurements

can be used to gain insights into the pore structure of the tuff, which, in

turn, will aid in estimating the diffusion parameters of constrictivity and

tortuosity.

1. Porosity. A mercury infusion porosimeter was constructed for porosity

and pore-size distribution studies. The mercury infusion apparatus (schematic,

Fig. 47) was constructed by modifying an existing Ruska mercury pump and

3500 psig
N 2 CYLINDER 0-300 psig

REGULATOR

VACUUM
PUMP

0-30 psig
REGULATOR

0-2000 psio PRESSURE
,, _.,.TRANSDUCER

WAY SWITCHING
VALVE

- DIGITAL
READOUT

POLYCARBONATE OBSERVATION
TUBE WITH HAIRLINE

,MERCURY PUMP
VOLUME SCALEMERCURY PUMP,

Fig. 47. Mercury infusion porosimeter.

143



-T4

pycnometer, adding a polycarbonate mercury-level-observation tube to the top

of the pycnometer and the necessary pressure and vacuum regulation and measure-

ment system. System pressures are measured using a Setra 0- to 2000-psig

pressure transducer with a digital read-out, which also measures partial

vacuums. The porosimeter is now capable of operating at pressures ranging

from -13 Pa (1 mm Hg) to 1.4 x 106 Pa (2000 psia). Thus, the porosimeter is

capable of measuring pore-size distributions for pores with theoretical
1 ~~5

diameters between 101 and 10 cm. This porosimeter meets or exceeds the

specifications of commercially available porosimeters and has' a total system

expansion correction of <0.4 cm3 at maximum pressure.

Initially, daily temperature fluctuations of several degrees Celsius in

the laboratory caused problems in making accurate volume measurements. This

problem has been partially corrected by repairs to the laboratory cooling

system and by application of an ambient room-temperature correction factor to

the raw volume data. To measure more accurately the working temperature in

the mercury reservoir, a thermistor temperature probe will be placed in the

mercury reservoir.

Porosity and pore-size distribution measurements are made by placing a

dried and weighed sample of tuff in the pycnometer and evacuating the system

to <1 mm Hg. The pump forces mercury into the pycnometer until the mercury

level rises to a hairline in the observation tube. The displacement of the

mercury pump piston is then read to 0.001 cm3. The total displacement from

the zero position gives the bulk-sample volume because at 1-mm Hg pressure

virtually none of the mercury will infuse into the sample. In the past, total

sample porosity has been calculated from the sample weight and bulk volume by

using the average grain density of 2.301 ± 0.04 g/cm3 reported by Manger56 for

tuffs from subunit T of the Paintbrush Tuff. Pycnometer measurements for

grain density will be used to obtain more accurate total porosity measurements

in the future.

When the bulk volume has been determined, the pressure in the pycnometer

is increased stepwise by releasing vacuum and applying nitrogen gas pressure.

After each step increase in pressure, the system is maintained at that pressure

for several minutes to allow the mercury to infuse into the sample. The cumu-

lative volume change is then measured by using the pump to bring the mercury

level back to the hairline. Typically, 10 to 20 steps are used per order-of-

magnitude change in pressure.
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The pressure-volume (P-V) data are analyzed by subtracting the system

volume expansion at each pressure from the cumulative volume change during the

sample run and correcting for temperature changes. The system expansion

correction is determined at low pressure using a semilog regression of the P-V

data from a blank run. Above -3.5 x 104 Pa, a linear regression equation is

used for the system expansion correction. A P-V curve with the regression

line for a typical blank run is shown in Fig. 48.

The theoretical pore diameters were calculated using the Washburn equation:

dT = 4ycose
T P (9)

where

dT = the theoretical pore diameter,

P. = pressure,

y = the surface tension of mercury, and

e = the contact angle.

'-Q5.
E
U
*-04-
w

M -

ORIGINAL P-V DATA

U

.1 ~~~~0
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P (psia)

Fig. 48. Blank-run P-V curve of the mercury infusion porosimeter.
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Figure 49 indicates several significant differences between these two

samples. First, whereas the median pore diameter (determined from the 50%

porosity line) for sample G1-2290 is 3.9 x 10 5 cm, the median diameter for

sample HF-23 cannot be determined because it is <10 5 cm. Extrapolating the

line through the last six data points for sample HF-23 suggests a median

diameter of -2.5 x 10 6 cm (0.02 pm). Assuming the total porosity calcula-

tions are valid, 85% of the total porosity of sample G1-2290 was from pores

>1065 cm, but only 24% of the pores in sample HF-23 are >10O5 cm. Second, the

roughly linear trend of the data on the probability graph for sample GI-2290

indicates that pore-size distribution is approximately log-normal. The distri-

bution for sample HF-23 is very nonlinear, although the smallest pores may

approach a log-normal distribution.

Pore-size distribution measurements have been completed on 10 tuff samples

by using mercury infusion porosimetry. The pore-size measurements were made for
-1 -pores with theoretical diameters ranging from 10 to 10 cm, based on Eq. (9).

To summarize the porosimetry data the volume of mercury intruded at each

pressure was divided by the total volume intruded at the maximum porosimeter

pressure (-2000 psi). The fractional volume intruded for each sample was then

multiplied by 100 to obtain the cumulative percentage of porosity for pores

with diameters >10 5 cm. Equation (9) was then used to compute the theoretical

-2-

001 0.0 D0000D09 9 9999

0 %~~~~~~

I h 0 DI 05 6 0 0 99 9. 99

% TOTAL POROSITY

Fig. 49. Log of pore diameter vs per cent of total porosity determined
by mercury infusion porosity for samples HF-23 and G1-2290.
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pore diameter corresponding to each measured pressure, and these data were

used to construct the pore-size distribution curves shown in Fig. 50. As can

be seen from Fig. 50, nearly all of the porosity in these samples is the

result of pores <10 2 cm in diameter. In most of the samples, over 50% of the

porosity is attributable to pores <10 4 cm (1 pm) in diameter. Possibly half

of the samples contain a large fraction of their porosity in pores <10 5 cm in

diameter.

2. Permeability and Storage Capacity. Permeability and porosity have

been measured for a number of samples from the NTS. For 10 samples from

USW-G1, 5 from G Tunnel, and I from the UE25a-1 drill hole, the permeabi-
-19 -17 2lities range from 1 x 10 to >2.5 x 10 m . Individual permeability

measurements for those samples within the measurement range of the apparatus

(<2.5 x 10 17 m2) are shown in Figs. 51-64. Mercury porosimetry and grain

density measurements have also been made on a number of these samples. These

data, with permeability and total porosity calculated from wet and dry weight

measurements, are shown in Table XLIV. There is no correlation between permea-

bility and porosity; however, those tuffs with a larger proportion of small

pores tend to have lower permeability. The exception is sample G1-3116, which

I

,6/-2290

20 40 60 s0
CUMULATIVE POROSITY (%)

Fig. 50. Cumulative pore-size distributions for NTS tuff samples.
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Fig. 52. Permeability (k) of sample G1-2290 (cut perpendicular to axis
of hole) as a function of effective confining pressure (P e).
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Fig. 54. Permeability (k) of sample GI-2840 (cut perpendicular to axis
of hole) as a function of effective confining pressure (P e).
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Fig. 57. Permeability (k) of sample U12G-RNM9 (5.9 to 6.4
position B) as a function of effective confining

ft, side A,
pressure (P e).
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Fig. 58. Permeability (k) of sample U12G-RNM9 (S.9 to 6.4 ft, side A,
position C) as a function of effective confining pressure (Pe).
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Fig. 60. Permeability (k) of sample U12G-RNM9 (5.9 to 6.4 ft, side B,
position B) as a function of effective confining pressure (P e).
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Fig. 61. Permeability (k) of sample 1087.3-1087.8 as a function of effec-
tive confining pressure (Pe). X and 0 represent the before and
after sample, respectively.
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Fig. 62. Permeability (k) of sample 1100.6-1101.6 as a function of effec-
tive confining pressure (Pe). X and 0 represent the before and
after sample, respectively.
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confining pressure (Pe). X and 0 represent the before and after
sample, respectively.
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TABLE XLIV

AND POROSITYPERMEABILITY OF NTS TUFFS

Sample

GI-2233

G1-2901

U12G RNM#9
5.9-6.4

Permeability
(m2)

6-10 x 10 18

>2.5 x 1017

3-30 x 10-19

Grain Density

(g/cm3)

2.24

2.49

2.20

Porositya

>0.1 pm

0.27

0.15

0.15

Total

Porosityb

0.35

0.19

0.33

Total

PorosityC

0.38

0.19

0.31-0.39

PorosityC
>0.1 pm

(%)

22

20

55

U12G RNM#9
16.2-17.5

G1-2290

G1-2790

YM-45

G1-2333

G1-3116

9-20 x 10

>2.5

>2.5

1-4

o-17

x 10 19

2.20

2.54

2.53

2.68

2.48

0.23

0.19-0.25

0.14

0.18

0.29

0.23

0.40

0.20

0.21

0.37

0.27

0.33

0.21

0.35

0.26

44

33

33

16

23

16

aA greater amount of porosity may be present in >0.1-pm pores. These pores would not be measured
by mercury porosimetry because the mercury could not pass through <0.1-pm pores to reach the larger pores.

bTotal porosity calculated from grain density measurements.

cTotal porosity calculated from weight loss after drying the water-saturated samples.
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differs from the others in that it contains a high proportion of lithic fragments

and is 20 to 40% analcime. The reason for the low permeability, however, is

unknown. There is good agreement between the porosity calculated from grain

density measurements and those determined from wet and dry weights of the

samples. This correlation is important because it indicates that all the

porosity is filled with water during the permeability measurements.

Table XLV summarizes data for permeability, porosity, and storage capacity

for "before" and "after" samples from a 5.5-month "soak test" at 1201C. The

before and after samples, although closely associated, are physically different

samples; therefore, some initial differences are to be expected. The porosity

differences that exist between before and after samples are certainly not the

result of the soak test, because the physical dimensions of the samples did

not change, nor did the mineralogy change appreciably. The only definite

change was in sample GI-1087.3-1087.8: the permeability increased by a factor

of about 4 over the course of the soak test. A similar but smaller change may

TABLE XLV

PERMEABILITY, STORAGE CAPACITY, AND POROSITY

FOR TUFF SOAK TESTS

Permeability Storage Capacity

Sample (m2) (1/MPa) Porosity

Gl-1087.3-1087.8

Before 1.5 x 1019 1.1 x 10 0.11

After 6.0 x 1019 1.1 x 10 0.14

G1-1100.6-1101.6

Before 2.3 x 10- 19 1.4 x 104 0.10

After 4.5 x 1o 19 6.2 x 10 5 0.08

G1-1370.8-1371.4

Before 8.6 x 10 19 3.4 x 10 0.21

After 9.1 x 1o19 3.0 x 10 0.26

G1-1640.9-1642.1

Before 1.4 x 10 18 3.6 x 10 4 0.29

After 1.5 x 10 18 2.7 x 10 18 0.29
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have taken place in G1-1100.6-1101.6. The mechanism by which the permeability

increases is unclear; however, the mineralogy of the unchanged samples is

dominated by clinoptilolite. Although no changes were noted in the mineralogy

of any of the samples, it seems likely that some small change did occur because

the samples showing a change in permeability are those with a mineral composition

that is unstable under soak-test conditions.

The storage capacity measurements for the soak test samples are shown in

Figs. 65-68. Storage capacity is the additional volume of fluid that can be

stored in a unit volume of rock by a unit increase in pore fluid pressure; it

is a function of both the porosity and the compressibility of the pores. When

fluid pressure in the pores is increased, the fluid is compressed and the

pores are enlarged, thereby increasing capacity. The porosity and storage

capacity numbers taken together indicate that approximately half the storage

is the result of fluid compression and half from pore compressibility. Over

the range of effective confining pressure from 0 to 30 MPa, which should cover

conditions in a repository at Yucca Mountain, pore compression results in a

negligible change in porosity.

The permeability of tuff is quite low. This contrasts with the relatively

high porosity (7 to 40O) of the samples tested. Porosity clearly does not

determine permeability because there is no correlation between the two.

Mercury porosimetry indicates the permeability is more closely related to pore

size. In tuffs, low permeability is probably the result of small connections

between larger pores. This suggests that the constrictivity of tuff may be

relatively large.

Permeability shows only a slight variation with effective confining

pressure. The storage capacity and porosity values taken together indicate

that the pore compressibility of tuff is quite small, and as a consequence,

the porosity of tuff also varies little with effective confining pressure.

Because the permeability does not show a marked decrease with increasing

effective confining pressure, it seems likely that the stiffness of the pores

indicated by pore compressibility applies to the small connections as well as

the larger pores that make up most of the porosity. Therefore, studies of

tuff pore structure made on unpressurized samples should apply well to the

rock at depth.

-Permeability measurements on samples before and after heating wet at

1200C for 5.5 months show no significant change in permeability in tuffs
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composed predominantly of zeolites. However, some increase in permeability

was observed in samples dominated by quartz, cristobalite, and potassium

feldspar.

C. Diffusion Measurements

Diaphragm diffusion cells (Fig. 69) were designed and constructed to

directly measure diffusion through disks cut from the tuffs. The diffusion

experiments are performed by cementing a tuff disk, 1 in. in diameter by

0.25 in. thick, into the membrane-holding disk of the cell. A solution with a

high concentration of the diffusing species is placed in the lower reservoir,

and a solution of lower concentration is placed in the upper reservoir. The

resulting concentration gradient causes molecular diffusion through the tuff

disk. All solutions used in the tuff diffusion experiments are prepared using

water from well J-13 as the solvent.

The concentration of the diffusing species is continuously monitored in

the upper reservoir using the pumping and detection system shown in Fig. 70.

The detector consists of a Plexiglas flow-through cell into which a bromide

ion-selective electrode and a reference electrode are inserted. The solution

from the upper reservoir is pumped through the cell with a peristaltic pump.

Originally, a liquid chromatograph pump was used, but the peristaltic pump is

simpler to use and more reliable. A pH-millivolt meter measures the output

from the ion-selective electrode, and an analog signal is recorded on a chart

recorder.

Two diffusion experiments have been performed on sample U12G-RNM9 and one

on sample Gi-2290 by using solutions of NaBr in J-13 well water. The tuff disks

were soaked in the NaBr solution for several days; then the lower reservoir

was filled with the NaBr solution and the tuff was sealed in place in the

diffusion cell. Vacuum was applied to the upper reservoir to remove air from

the disk and to initiate a flow of solution through the disk. Several hours

were required to draw a-few milliliters of solution through the disk. An

additional quantity of NaBr solution was then poured into the upper reservoir,

and the cell was placed in a constant temperature bath at 25.0 ± 0.10C for

several hours before the test. This procedure was designed to ensure that the

pure fluid in the tuff disk was in equilibrium with the solution in the lower

reservoir at the beginning of the test. The tests were initiated by removing

all or part of the solution in the upper reservoir and replacing it with

J-13 well water.
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Fig. 69. Plexiglas diaphragm diffusion cell.

Fig. 70. Schematic of the pumping and detection system of the diffusion cell.
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The resulting time vs concentration data are analyzed using the steady-

state method,57 which employs only data taken after a sufficient time has

elapsed to establish an approximately linear concentration gradient across the

disk. When such a gradient is established, the average diffusion coefficient

is given by

D = 1n&C*e Pt

where

= the average effective diffusion coefficient,

P = a cell constant dependent on the surface area and thickness
of the membrane and the volumes of the upper and lower reservoirs,

t = the time, and

AC* = the ratio of the differences between the reservoir concentrations
at time t o when a linear concentration gradient has been established,
and at time t.

To compute AC*, both the upper and lower reservoir concentrations must be

known. The upper reservoir concentration is measured, and the lower reservoir

concentration is computed from the change in upper reservoir concentration.

In practice, the lower reservoir concentration changes by <1% during the

course of the experiments.

To apply the steady-state method, a time must be selected after which a

linear concentration gradient is assumed. This time is determined by plotting

1nAC* vs time, as shown in Fig. 71 for sample U12G-RNM9; here the 1nAC* becomes

linear in t after -400 minutes. Regression analysis is then used to compute De
e

from the linear portion of the curve.

Eventually, the modified analytical solution of Spacek and Kubin59 will

be used to analyze the nonlinear portion of the curve. Use of the nonlinear

solution requires a special computer program that is not yet complete.

Using the techniques described above, the first diffusion test on sample

U12G-RNM9 yielded an effective diffusion coefficient of (7.6 ± 0.2) x

107 cm2/second. The second test on the same disk, performed 2 weeks later,

yielded a value of (3.70 ± 0.03) x 10 6 cm2/second. The first test was per-

formed with 0.02 H NaBr and the second with 0.05 M NaBr. The higher diffusion

coefficient from the second test may be the result of sealant deterioration

around the tuff disk or deterioration of the tuff disk itself.
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Fig. 71. Time vs concentration curve from a diffusion test on sample
U12G-RNM9.

The diffusion test performed on sample GI-2290 yielded an effective

diffusion coefficient of (4.0 ± 0.6) x 10 7 cm2/second. The NaBr concentra-

tion used in this experiment was 0.05 M. The ratio of the effective diffusion

coefficient to the free aqueous diffusion coefficient is -3 x 10 . Porter et

al.59 have related the effective diffusion coefficient to the free aqueous

diffusion coefficient by the equation

Deff = ate(L/Le) 2 D

where

Deff = the effective diffusion coefficient,

a = an empirical correction factor, often called the constrictivity,

£ = the porosity, and

L/L = the macroscopic diffusion length over the effective

diffusion length (1/tortuosity).*

*Le/L is the same as x used in Sec. IV.C.3 of this report.
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| Using a porosity of 0.28 and a tortuosity of 0.70, is a computed to be

-0.2 for the G1-2290 sample. The factor a has been interpreted as a measure

of ionic interactions with the electric double layer on the matrix grains and

changes in pore-fluid viscosity in small pores. If a is indeed a measure of

ion-surface interactions, then it should be a function of the ionic strength

I1 of the test solutions. Double-layer theory predicts that a should decrease

with decreasing ionic strength. At the ionic strength of well J-13 water

(-5 x 10 M), a and the effective diffusion coefficient might be considerably

lower.

Measurements have also been made of the effective diffusion coefficient

of NaBr through tuff samples U12G-RNM9 (5.9 to 6.4 ft, Side B, Position A) and

YM-45 by using the steady-state technique and the apparatus described above.

Table XLVI shows the measured values, and the diffusion curves from which

these values were calculated are shown in Figs. 72 and 73. The variation of

the observed diffusion curve from the regression line in these figures appears

to be caused primarily by diurnal temperature variation in the laboratory,

which affects the output from the ion-selective electrode. This problem will

be corrected by continuously monitoring the solution temperature near the

electrodes that are using the data acquisition computer and by applying a

temperature correction to millivolt readings. The ratio of the effective

diffusion coefficient to the free aqueous diffusion coefficient for NaBr is

also listed in Table XLVI. The difference in the effective diffusion coeffi-

cients between these two samples may in part be explained by the differences

in their median pore diameters. The median pore diameter of U12G-RNM9B is

-0.62 pm, whereas that of YM-45 is -1.7 pm (Fig. 50); their measured porosities,

however, are nearly the same.

TABLE XLVI

I EFFECTIVE DIFFUSION COEFFICIENTS FOR NaBr

.1
Initial D(c 2s)DDa

Sample Concentration (M) e e o

U12G-RNM9 4.95 x 10 1.15 x 10 1.8 x 10 0.07
(5.9 to 6.4 ft.)

YH45 -~~~~~~~2 -6 0.1
YM-45 4.89 x 10 1.93 x 10 ± 4.1 x 10 8 0.12

aD is the free aqueous diffusion coefficient of NaBr.
0
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Fluorobenzoate anions are being considered as tracers for field studies.

Determination of the free aqueous diffusion coefficients of the fluorobenzoate

tracers has been approached in two ways. First, the limiting ionic conductances

of the anions have been measured and used to compute the diffusion coefficients

at infinite dilution. Second, efforts are underway to directly measure the

diffusion coefficients in concentrated solutions, using the diaphragm diffusion

cells described earlier. The limiting ionic conductance of an ion is defined

as its equilvalent ionic conductance at infinite dilution. These values for the

fluorobenzoate anions were determined by measuring the molar conductances of

their sodium and potassium salts at various concentrations. For strong electro-

lytes such as these, the molar conductance is described by the empirical equation60

A= - k cl/2
o c

where

A = the molar conductance,

A = the molar conductance at infinite dilution,

kc -=an experimental constant, and

c = the molar concentration.

The sodium and potassium salts of the fluorobenzoic acids were prepared

by titrating the acids with the appropriate base to the equivalence points.

The resulting salt solution was then used to prepare more dilute solutions.

The conductivities of these solutions were then measured with the apparatus

shown in Fig. 74; the temperature bath was set at 25 ± 0.050C. The values

of A for the salt solutions were determined by regression techniques. The

limiting ionic conductance of the anion was then computed from the Kohlrausch's

Law of the Independent Migration of Ions,60

A = A+ + A
0 0 0

where A+ values for sodium and potassium ions are known.
0

The resulting values for the limiting ionic conductances and computed

diffusion coefficients are listed in Table XLVII. Based on the differences

between the measured and the published values for benzoate and p-fluorobenzoate,
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Fig. 74. Apparatus used for electrical conductivity measurements.

TABLE XLVII

LIMITING IONIC CONDUCTANCES OF BENZOATE AND

FLUOROBENZOATE IONS AND COMPUTED DIFFUSION COEFFICIENTS

Species

benzoate

p-fluorobenzoate

m-fluorobenzoate

o-fluorobenzoate

m-trifluoromethylbenzoate

pentafluorobenzoate

A ( cm2
O\ ohm-eq./

Published Measured

32.38 30.8

33.00 35.0

30.0

30.5

27.9

27.1

D
0

0.82 x 10 5

0.93 x 10 5

0.80 x 10O5

0.81 x 10 5

0.74 x 10 S

0.72 x 105
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the error in the other measured values is estimated to be -7%. The source of

this error is not known, but this level of accuracy seems adequate for these

tests.

Considerable effort was devoted to developing procedures that measure

diffusion coefficients of the tracers by using the diaphragm diffusion cell.

Such experiments are performed by sealing a sintered glass filter into the

membrane-holding disk of the diffusion cell. The diffusion experiment is then

conducted in the same way as those for tuff diffusion, except that the solvent

is distilled water and a flow-through conductivity cell is used for a detector.

To measure a diffusion coefficient in this way, diffusion experiments are

first done with salts of known diffusion coefficients so that a cell constant

can be computed. The cell constant corrects the apparent diffusion coefficient

for the area, thickness, tortuosity, and porosity of the glass filter.

In initial experiments with a medium glass filter, an attempt was made to

determine a cell constant using LiCl, NaBr, and KC1 solutions. It was not

possible to obtain consistent cell constants using these salts, apparently

because of convection through the filter caused by stirring the two reservoirs.

Recent experiments using a fine glass filter with LiCl and KC1 have determined

cell constants that agree within 5%. Soon diffusion experiments will begin

that use sodium and potassium salts of the fluorobenzoates.

1. Diffusion into the Rock Matrix. Kinetic sorption experiments

(sorption as a function of time) have been performed on thin tablets of tuff.

The uptake of activity has been measured as a function of time for a number of

elements on several tuffs. These data should fit the solution for diffusion

into a plane sheet if any edge effect is ignored. The diffusion equation for

this case is

aCD a2C
at =D 2ax

with the initial conditions

C = 0, -1 < x < 1, and t O

168



I

and with the boundary conditions

a 'C = ±D OC ,x = Q , and t > 0

where

C = the concentration in solution,

D = the apparent diffusion coefficient,

a = the corrected depth of solution,

A = half the thickness of the tablet (sheet),

t = the time, and

x = the position in the sheet.

In other words, the rate of loss of tracer from solution is equal to the rate

at which tracer enters the sheet through the surfaces at x = ±2.

The general solution to this problem is given by Crank:

M = 1 - E 2V(1 + V) -D2t/2,

X n=1 1 + V + V2q2

where Mt is the amount of solute in the solid phase at time t, values of qn

are the nonzero positive roots of tan q. = -V qn, and V = a/KI, the solution-

to-solid volume ratio divided by the partition factor K. The fractional

uptake of activity at equilibrium is given by

Ma 1
2aC0 1+V

If V is small, <0.01, which is the usual case for large Kd values, the following

approximate relation may be used for early times:

t erfc 2i
Mt = 1 - eT/ erfc (T/V2)

where T = Dt/A . A plot of this function, given in Fig. 75, may be used to

calculate the apparent diffusion coefficient, provided the Kd value is known.

Thus, it should be possible to estimate the constrictivity-tortuosity factor

from these experiments.
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Fig. 75. Uptake of activity by a plane sheet for V < 0.01.

2. Sorption by Tuff Wafers. For wafers of three tuffs, G1-1436, G1-1883,

and G1-1982, the rate of uptake for various radionuclides was studied. The

wafers, 0.75 in. in diameter, 2 to 3 mm thick, and 1.1 to 1.4 g in weight, were

suspended on Teflon thread and then placed in J-13 water that had been pretreated

as described for batch measurements. After 4 to 27 days, the wafers were

removed and added to pretreated groundwater that contained the radionuclides

of interest. The rock-to-solution ratio was 1:20. At various times aliquots

of solution were removed from the tubes containing the G1-1883 and G1-1982

wafers and counted. The average sorption ratios calculated are given in

Tables XLVIII and XLIX; average Rd values from batch measurements on washed,

crushed fractions of the same tuffs and sorption ratios obtained from elutions

are also given in both tables for comparison. The sorption ratios from the

wafer experiments and the column results are also in fairly good agreement.

The wafers of G1-1436 tuff were removed, counted, and then returned to

the solutions; very few aqueous samples were taken. The sorption data are

reported as per cent sorbed in Table L. These results, particularly at long
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TABLE XLVIII

SORPTION ON WAFERS OF TUFF G1-1883a

Time
(hours)

2.55

4.53

6.00

10.0

15.0

21.1

24.0

120

144

192

305

(504)

869

[Column]b

Sr

0.85

8.8

11

18

22

26

27

24

25

26

24

(22)

40

[14;281

Rd (me/g)

Cs

11

25

32

63

75

100

100
0

190

210

230

230

(190)

230

[129;2831

Ba

7.5

20

26

50

61

87

93

130

140

140

150

(180)

210

185;162]

The numbers in parentheses are the contact time and average Rd values from
batch measurements with washed fractions >38 pm.

bThe crushed-rock column values, given in brackets, are from Ref. 38.

contact times, are subject to considerable error, as is indicated by yields of

"120%." Desorption of the G1-1436 wafers was monitored by counting aliquots of

solution. Table LI gives the sorption ratios for desorption times of 0.083 to

526 hours. Agreement with batch desorption data for strontium and cesium is

good; desorption ratios for 133Ba and 15 i u were not calculated because neither

activity was detected in the 1-m.2 samples counted.

Technetium and iodine were contacted with other G1-1436 wafers (see

Tables LII and LIII). Approximately 0.9% of the initial untraced solution was

taken up by the dry wafers on pretreating, which indicates that if there were
95 m 131

complete exchange with the Tc / I-traced water, -0.9% of the radionuclides

should be found with the wafer. After -50 hours, there appeared to be even more

iodide than that amount on the wafer, which indicates sorption. However, the
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TABLE XLIX

SORPTION ON WAFERS OF TUFF GI-1982a

Time
(hours)

5.0

7.0

12.0

16.0

112

136

'190

303

(336)

(504)

860

[Columnib

Sr

17

30

36

45

84

86

88

'84

(53)

(62)

80

[53]

Rd (mQ/g)

Cs

65

* 110

180

190

620

670

760

750

(1120)

(1200)

1000

[1350-17201

Ba

45

78

130

170

580

560

560

650

(670)

(800)

710

[4831

aThe numbers in parentheses are the contact time and average Rd values from
batch measurements with washed fractions >38 pm.

bThe crushed-rock column values, given in brackets, are from Ref. 38.

counting statistics were quite poor because of the decay of the 131I, so the

experiment was repeated with a larger amount of 131I. At 721 hours no sorption

was observed, and -98% of the water in the pretreated (saturated) rock apparently

had exchanged with the water that was traced with 131I. The amount of 131I

expected on the wafers as a result of exchange with the saturated rock was

0.70%; 0.69% was observed. A crushed-rock column of G1-1436, run at 11 m/year,

also gave no indication of 131I sorption; in fact, iodide exclusion was

observed: the iodide was eluted before the water front that was monitored

with HTO.

3. Diffusion with Nonlinear Sorption. In general, the equations that

have been used to describe fracture flow with matrix diffusion and simple

diffusion into tuffaceous rock treated sorption as linear with concentration.62'63

This approach clearly has a serious deficiency because sorption on nonzeolitized
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TABLE L

SORPTION ON STRONTIUM, CESIUM, BARIUM, AND EUROPIUM

USING TUFF G1-1436 WAFERS

Amount Sorbed
(X)Time

(hours)

-0.083

0.25

0.50

1.11

1.57

2.00

4.50

6.50

9.00

14.0

38.0

62.0

182

8 5 5r

10.1

27.9

50.3

74.2

88.7

96.3

108

110

118

112

113

113

107

13 7Cs

18.1

45.19

75.0

98.8

109

116

122

122

125

12.1

120

119

119

133 Ba

8.7

22.5

38.0

53.3

61.7

66.2

79.2

83.8

92.6

91.9

95.9

100

104

152 Eu

1.3

5.3

9.2

12.5

16.7

21.7

37.3

44.5

49.0

61.8

93.3

97.3

100.6

TABLE LI

DESORPTION OF TUFF G1-1436 WAFERSa

Time

(hours)

0.083

0.25

0.50

2.0

24

526

21-42 days (Batch)

Rd (i/g)

85 r

759000(7500)

326000(25000)

125000(57900)

153900(6400)

96500(6300)

87000(13000)

137Cs

30800(2400)

26700(1400)

19100(300)

15400(5600)

16400(1270)

14900(2960)

24000(2300)

aThe standard deviations of the means are given in parentheses.
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TABLE LII

SORPTION OF IODINE AND TECHNETIUM ON

TUFF G1-1436 WAFERS

Average Sorptiona
(%)Time

(hours)

0.083

0.25

32

54

86

149

309

569

929

1022

Tc

0.047(0.010)

0.106(0.007)

0.417(0.036)

0.542(0.050)

0.860(0.083)

0.598(0.028)

0.746(0.054)

0.844(0.074)

0.646(0.147)

0.692(0.138)

I

0.052(0.010)

0.123(0.005)

0.612(0.111)

0.915(0.176)

1.99(0.461)

1.68(0.400) [Rd=1.551

3.02(0.649)

4.85(0.719)

activity decayed

activity decayed

aThe standard deviations of the means are given in parentheses.

TABLE LIII

REPEAT OF IODINE SORPTION ON TUFF G1-1436 WAFERS
e

Time
(hours)

24

120

283

457

721

Sorptiona
(%)

0.356(0.041)

0.333(0.019)

0.422(0.041)

0.561(0.048)

0.687(0.061)

aThe standard deviations of the means are given in parentheses.
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tuff has already been shown nonlinear. The isotherm measurements3 on tuff

YM-22 show that sorption of simple cations of strontium, cesium, and barium

gives a Freundlich isotherm exponent <1.0. A nonlinear isotherm complicates

the equations for matrix diffusion by giving the diffusion coefficient a

concentration dependence that renders the differential equations nonlinear.

The formula for the apparent diffusion coefficient

= D E (a/t)
app Kdp

where

Di = the ionic diffusion coefficient,

£ = the porosity,

a/X2 = the constrictivity-tortuosity factor,

Kd = the distribution coefficient, and

p = the density,

shows how the isotherm affects the diffusion coefficient. If the Kd is constant,

as in the linear isotherm, the apparent diffusion coefficient remains constant.

The dependence of the Kd on ion concentration for a Freundlich isotherm is

shown in Sec. IV.C. The Freundlich isotherm presents special problems for the

diffusion equations because for a Freundlich isotherm parameter <1 the Kd is

infinity for a concentration of zero and the apparent diffusion coefficient is

zero. In a finite-difference analysis of the problem, no diffusion can occur

unless the initial concentration in the rock is greater than zero. This means

that either an arbitrary cutoff must be given to the Freundlich isotherm,

below which it becomes linear, or the initial conditions must be altered to

arrive at a solution. This problem does not exist for the Langmuir isotherm,

and its applicability to these data is now being investigated.

Another phenomenon that leads to a nonlinear diffusion equation is fixa-

tion, where some fraction of the ions are irreversibly fixed in the matrix.

This problem is nearly identical to that presented by Crank61 for simultaneous

diffusion with a bimolecular reaction.

A computer program that uses the finite difference method is being developed

to apply some of those mechanisms to matrix diffusion. Eventually, the program
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will be incorporated into a transport model so that a more realistic model can

be developed.

D. Flow Studies

1. Fracture Flow. Experiments comparing radionuclide transport by fracture

flow in tuff and granite have provided a test of the validity of some simple

models: in particular, the matrix diffusion model of Neretnieks.62 Some simple

straight-flow experiments were designed so that the results could be compared

with the model. A system based on the permeability apparatus of Brace et al.64

was employed. Tuff and granite cores 2.54 cm in diameter were fractured length-

wise and placed in a Teflon sleeve; confining pressure was applied to control

the aperture. Two 5-cm cores of welded tuff from the Bullfrog (Gl-2335) and

Tram (G1-2840) Members were fractured by using a Brazil load test. The Gl-2840

core was placed in the permeability apparatus at a confining pressure of

3000 psi. The permeability at this pressure was 3.3 microdarcys, which is

somewhat less than that measured for similar cores not containing fractures

(Sec. IV.B). Therefore, fracture flow independent of porous flow was not

established. 'The confining pressure was lowered to 1000 psi without a signi-

ficant increase inpermeability, and the Teflon sleeve would not seal at

pressures <1000 psi.

This particular technique is not suitable for fracture flow experiments

with tuff in the laboratory; however, similar experiments have been performed

with granite, which is not as plastic as tuff. These experiments are relevant

in that they will be used to validate the models that will be applied to the

tuff; granite, of course, has a much lower porosity, which decreases the effect

of matrix diffusion relative to that of tuff. The elution of 85Sr and 137Cs

was observed in flow through fractured Climax Stock (CS) granite. The break-

through curves were compared with predicted curves for analytic solution flowing

through a one-dimensional fracture that is coupled to diffusion into the

matrix.62 The fracture volume and aperture, in particular, were determined by

using Darcy's law. The experiments were performed on small cores under con-

fining pressure to simulate depth and to close the fracture. The flow through

the fracture was straight flow, which allowed a direct comparison with the

one-dimensional calculations.

The flow of fluid through a fracture can be described by the Darcy equation

or cubic law
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ah = C (2b) 3 (10)

where

Q = the flow rate in m 3/second,

Ah = the hydraulic head in meters of water,

2b = the aperture, and

C = a constant for a given geometry.

For straight flow

L 12p

where

L = the length of the fracture,

W = the width,

p = the density of the fluid,

g = the gravitational constant, and

p = the viscosity of the fluid.

The validity of Eq. (10) has been demonstrated by Witherspoon et al.65 Some

fractures require a correction factor for the effect of surface roughness on

the flow; such a factor f was defined by Witherspoon et al.65 and inserted

into the Darcy equation:

=C(2b)
Ah f (2b)

Values of f varied from 1.04 to 1.21 in a granite fracture with straight flow.

Assuming f = 1.00 rather than 1.21, however, would result in only a 7% error

in the aperture.

Two small granite cores 2.54 cm in diameter by 1.59 cm long were used in

the experiments. Core No. I had a natural fracture that appeared to be filled,

and it was mechanically opened before the experiment. Core No. 2 contained no

natural fractures but was stressed to induce one. Each core was placed in a
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Teflon sleeve, where it remained throughout the experiment, and was stressed.

Each core was then placed in a modified permeability apparatus similar to that

of Brace et al.64 The apertures were determined by measuring the flow rate vs

the hydraulic head. Table LIV summarizes the results.

The aperture of core No. 1 (with a natural fracture) was in good agreement
65,66*

with the measurements of Witherspoon et al.. and Isherwood. The stress-

induced fracture, however, had an unusually large residual aperture that may

have been a result of granite grains being lodged in the fracture, which pre-

vented proper mating of the rock surfaces. Alternatively, there may be frac-

tures in planes other than the principal fracture plane, which were not apparent

before the experiment and which extend through the core.

The transport of radionuclides by flow through a single fracture has been

solved analytically for a one-dimensional fracture with matrix diffusion.62

This model does not include velocity dispersion but should serve well as a

first approximation to the experiment and as a benchmark for numerical code

development. The effect of matrix porosity on the transport of radionuclides

was clearly demonstrated by Neretnieks.62

The following definitions are used in the discussion.

(1) The volumetric sorption ratio Kdp is given by

Kdp = + (1 - & )Kp

where

Kd = the distribution coefficient (KX = 0 for a nonsorbing
material),

a = the matrix porosity, and

PS = the density of the solid.

(2) The effective diffusion coefficient is given by

D =C 'D 1
eff p TD

Information supplied by D. Isherwood, Lawrence Livermore National Laboratory,
Livermore, CA, 94550 (June 1981).
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TABLE LIV

APERTURES OF GRANITE FRACTURES UNDER STRESS

Pressure
MOPa)

24.8

Q/Ah
(M2/s)

4.94 x 109

2b
(PM)

15.6CS granite core No. I

CS granite core No. 2

Isherwooda

Witherspoon et al.b run No. 1

35.9

27.6

13.8

2.15

2.01

2.47

21

16

10

1.84

3.56

1.23

x

x

x

x

x

x

x

x

K

10-9

10-9

10-9

13.6

17.0

25.6

io-8
io 8

10o8

25.4

24.8

26.6

17.0

12.5

8.0

4.08

8.3

1.14

10 10

10o10

10-9

7.7

9.7

10.8

aFrom information supplied by D.
Laboratory, Livermore, CA 94550

bRef. 65.

Isherwood, Lawrence Livermore National
(June 1981).

where

Di = the ionic diffusion coefficient,

e= the constrictivity of the pores, and

x = the tortuosity of the pores.

(3) The apparent diffusion coefficient is given by

D = Deff
app KdP
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Transport of radionuclides through a single fracture can be described math-.

ematically by the following expressions.

(1) Diffusion in the rock matrix is given by

ac a2c
- =D - - AC .
at p =app aZ2 p

(2) The sorption and convection are given by

aC BCf D B
af + Uf b = 0ff | ACC

where

C = aqueous concentration in pores,
p
Cf= aqueous concentration in fissures,

x = distance along the fracture,

z = distance into the matrix from the fracture surface,

b = half-width of the fracture,

Uf = water velocity, and

A = decay constant.

The solution to these equations with the appropriate boundary and initial

conditions for a concentration step of duration At is

C -XtG

-2= e erfc (t .t)1/2)
CO [tw- (to0 + t )A /2

' erfc ( )11)
[t -(tw + t0 + At)]

where

[ ( 1. UU -(2b)z) /12
G = [(Dff 2 x ) ,/T app)12]*w

- tw = the time required for the water to reach x, and

t = the initial time.
0
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The breakthrough curve can be calculated by using the first error function

only. This solution can also be found in Carslaw and Jaeger. The breakthrough

curves for core No. 1 were calculated by using the parameters in Table LV that

are based on our earlier data.68 The porosity of the matrix in the core that

was used was not actually determined, and zp = 0.005 was chosen as a nominal

value. The range of porosity values determined for CS granite varies from

0.0015 to 0.008. Another parameter that has not been determined for the

particular granite core used is the constrictivity-tortuosity term a/x2, which

was somewhat arbitrarily taken-as 0.1. Breakthrough curves calculated for two

porosities, 0.001 and 0.005, illustrate the dramatic dependence on porosity;

these curves and the results of the experiment are shown in Figs. 76 and 77.

The CS granite core No. 1, which had an aperture of 15.6 pm, was injected

with a tracer solution containing 137Cs and 85Sr. The specific activities

were 1.21 x 104 and 4.64 x 104 cpm/m2, respectively. The 50 m. of traced

solution were injected at a rate of 0.2 mJ/hour, which corresponds to a fluid

velocity of 1.41 x 10 2 cm/second. This fluid velocity is faster than the

fluid velocities used in previous experiments with crushed-rock columns.3 8

One CS granite crushed-rock column was run at a comparable velocity. The

observed plate height indicated that mass transfer was not a limiting factor,

which is borne out by the close agreement between the experimental results and

the calculated breakthrough curve.

The considerable scatter in the data in Figs. 76 and 77 was caused primarily

by observed faulty and erratic operation of the automatic fraction collector.

In spite of experimental difficulties, the agreement between the experimental

TABLE LV

PARAMETER VALUES USED TO CALCULATE BREAKTHROUGH

CURVES FOR CS GRANITE

Parameter 85Sr 37Cs

i -77 x16 2 -5 2
Di 7.75 x 10 6 cm /second 2.02 x 10 cm /second

Kd 8 m2/g 400 mi/g

P2 3.01 g/cm 3.01 g/cm

a/2 0.1 0.1

Uf 1.41 x 10 2 cm/second 1.41 x 10 2 cm/second

2b 15.6 pm 15.6 pm

x 1.59 cm 1.59 cm
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results and the calculation is remarkable. The Kd values used in the calcula-

tion were based on batch sorption data.68 Unfortunately, the parameter a/x2

must be estimated; perhaps a/c2 eventually could be determined directly from

diffusion experiments, and possibly with a larger scale experiment, the matrix

porosity could be determined for the particular rock, independent of the

fracture-flow experiment.

The tuff samples G2-2335 and G1-2840, described above, were encased in a

polyurethane sealant with stainless steel endcaps. The sealant was designed

to be sufficiently viscous that there was no intrusion into the fracture. The

core was not subjected to confining pressure and water was pumped through the

fracture at low pressure. The apertures were determined using-the method des-

cribed for the granite samples. The cores were equilibrated by passing pre-

treated water through them for more than 3 weeks. Forty-milliliter "slugs"

of groundwater traced with 95Sr and 137Cs were passed through the fractures,

and elution through the tuff fractures of Sr and 137Cs was monitored.

The breakthough curves were compared with theoretical curves for the

analytic solution flowing through a one-dimensional fracture that is coupled

to diffusion into the matrix.62 The fracture volume and aperture, in parti-
65

cular, were determined using Darcy's law. The tuff samples were not placed

under confining pressure because they sealed under moderate pressure (41000 psi),

whereupon the fracture permeability was reduced to the same magnitude as the

matrix permeability.

The flow through the fracture was straight flow, permitting direct compari-

son with the one-dimensional calculations. The parameters used in the one-

dimensional calculations are given in Table LVI.

In Figs. 78 to 85, experimental values are compared with theoretical

curves obtained by substituting Rd values from batch measurements ("batch Kd

TABLE LVI

PARAMETER VALUES USED TO CALCULATE ELUTION CURVES

Parameter Sample G1-2335 Sample G1-2840

P - 1.71 2.02
s 2L

a/c' 0.1 0.1

Uf 2.85 x 10i2 cm/second 2.76 x 10 2 cm/second

2b 30.7 pm 31.7 pm

x 4.76 cm 4.75 cm

£ 0.312 0.191
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Fig. 78. Elution of a 40-mit slug of groundwater (traced with 85Sr)
through a fractured Gl-2335 tuff core. Theoretical curve
(solid line) assumes the experimental batch Kd (148 mni/g).
The points (x) represent experimental data.
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Fig. 79. Elution of a 40-ml slug of groundwater (traced with 85Sr)
through a fractured GI-2335 tuff core. Theoretical curve
(solid line) assumes Kd = 30 ml/g. The points (x) represent
experimental data.
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Fig. 80. Elution of a 40-ma slug of groundwater (traced with 85Sr)
through a fractured G1-2840 tuff core. Theoretical curve
(solid line) assumes the experimental batch Kd (165 ma/g).
The points (x) represent experimental data.
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Fig. 81. Elution of a 40-me slug of groundwater (traced with 85Sr)
through a fractured G1-2840 tuff core. Theoretical curve
(solid line) assumes Kd = 16 a/g. The points (x) represent
experimental data.
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experimental data.
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values" in this section) for the Kd values in the calculations and by using a

lower value for a closer fit to the experimental results.

The results of the fracture-flow experiments with tuff samples from cores

G1-2335 and G1-2840 were not in agreement with the calculation obtained when

the batch K values were used (Figs. 78, 80, 82, and 84). The K values thatKweeue788082and 8) h d
gave the best fits (Figs. 79 and 81) to the breakthrough portion of the strontium

, elution were 30 and 16 m.2/g for samples G1-2335 and G1-2840, respectively.

The batch measurements yielded 148 and 160 me/g for samples Gl-2335 and G1-2840,

respectively. A general trend observed in sorption experiments on tuff indicates

'* that batch measurements yield Kd values 3 to 5 times larger than the Kd values

determined by column experiments; these fracture-flow experiments were consis-

tent with that trend. In addition, the shape of the elution calculated for

the tuffs is not in agreement with observed elution. The activity desorbs

more slowly than would be expected for reversible, diffusion-controlled sorp-

tion. This observation is also consistent with previous measurements of

sorption on tuff. In general, the Kd values determined by desorbing activity

from tuff are considerably larger than those determined from the sorption

process. The values from the cesium runs do not fit even when Kd values are

lowered. When the batch Kd values were used, the expected peak arrival time

was off-scale with respect to the experimental peak (Figs. 82 and 84). Lowering

the Kd values, however, brought the peak arrival time closer to the experimental,

but the area under the curve became greater than the experimental curve (Figs.

83 and 85). A satisfactory fit to the experimental elution curves for cesium

could not be achieved using the simple matrix diffusion model.

The lack of agreement between the experimental and theoretical elution

curves suggests a more complex sorption mechanism than'simple linear sorption.

A nonlinear isotherm or an irreversible sorptive process could perhaps be

invoked to model these results. Alternatively, severe channeling could cause

premature breakthrough, but the similarity of the two samples tends to make

this process an unlikely explanation. Sorption and matrix diffusion in tuff

(especially welded tuff) appear, therefore, to be more complex than in granite.

A one-dimensional solution to the fracture-flow matrix diffusion equation

described above was used to calculate the effect of matrix diffusion that can

be expected in a field experiment such as that proposed for G Tunnel. This

solution is simplistic and considers only the matrix diffusion effect; more

complex models are being developed to include dispersion, porous flow in the
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matrix, and complex flow fields in the fracture. Nonetheless, the results of

this simple model are useful because matrix diffusion will be a dominant

mechanism affecting radionuclide transport in tuff by fracture flow. For

several years matrix diffusion has been considered an important factor in

element transport through fractures in crystalline rock.62'69' 0 The effect

will be much more dramatic in tuff, even over relatively short distances,

because tuff porosity is several orders of magnitude higher than that of

granite.

The physical properties of G-Tunnel tuff have been determined in previous

measurements. Table LVII contains a list of the nominal parameter values

chosen for matrix diffusion calculations. The ionic diffusion coefficient

corresponds to that of strontium and is an intermediate value compared to the

ionic diffusivities of most monovalent and divalent ions. Fissure apertures

from 10 to 100 pm and flow velocities Uf from 1 to 100 m/day were used in the

calculations.

Figure 86 shows the activity profile for a nonsorbing tracer, Kd = 0,

with a flow rate of 1 m/day after 300 days. Although the water has traveled

300 m, activity has traveled only 9 cm. This result is caused by loss of

tracer to the rock matrix; Fig. 87 shows that tracer has penetrated far beyond

1 cm. This apparent retardation occurs because the concentration gradient at

the tracer front is the highest and, therefore, diffusion there is the fastest;

activity in the leading edge is lost to the matrix until the concentration in

the matrix builds up. These results clearly indicate that in the G-Tunnel

field experiment a flow rate of 1 m/day would be too slow because the planned

duration of the experiment is 30 to 60 days for both sorbing and nonsorbing

tracers.

TABLE LVII

PHYSICAL PARAMETERS USED FOR MATRIX DIFFUSION

CALCULATIONS WITH G-TUNNEL TUFF

Parameter Symbol Value

Density 1.6 g/cm2

Matrix porosity 5 0.30

Constrictivity/tortuosity a/.2 0.10

Ionic diffusion coefficient Di 7.74 x io10 m2/second

Effective diffusion coefficient D 2.71 x 10-11 m2/secondeff
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Figures 88 to 91 show similar profiles at fluid velocities of 10 and

100 m/day. At 100 m/day the tracer begins to exit the 1-m fracture in 0.3 days,

and at 10 m/day the tracer front (C/CO = 0.5) moves 10 cm in 3 days. These

velocities, therefore, show movement that is reasonable for the time scale of

the experiment.

Figures 92-94 show the surface profile for sorbing tracers with a fluid

velocity of 100 m/day. Tracers with Kd values <1000 mJ/g will move more than

10 cm in 30 days. Figure 95 shows the effect of a 100-pm fissure aperture. A

larger aperture would make it possible to use slower fluid velocities or

tracers with much higher Kd values. However, the former may be the only

option available if equipment design limits the flow rates that can be intro-

duced into the fracture.

An interesting and important consequence of these studies is the effect

of matrix diffusion of nonsorbing species in fractured media: there is an

apparent retardation of that transport as a result of matrix diffusion. To

illustrate this effect, the breakthrough can be defined as the point at which

the concentration is 50% of the initial concentration. Inserting C/C = 0.5

into Eq. (11) yields

0.5 = erfc ( G )
\(t-tw)

and

G =0.477

(t-tw

or

Deff tw 04
0~-.477

2b (Dpp (t t)

which can be rewritten in terms of a retardation factor RfV

R - =1+ C2D' tw i (12)
f tw (2b)2 tw
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To estimate the magnitude of this effect, some reasonable values for the

parameters can be applied, based on laboratory and field measurements. For

instance, in well USW-H1 the USGS found a highly permeable zone in the Prow

Pass Member with -10 m/day hydraulic conductivity. The fracture spacing, as

reported in their USW-G1 report, is an average of 7.6 m/day for the Prow Pass

Member. These data can be used then to estimate an average aperture 2b for

the Prow Pass Member. The permeability

2bk =-2bk- -5 S f

and the fracture permeability

ic-(2b)2
f 12

so that

k~~~
-s= 12S '

where S is the fracture spacing. The average aperture corresponding to a

fracture spacing of 7.6 m and a hydraulic conductivity of 10 m/day, or 0'.12

darcys, is 2.2 x 10 2 cm. The maximum residence time for the water t. before
- ~w

the rock becomes saturated by the diffusing species is determined from the

fracture sp.acing-by using the following formula for the penetration depth no0

at which C/Co = 0.01:

n.01 = 4 (Da t)

Setting no.01 = 0.5S = 3.8 m yields a time t = 2.86 years, assuming Da =

-6 210 cm /second. This represents an upper limit for t , and therefore RfV

where Eq. (12) is still applicable.

If the water flowing through the repository moves at a rate of 100 m/year,

the retardation factor for a nonsorbing soluble species along a 1-km flow path
4

is 4.08 x 10 , assuming a porosity 8 of 25%. Porosity is significant in this

phenomenon. For instance, the same conditions applied to granite, e = 0.005,

would yield a retardation factor of only 17.
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2. Porous Flow. Experiments examining the transport of radionuclides

through porous media have been conducted with the primary aim of determining

the radionuclide retardation that will be provided by geochemical processes

along flow paths. These experiments, using both crushed-tuff and solid-tuff

columns, provided intermediate steps in the laboratory-to-field link. These

experiments test whether batch sorption measurements are applicable to dynamic

systems and also whether the sorptive properties of the rock have been seriously

altered by crushing the tuff samples. Some specific questions have been addressed.

(1) Does crushing rock samples expose minerals that would

otherwise be unavailable for interaction with'a natural

flow of water through the solid rock?

(2) Are the kinetics of sorption fast enough so that, at flow

velocities encountered in the field, batch measurements would

still contribute to accurate predictions of retardation?

(3) Are there fixation reactions?

(4) Do batch measurements provide accurate data for dynamic

flow systems?

E. N. Treher reported on the crushed-rock column experiments and gave a

detailed description of the methods used. 38 Chromatographic columns packed

with crushed rock have been used for all of the studies. The following radio-

nuclides have been used in these studies: 131I, 85Sr, 137Cs, 133Ba, 141Ce,
152 95 m 3Eu, Tc , and H. Some of the columns have been run at two flow rates.

The crushed-rock columns have begun to provide information on dynamic effects

in radionuclide transport through porous media.

Radionuclide sorption on rocks is principally a surface phenomenon;

therefore, the surface condition is a critical parameter in experiments

involving partitioning of radionuclides between solutions and geologic media.

Studies using crushed rock involve mineral surfaces newly exposed to the atmos-

phere and to water; those using geologic thin sections involve surfaces exposed

and possibly altered by grinding and polishing. In an attempt to work with

unaltered rock surfaces, we have initiated experiments in which pumped ground-

water is used to move radionuclides through rock cores.

The apparatus has been described in Sec. IV.A. The rock cores are 15.9-mm-

long by 25.4-mm-diam right-circular cylinders. The confining pressure is usually

1000 psi. The groundwater used in these experiments is pretreated with the
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appropriate crushed tuff, centrifuged, and filtered through a 0.05-pm membrane.

Before the introduction of radionuclides to the rock cores, pretreated water

is forced through the cores to pretreat the rock surfaces. This minimizes

alteration of the rock during the experiment and perhaps better simulates the

in situ conditions.

a. Strontium-85 in YM-22 Tuff. The movement of 85Sr in water flowing

through a core of YM-22 tuff was observed. This is a devitrified and densely

welded tuff from the Topopah Spring Member and has relatively poor sorptive

properties. The core was loaded with 20 pI of 85Sr activity. Water was

pumped through the core for a 12-month period, with an average flow rate of

0.8 mI/day. About 40% of the activity was eluted at a fairly constant rate;

no peak was observed. The core was sectioned, and the residuaJ activity was

found to be relatively low in the top few millimeters of the core; it then

increased to a peak in the core midsection and remained high throughout the

reminder of the core (Fig. 96). Based on the anticipated volume corresponding

to elution of 50% of the activity, a crude estimate was made.of the Rd value

for strontium on this YM-22 core. The resultant value of -20 mI/g is less

than the 53 mu/g value obtained from batch measurements but similar to those

obtained with crushed-rock columns.3 More elution and distribution profile

studies of this type are planned after modifications in the experimental

methodology are completed.

b. Americium-241 in YM-45 Tuff. The movement of 241Am through a YM-45

core was observed by monitoring the eluted solution and using microautoradio-

graphy on core slices. The column was run for 5 weeks with a flow rate of

75,
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CORE THICKNESS H I mm

. Di oonot

Fig. 96. Distribution of 85 Sr activity in a solid core of YM-22 tuff.
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0.8 f2/day. Approximately 0.2% of the activity added to the column was

collected.

On disassembly of the pressure apparatus, it was found that the metal end

cap in contact with the top surface of the core showed a high level of radio-

activity and that the bottom end cap showed almost none. The activity on the

core sides and bottom was measured using microautoradiography. Low-to-moderate

levels of activity were found on these surfaces. That the 241Am seemed to have

been deposited primarily in an aggregated form, as a high ratio of stars to single

tracks, was observed in the autoradiographs. One gianttcolloid was observed on

the bottom surface.

The core was then sectioned with a rock saw. Three slices about 1 mm thick

were cut from the top of the core, and one slice was cut from the 'bottom of the

core. The activity levels in these slices were measured with a NaI(Tl) well

crystal and an alpha porportional counter. The activity on the top surface of

the core was 10 to 10 times greater than the activities on the bottom of the

top slice and the other interior surfaces. The activities on the. exterior sur-

faces and on the interior slice surfaces were compared using a collimator with

the porportional counter. The exterior surfaces had activity levels greater

by a factor of 5 than those of the interior surfaces. The activity on the

exterior surface was relatively uniform, varying from region to region by only

a factor of 2.

The results of this experiment indicate that almost all of the activity

originally placed on the top core face remained there. The small fraction of

activity that was mobilized by the water flow appears to have been deposited at

higher concentrations on the exterior surfaces than in the interior of the core.

This may imply that more flow occurred over these surfaces than through the core

or that these surfaces were particularly sorptive. The observation that a large
241

fraction of Am was in an aggregated form on the exterior surfaces, however,

indicates that this portion of the activity probably did not flow through the

core.

Tuff samples from the USW-GI drill hole have been run as columns in experi-

ments that use a peristaltic pump. These samples have been equilibrated with

appropriate pretreated water; the experiments run for as long as 3 months.

Currently, samples are sealed in Plexiglas jackets with Buehler epoxy. This

method of potting seems to be adequate to provide a jacket that can withstand

stress caused by the swelling of certain mineral phases, for example, montmoril-

lonite, which occurs when the cores are wet. Previously, glass jackets were

used and were found to crack after 4 weeks.
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Samples of the G1-1982 and G1-1883 cores from the Prow Pass Member were

loaded with spikes of tritium to determine the dispersivity of the rock and

the free column volume. The Gl-1982 sample contained a small amount of mont-

morillonite clay that swelled and disintegrated during equilibration with

pretreated water. This left some significant pits (1 to 2 mm deep) in the ends

of the core. The sample G1-1982 material also appeared to be more heterogeneous,

having some colored zones that appear to be denser than the surrounding material.

The tritium elutions shown in Figs. 97 and 98 can be fit with a simple

dispersion-convection model for a one-dimensional flow field. The Peclet

numbers determined by fitting the data were 4 and 10 for samples G1-1982 and

G1-1883, respectively. The fluid velocity.used in these columns was about

6 x 10 5 cm/second.
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Fig. 97. Tuff G1-1883 tritium elution.
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Fig. 98. Tuff G1-1982 tritium elution.

A core of sample YM-49, a zeolitized tuff, was encased in epoxy by using
3

techniques described in a previous report for use in the high-pressure system.

After the rock was equilibrated for 4 weeks with pretreated water, the free

column volume was determined by tritium elution. (The peak was greatly broadened

by diffusion.) The core was then loaded with 1.6 x 105 gamma counts/minute of

237Pu and about 105 dis/minute of 239Pu. The mixture was prepared by drying

the tracer and bringing the plutonium into "solution" by shaking with pretreated

water. No effort was made to remove particulates from the solution. In order

to achieve flow through the core, it was necessary to increase the pressure to

450 psi from the 200 psi used for the pretreatment, which suggests partial

clogging of pores by particulates. A flow rate of 0.7 mi/day was achieved at

this pressure, which corresponds to a fluid velocity of 6.4 x 10 6 cm/second.

This velocity is close to the estimate of Blankennagel and Weir72 of 7 x

10 6 cm/second for flow predominantly through interstitial permeability beneath

Pahute Mesa at the NTS. To date (three free column volumes), no activity

above background, that is, <10 counts/minute, has been observed in the eluate.

These columns provide data to establish whether there are minerals made

available by crushing that are not naturally available. The columns also allow

examination for dynamic effects.
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The above studies have resulted in four conclusions.

(1) The sorption ratios determined using column methods agree

with those determined by the batch techniques within a

factor of 10. Recent studies indicate that much of the

disparity between batch and column results may be the result

of particle fractionation. When the same particle-size

distributions are studied, the results are in reasonable

agreement.

(2) At water velocities comparable to regional flow velocities

(-10 cm/second) the shapes of peak elutions for simple

ions are comparable to what would be expected from diffusional

broadening alone. This may indicate that at these velocities

kinetics is not an important factor.

(3) The anion exclusion effect may have been observed in a highly

zeolitized tuff.

(4) Plutonium particulate matter was filtered out by flow through

a solid-core column.

These studies also determined the permeabilities, porosities, and dispersivi-

ties of solid-tuff samples.

V. NATURAL ANALOGUES

The study of natural analogues to waste repository environments can provide

important information about long-term chemical reaction and transport. Such

analogues can be used to extrapolate experimental data from laboratory time,

days and months, to "geologic time," the hundreds to hundreds of thousands of

years that may be required for isolation of waste in a repository.

The study of hot-spring environments in felsic tuffs of Nevada is a

potentially important source of information on the long-term behavior of Yucca

Mountain tuffs in a hydrothermal gradient. Mineral alteration in these

localities can give information about

(1) the response of the near-field repository environment to the

thermal pulse that is expected after initial emplacement of

waste and

(2) the tuff's response to the normal geothermal gradient, that

is, the natural increase of temperature with depth.

Examining the surface hot-spring deposits is much simpler for these purposes
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than studying boreholes in the warm, deeper regions; it also will give nearly

the same information because the effect of increasing temperature is much

greater than that of the increasing pressure with depth.

A literature search was conducted for location maps and published articles

on geothermal systems in Nevada, particularly those located in felsic tuffs

similar to the tuffs of the NTS. The published material on geothermal altera-

tion in tuffs of the right chemical and mineralogical composition and in the

right general geologic environment proved inadequate for use in the present

study. A survey of geothermal occurrences in Nevada tuffs is being made; work

at Los Alamos then will characterize rock alteration and element transport at

the one or two most appropriate geothermal sites.

Another useful analogue study may be the investigation of rock matrix

diffusion of elements near ore bodies. Matrix diffusion has been proposed as

a process that would retard element transport in a medium where hydrology is

dominated by fracture flow. Recent measurements of lead isotope abundance in

a rock core from the Oklo uranium mines suggest that lead may have diffused

into a crystalline rock matrix from a fracture that had once been an aqueous

transport path. Isotopic analyses can provide information on the time at

which the transport took place, the amount of material that moved, and the

total distance traveled.

VI. GEOCHEMICAL AND TRANSPORT MODELING

Geochemical and transport models have been developed and tested both in

support of the nuclear waste management programs at Los Alamos and to contri-

bute towards the development of an overall performance model which will meet

the requirements as stated in the 10-CFR-60 and 40-CFR-191 objectives. Efforts

in geochemical modeling have been concentrated on testing available codes and

improving the thermodynamic data base. Transport models have been used to

design experiments and to interpret experimental results.

One of the major questions to be addressed in these studies is, can

retardation processes be predicted? Geochemical models can be used to predict

the chemical species that should occur in a groundwater system. These models

can also predict mineral solubility and solubility limits for the waste element

species. These predictions influence the expected retardation of the waste

elements; for instance, an anionic species would not be sorbed by zeolite

minerals, whereas cations are strongly sorbed. The data base for these geo-
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chemical models is being updated to include thermodynamic data for the minerals

composing Yucca Mountain tuff. Transport models are being updated to include

appropriate sorption mechanisms and to account for the dependence of sorption

on concentration, that is nonlinear isotherms, and field tests to test the

predictive ability of transport codes are being developed.

Another major question to be addressed is, how can performance assessment

models be validated? The most obvious method is a direct comparison between

the predictions of models and experimental results. The geochemical model EQ3

has been used to calculate uranium and plutonium solubilities in J-13 water;

validating experiments are being planned and are described in Chap. 2, Sec. V.
73

The transport code TRACR3D1 was used to simulate and help design a field experi-

ment in a single fracture under conditions that would be expected above the water

table at the NTS.

A. Geochemical Modeling of Groundwater Interactions

Two aqueous-chemical-equilibrium computer programs are being made opera-

tional at Los Alamos to investigate groundwater interactions with stored

wastes. A compiler for the PL/I language has been obtained to use with the

NOS system of the Los Alamos CDC computers, and attempts were made to compile
74

the WATEQ2 program; however, that program 'uses a number of PL/I features

that are not available on the CDC compiler. Two options are being investigated:

reprogramming WATEQ2 to be compatible with the CDC PL/I compiler and using the

Los Alamos WX Division IBM computer. The EQ3/6 computer program75 is now

running on the LTSS system of the Los Alamos computers, and test problems

obtained with the program have been run.
76

Concentration data taken in 1964 on a water sample from well J-13 have
77

been used with four chemical-equilibrium computer programs: GEOCHEM,

REDEQL.EPAK, 78,79 WATEQF,0 and EQ3/6. All programs indicated that the water

was supersaturated with respect to some minerals; however, the predicted preci-

pitates differed for GEOCHEM, REDEQL.EPAK, and EQ3/6. WATEQF does not predict

precipitates; it merely indicates supersaturation. The variation in the results

was caused by two differences among the programs. The programs do not consider

the same group of solid phases; thus, a solid predicted to precipitate by one

program may not even be considered by another program. Also, the thermodynamic

data for the solids and aqueous complexes differ among the various programs.

The NNWSI program requires a study of groundwater chemistry in the Yucca

Mountain vicinity; the study includes the development of chemical-equilibrium
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models for the interaction of groundwater with minerals in the local tuff. To

model these systems, thermodynamic data for the local minerals are required

in the form of equilibrium constants or free energies of formation. Some of

these data are available in thermodynamic data bases or as part of existing

computer programs that model chemical equilibrium. Data for other minerals,

such as some of the zeolites found near Yucca Mountain, have not been measured.

This section describes the results of a preliminary search for free-energy

data at 250C for some mineral phases found during exploratory drilling at or

near Yucca Mountain. The most interesting reactions are those for the formation

of minerals from aqueous species. Equilibrium constant or free-energy data

are presented for these formation reactions from a particular base set of

aqueous species. Data were found for silica (crystalline and amorphous forms),

alkali feldspars, some clays, and one zeolite (analcime); no data were found

for three other zeolites observed at Yucca Mountain: clinoptilolite, heulandite,

and mordenite. Free-energy data were estimated for these minerals by three

different techniques. Many of the minerals of interest actually exist as

solid solutions; however, few thermodynamic data are available for solid

solutions, and the data presented here are all for simple compounds with

specific compositions.

1. Minerals of Interest. Exploratory drilling in the vicinity of Yucca

Mountain has sampled areas that are being considered for radioactive-waste

storage. 439,8l These areas are primarily beds of silicic tuffs that contain

large amounts of zeolites.81 Table LVIII lists minerals that have been observed

in and near these beds. The tuff also contains varying amounts of vitreous

material or glass. This glass is not a thermodynamically stable phase; it

cannot be assigned thermodynamic data or employed in equilibrium calculations.

Analyses of mineral phases generally yield a range of compositions. 4 39

For chemical modeling, however, specific compositions are usually needed.

Table LVIII also includes chemical formulae that were used to develop the

thermodynamic data. The silica minerals all have the formula SiO2; amorphous

silica may actually be hydrated, but it is usually treated as SiO in equilib-

rium calculations. Sanidine (KAlSi308) and albite (NaAlSi308) are two alkali

feldspars found at Yucca Mountain for which thermodynamic data are available.

If a chemical equilibrium model considers solid solutions, the solid-solution
phase has a variable composition. Only one computer model, EQ3/6, has begun
to introduce solid solutions, but that work has not been completed.
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TABLE LVIII

MINERALS OF INTEREST IN THE YUCCA MOUNTAIN AREA

Group

Silica

Alkali feldspar

Mineral

quartz

cristobalite

amorphous silica

albite

sanidine

microcline

Chemical Formulaa

sio2

sio2

sio2

NaAlSi308

KAlSi 308

KAlSi 0308

Clay montmorillonite

beidellite

beidellite

nontronite

nontronite

analcime

clinoptilolite

clinoptilolite

heulandite

mordenite

Varies

XA1 7 Si 1 103 0 (OH) 6

ZAI14S 22060 (H)12
XAlFe 6 Si 1030(OH)6

ZAl 2 Fe 12 Si 2 2O6 0(OH) 12

Na[AlSi2 06] H20

X2 (Al 2Si 1 0O 2 4 1 @8N20

Z[Al 2 Si 10O2 4 ] .8H20

Ca[Al2Si7 018] 6H20

X[AlSi50 1 2J 3H20

Zeolite

ax = Na or K; Z = Ca or Mg.

The silicon/aluminum atomic ratios measured for the phases identified as

alkali feldspars generally range from 3 to 3.4 (Ref. 39). These phases may

contain some silica, so the formulae noted above are probably representative

(see Table LVIII). All the alkali feldspars observed have both sodium and

potassium present.4'39 They are probably solid solutions rather than mixtures

of pure compounds. Thus, modeling only the pure compounds is an approximation

to the actual situation. Polymorphs (minerals with the same chemical formula

but different structures) for sanidine and albite have also been observed at
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Yucca Mountain.39 Although free-energy data for reactions involving polymorphs

are generally similar, significant differences can exist.82 Data for microcline,

a polymorph of sanidine, are included here for comparison.

Smectite clay identified as montmorillonite has been observed in the
4,39,83Yucca Mountain area, and Table LIX lists atomic ratios for a few of the

samples. Thermodynamic data were found for a number of smectite clays with

the montmorillonite structure (see Table LVIII). The formulae labeled beidellite

in Table LVIII have been called montmorillonite in chemical literature.84 The

observed silicon/aluminum and silicon/iron atomic ratios (see Table LIX) do

not match either the beidellite or nontronite formulae in Table LVIII; instead,

they appear to represent some intermediate material. Thermodynamic data are

also available for a number of true montmorillonite clays with specific alkali

metal and alkaline earth compositions (Sec. VI.A.2.b); these include the Aberdeen,

Belle Fourche, Colony, Arizona, and Wyoming montmorillonites, and some data are

presented for these materials. The alkali metal and alkaline earth cations in

clays seem to occupy easily exchanged positions. The actual minerals are more

nearly solid solutions, where all the cations may be present. As in the case

of the alkali feldspars, the thermodynamic data are for compounds with specific

compositions.

TABLE LIX

MONTMORILLONITE DATA FROM YUCCA MOUNTAIN AREA

Atomic Ratios

Alkaline Earth/
Sample Si/Al Si/Fe Alkali Metal

UE25a-la

YM-43 4.7 28 0.003

YM-45 3.1 94 0.088

YM-53 3.5 49 0.028

J_13b

JA-36-BC 3.1 41 0.40

JA-36-BC 2.4 47 0.55

aRef. 39.

bRef. 4.
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Four zeolites have been identified in the Yucca Mountain area; they are

analcime, clinoptilolite, heulandite, and mordenite. Table LX lists some

atomic ratios for a few samples of these minerals. Zeolites usually show a

range of compositions; the formulae for these minerals, as listed in Table LVIII,

are generally accepted.48'85'86 The predominant cation observed for analcime
4

is sodium. The single formula in Table LVIII represents the observed composi-

tion of analcime reasonably well. Clinoptilolite shows varying amounts of

sodium, potassium, calcium, and magnesium.4'39 These cations are normally

exchangeable; thermodynamically,'the mineral should probably be considered as

a solid solution. However, only the four pure compounds shown in Table LVIII

were considered. Heulandite is structurally similar to clinoptilolite; the

silicon/aluminum plus iron ratio is lower and the exchange cation is predomin-

antly calcium.4'39 The single formula in Table LVIII represents the observed

composition. Mordenite shows predominantly spdium and potassium as the exchange

cations.39 The observed silicon/aluminum plus iron ratios (Table LX) are

somewhat below the accepted formulae for mordenite (Table LVIII). Free-energy

data were found for analcime only, and data were estimated for clinoptilolite,

heulandite, and mordenite by three different techniques.

2. Data from Existing Sources. There are many existing compilations of

free-energy or equilibrium constant data that include information on mineral
84

species. Helgeson has produced a number of such compilations, the most

recent being the SUPCRT computer program.87 The data collected by Robie and

Waldbaum, which represent free energies of mineral formation from the elements

in their standard states, are also widely used.88 Recently, Benson and Teague

have tabulated thermodynamic data that are of interest when studying radioactive
89waste systems. Another source of data is the chemical-equilibrium computer

programs that include thermodynamic data in their data bases. Four programs

available at Los Alamos are EQ3/6,75 WATEQF,80 GEOCHEM,77 and REDEQL.EPAK;78'79

74data from WATEQ2 are also available, although the program is not currently

running here.

In some cases, there is considerable disagreement among the various data

sources, as is evident in the data presented here from different sources. All

data are presented as log10 K, where K is the equilibrium constant for the for-

mation reaction of the mineral from aqueous species at 250C. The free energy

for this reaction AG' is related to K asr
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TABLE LX
FROM YUCCA MOUNTAIN AREAZEOLITE DATA

Atomic Ratios
Alkaline Earth/

Fe/Al Alkali MetalMineral

Analcime

Sample

J-13a

JA-26

JA-31

JA-35

Si/Al+Fe

2.9

2.7

2.3

(0.01

<0.01

<0.01

0.005

0.007

0.003

Clinoptilolite UE25a-l b

YM-32

YM-35

YM-36

YM-38

.YM-40

YM-47

YM-49

YM-51

J-13a

JA-20

JA-23

5.2

6.1

5.1

4.4

4.8

5.5

5.7

5.0

4.6

4.7

3.9

3.2

3.8

4.2

<0.01

<0.01

<0.01

<0.01

0.04

<0.01

0.05

<0.01

KRC

<0.01

<0.01

0.04

<0.01

<0.01

1.61

0.81

1.43

0.85

0.70

1.09
0.42

1.62

1.49

1.23

8.5

3.1

3.7

1.5

Heulandite UE25a-

YM-30

YM-31

YM-42

YM-42

Mordenite UE25a-l

YM-46

YM-46

3.2

3.0

<0.01

0.15

0.008

0.009

aRef. 4.

bRef. 39.

cNR = not reported.
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AG0r = - 2.3026 RT log10 X ,

where R is the gas constant (1.9872 cal/mole K) and T is the absolute tempera-

ture (K). At 251C, T = 298.15 K,

AGO (kcal/mole) = - 1.364 log1o Kr

Formation reactions for the various minerals from the aqueous species are

listed in the following sections.

a. Silica. The formation reaction for solid silica phases is

Sio20 = Sio2W , (13)

where SiO20 is the aqueous silica species and x is q, c, or a for quartz,

cristobalite, or amorphous silica, respectively. (Some data bases use H 2SiO30

or H4SiO 4 as the basic aqueous species.) Table LXI lists values of log10 K

for Eq. (13). It is evident that many of the compilations or data bases use

the same source, and the agreement among the various sources is quite good.

TABLE LXI

THERMODYNAMIC DATA FOR SILICA MINERALS

a

Source

SUPCRT (Ref. 87)

Benson and Teague (Ref. 89)

WATEQF (Ref. 80)

EQ3/6 (Ref. 75)

REDEQL.EPAK (Ref. 78)

GEOCHEM (Ref. 77)

Sio2[q]

+4.00

+4.00

+4.01

+4.00

log10 K

Sio 2[c]

+3.45

+4.18

+3.59

+3.45

Sio2 [al

+2.71

+2.71

+3.02

+2.71

+2.70b

+2.70b

log10 K for Eq. (13); q = quartz, c = cristobalite, and a = amorphous silica.

bOnly one solid silica phase was available in the program.
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b. Alkali Feldspar. The formation reactions for the two alkali feldspars

are

Na+ + Al3 + 3SiO 2 + 2H20 = NaAlSi0 + 4HI and (14)

K +Al 3 + 3SiO2a + 2H20 = KAlSi308 +4I , (15)

where H20g is liquid water. Table LXII lists values of log10 K for these

reactions. Three of the sources list data for low and high albite;75'87'89

they are all based on SUPCRT. WATEQF lists data for albite only; it does not

have data for sanidine or microcline, but the value for adularia (KAlSi308), a

polymorph of sanidine, is shown for comparison. The agreement among the

various sources is quite good.

c. Clays. The formation reactions for the beidellite clays are

X + 7A1 + 11SiO20 + 14H2Og = XA17Si11O30(OH)6 (16)

z2+ + 14A13+ + 22SiO20 + 28H2°Q 0 ZA114Si22 60(O) 12 + 44 (17)

TABLE LXII

THERMODYNAMIC DATA FOR ALKALI FELDSPAR MINERALS

log1 0 K

Albite Sanidine Microcline
Source Eq. (14) Eq. (15) Eq. (15)

SUPCRT (Ref. 87) -3.10a -1.28 -0.08

4.4 2 b

Benson and Teague (Ref. 89) 3.09 -1.25 -0.05
- _~4.41b

WATEQF (Ref. 80) -4.05 -1.48--

EQ3/6 (Ref. 75) -3.08a -1.37 -0.17.

_4.40

aLow albite.
bHigh albite.

CData are for adularia; no sanidine data are available.
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where X is sodium or potassium, and Z is calcium or magnesium. Table LXIII

lists values of log1o X for these reactions. The data from GEOCHEM do not

agree with data from other sources, and the difference between WATEQF and

WATEQ2 for calcium-beidellite is also puzzling.

The formation reactions for the nontronite clays are

and

X4 +Al 3+ +6Fe 3+ + lliso + 14 + ~~ i O)+212 14 20 =2 X ~6S 11O30(OH 6 2H

Z2 + 2Al + l2Fe 3 + 22SiO20+ 28HO0,

(18)

(19)

= ZA12Fe 2Si2260(OH)12 +44H

where X is sodium or potassium and Z is calcium or magnesium. Table LXIV

lists values of log10 K for these reactions. The data used in EQ3/6 have

been estimated by Wolery.

Free-energy data have been measured or estimated for a number of mont-

morillonite clays with specific compositions.80'90'91'92 Except in a few

isolated cases, these materials are not available in current chemical-equilibrium

computer programs. Table LXV lists a sampling of the data. The quantity A&Gf

is the free energy of formation of the mineral from'the elements in their

standard states at 250C; in some cases, it is the only datum reported. For

Source

Helgeson (Ref. 84)

WATEQF (Ref. 80)

WATEQ2 (Ref. 74)

GEOCHEM (Ref. 77)

REDEQL.EPAX (Ref. 71

EQ3/6 (Ref. 75)

TABLE LXIII

THERMODYNAMIC DATA FOR BEIDELLITE CLAYS

log1 0 K

X = Na X = K Z = Ca Z Mg
Eq. (16) Eq. (16) Eq. (17) Eq. (17)

-19.06 -18.32 -37.10 -36.60

__ -- -38.7

-51.8 - --

-11.7 -10.5 -21.6 -21.7

8) -20.7 -- -- --

-19.12 -18.24 -38.02 -37.81
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TABLE LXIV

THERMODYNAMIC DATA FOR NONTRONITE CLAYS

log1o K

X =Na X = K Z = Ca Z = Mg
Source Eq. (18) Eq. (18) Eq. (19) Eq. (19)

EQ3/6 (Ref. 75) +47.6 +48.4 +95.3 +95.6

'these minerals, the equilibrium constant for formation from aqueous species

(K) was calculated as described below, using data from SUPCRT.87

d. Zeolites. Thermodynamic data were found for only one zeolite that

had been detected in the Yucca Mountain area: analcime; its formation reaction

is

Nat + Al3+ + 2SiO2 + 3H20 NaAlSi2O6 H20 +4 . (20)

Table LXVI lists values of log11 K for this reaction. The later, more positive

value from SUPCRT and EQ3/6 results from a re-evaluation of Helgeson's experi-

mental data.87 Data for other zeolites,87 not detected in the Yucca Mountain

area, are also discussed below.

3. Estimated Data. Free-energy data could not be found for three zeolites

observed in the Yucca Mountain area (clinoptilolite, heulandite, and mordenite).

Three methods were used to estimate thermodynamic data for these minerals.

Two of the methods were developed to estimate free energy of formation of

clays90'91 but have not previously been applied to zeolites; the third

method has had more general application.82 In addition to the calculations

for the three zeolites noted above, calculations were also done for three

other zeolites (analcime, wairakite, and laumontite) for comparison with

measured data.

All three methods estimate the free energy of formation of a mineral from

the elements in their standard states at 251C (AG'f). For use in aqueous

chemical-equilibrium calculations, the free energy (AG r) or equilibrium con-

stant (K) for the formation reaction from aqueous species must be known. This
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TABLE LXV

THERMODYNAMIC DATA FOR MONTHORILLONITE CLAYS

Formula

(HNaK) 0 g28M0 29Fe0 23Al 1.58S'3.9310(O2

(HNaK)0.4 2HgO.45Feo.34Al1.47Si3 .82010(OH)2

(Ca009Na O.Ko*02)0MgO.33 Feo.14Al1.59 3.93010 H2

(Ca0 1 0Na0 270.02)[MgH0.22Fe 0 19Al 5 8Si3 .94010 ](OH)2

MgO.225 [MgO.2 7 eo.405 All.645S 3 .700101(OH)2

AGo a
f

(kcal/mole).

-1252.1

-1248.2

-1246.3

logon K b

+0.1

-2.6

-11.1

-7.8

+1.4

Source

WATEQF (Ref. 80)

WATEQF (Ref. 80)

Nriagu (Ref. 90)

Nriagu (Ref. 90)

Mattigod and

Sposito (Ref. 92)

aA&GO is the free energy of formation from the elements in their standard states at 250C.

K is the equilibrium constant for formation of the mineral from aqueous species Na , K , H ,

Al3t , Sio, and H 05i2 2R.

Mg2+ Ca2+ Fe3+



TABLE LXVI

THERMODYNAMIC DATA FOR ANALCIME

loglo K

Source Eq. (20)

SUPCRT (Ref. 87) . -7.28

Helgeson (Ref. 84) -9.37

WATEQF (Ref. 80)a -9.35

EQ3/6 (Ref. 75) -7.26

aWATEQ2 (Ref. 74) uses the same value.

requires a knowledge of values of AG0 for the aqueous species. With these

data, AGO for a mineral can be converted into AGOr or K for that mineral.

The values of AG0 f for the aqueous species should be consistent with the

thermodynamic data employed to estimate AG0 for that mineral. Values of AGOf

for aqueous species from three different sources were used in these calcula-

tions, 87I8891 and the data are shown in Table LXVII. The only significant

difference for the zeolite calculations is in AGOf for Al 3+; the value used by

Tardy and Garrels is 2 to 3 kcal/mole more negative than from the other sources.

The following sections briefly describe the three methods of estimating

AGO of the minerals and present the results.
f

a. Tardy and Garrels. Tardy and Garrels proposed a simple method-of

estimating AG0 of layer silicates.91 A reaction that forms the desiredf
mineral is written in terms of the oxides of the elements involved. With

analcime,' for example,

1~ 1

2[Na2 3 sil + 2 [SiO2] [A12 IH+0il I{201sl = NaAlSi2O6 H2O (21)

where the subscript ex implies that a free energy of formation associated with

an exchange reaction should be used for the species, and the subscript sil

implies that a free energy of formation within the silicate structure should

be used for the species. The alkali metal or alkaline earth cations that nor-

mally participate in the ion-exchange reactions have the ex subscript; the
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TABLE LXVII

AG0 f FOR AQUEOUS SPECIES

Aqueous Species

Na+

K+
Ca2 +
Ca2+Mg 2
A3+Al3

Fe3+

sio 0

H2

OH-

H+

Tardy and
Garrelsa

-62.5

-67.7

-132.2

-108.9

-119.5

-199.12

-56.69

-37.6

0

AG0 f
(kcal/mole)

SUPCRTb

-62.62

-67.58

-132.16

-108.70

-116.97

-1.10

.- 199.19

-56.69

-37.60

0

Robie and
WaldbaumC

-62.54

-67.70

-132.18

-108.90

-116.00

-2.52

-199 .18 d

-56.69

-37.59

0

aRef. 91.

bRef. 87.

CRef. 88.

dRequired AG~r for Si 200

from Ref. 89.

+ H 0 = H SiO 0. Taken as AGO = -2.13 kcal/mole2 2 3 r

elements in the silicate structure use the sil subscript. The appropriate

free-energy data are tabulated by Tardy and Garrels.91 Table LXVIII lists

values of AGOf calculated for a number of zeolite minerals by this method in

the column labeled "TG." For analcime, wairakite, and laumontite, these

estimates are -10 to 20 kcal/mole more negative than the experimental results

(see Table LXVIII). It was observed that if [Na2O]0l was used in place of

[Na20Jex in Eq. (21), the estimated value of AGOf was closer to the experimental

result. The same was true for the other two zeolites, using the experimental

data available. Table LXVIII also lists values of AG0 f calculated from only

free-energy data associated with the silicate structure; these results are in

the column headed "modified TG." Although there is no justification for this
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TABLE LXVIII

THERMODYNAMIC DATA FOR ZEOLITES

AGf Experimental AG'
(kcal/mole) (kcal/mole) -

Mineral Tca Modified TGa Nria ub Chenc SPCT4 Wobie nde

Analcime

Na[AlSi 2 061 H20 -747.3 -741.0 -732.5 -734.9 -738.1 -734.3

Wairakite

CaIA1218 4O 1 21.*2" 20 -1502.0 -1479.0 -1474.0 -1477.8 -1477.8

Latuonite

CaIA12Si4O12J 4120 -1620.4 -1597.4 -1586.6 -1591.1 -1597.0 --

Clinoptilolite

CaIAl2Si10024I8f2O -3084.8 -3061.8 -3047.8 -3045.8 --

HMgA1 2 Si100 2 4 1'8M2 0 -3061.5 -3051.-2 -3035.7 -3024.5 -

Na 2 A1231 10 2 4 1*8112 0 -3077.4 -3064.8 -3038.8 -3040.2 --

K2 IA12Ai 100 2 4 1 8U2 0 -3090.0 -3090.0 -3062.8 -3065.8 -- --

Heulandite

CJA12 8i7 01 81 6H2O -2352.6 -2329.6 -2317.2 -2318.4 -- --

Hordenite

NaI1^Si 5 012 I3H 2 0 -1479.5 -1473.2 -1463.1 ;1463.2 -- --

KIA1SI50I 2 1 3}12 0 -1485.8 -1485.8 -1475.1 -1476.2 -- --

8Ref . .91.
bRef. go.

CRef. 82.

dRef. 87.

eRef. 88.



modification, it produces better estimates for the three zeolites for which

comparisons can be made.

Tardy and Garrels tabulated values of AG' for aqueous species;91 these

values are shown in Table LXVII. They were used to convert AGO to AGO forf r
these minerals. Table LXIX shows values of AG0r and logio K for these minerals,

calculated by the modified TG method.

b. Nriagu. Nriagu proposed another simple method for estimating AG'f

of clay minerals.90 He also writes a reaction for the formation of the mineral

but uses hydroxides of the elements involved. For analcime,

NaOH + Al(OH)3 + 2Si(OH)4 = NaAlSi2O6*H20 + 5H1 0

The value of AG0 for analcime is calculated asf

AG~f (analcime) AGOf(NaOH) + AGOf[Al(OH)

+ 2AG~f[Si(OH) 4 1 - 5[AGO'f(H 20) + al

The parameter a is an empirical correction factor given the value 0.39 kcal/mole.
Appropriate values of AG0 for the hydroxides are tabulated by Nriagu. Table LXVIII

lists values of AG0f for the zeolites considered in the column headed "'Nriagu."

For analcime, wairakite, and laumontite, the estimated values are -3 to 10 kcal/mole

more positive than the experimental data. No attempt was made to modify this

method.

Nriagu did not tabulate values of AGOf for aqueous species. Data from

SUPCRT87 (see Table LXVII) were used to convert AG0 to AG0 for this method.f r
The results are listed in Table LXIX.

c. Chen. Chen has proposed a somewhat more complex method of estimating

AG0 of silicate minerals. 82 Whereas the methods of Tardy and Garrels andf
Nriagu have only been applied to layer silicates or clays, Chen's method has

been used for a wider range of silicate minerals, including feldspar and

analcime. For this method, a series of reactions is written for forming the

mineral of interest from simpler compounds. For analcime, three of the reactions

used were
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TABLE LXIX

THERMODYNAMIC DATA FOR ZEOLITES
AG', r

- kc m/ole) - -- - logt K
Modified

ToGMineral

Analcime

N&aAlSi2 O6 I1120

Waitrakite

Ca(A12 814 O1 21 2R2

Laumonite

CaIA1 2Si4 012 I 4520

C inoptilolite

C a (Al2 8i 1 O 1 8 0
MgAlA 2 5i10 02 4 1 8;20

Na2 (Al 2 5i10 0241 8102

12 [A12 S'1 024 1 '8120

Neulandite

CafAl 2 Si 7 018 61"20

Mordenite

Na1A115 0P121-31120

K(AlSi5012 1 3N2°

'Ref. 91.

Nria 'bc
Modified

Chen SGa Nriagub Chend

Experimental
loft, K

SUPCRTb WATEQFe

+9.3

+28.8

+23.8

e19.1

-31.8

-29.3

-44.1

+2.3

-12.2

-19.6

+15.5

+29.0

+29.8

-9.5

-20.9

-7.4

-21.5

+10.1

-4.1

-11.2

+12.1

+23.2

+23.3

-9.5

-11.5

-11.0

-26.3

+6.9

-5.3

-13.2

-6.8

-21.1

+14.0

+23.3

+21.5

+32.3

-1.7

+8.9

+14.3

-11.4

-21.3

-21.8

+7.0

+15.3

+5.5

+15.8

-7.4

+3.0

+8.2

-8. 8

-17.0

-17.1

-7.28

'18.56

-9.35

-17.40

-14.15 -13.06

+7.0

+8.4

+8.1

+19.3

_

-5.1

+3.9

+9.6

bUse aqueous data from SUPCRT (Ref..87).

cRef. 90.,

dRef. 82.

eRef. 80.
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Na0 + -AlO0 + 2SiO + H NaAlSi0* HO02 2 2 3 2 20 2 6'2

1 1

2 Na2SiO3 + 2 Al2SiO5 + SiO2 +H20 = NaAlSi2O0CH20 , and

NaAlSiO4 + SiO2 + H 20 = NaAlSi 206 H2 0

Using standard values of AGIf for the reactants, a value of AGIf for analcime

is calculated for each equation. Chen used AG'f data from the tabulation of

Robie and Waldbaum88 in his analysis; those data were also used here. The

values of AG'f for the mineral of interest (analcime in this example) will

differ for the various reactions. Chen observed that they tend to become more

negative as the reactants become more complex and that they seem to approach

a limit. He proposed finding the limit by fitting data to the equation,

yi = a exp(bxi) + c,

where yi is the value of AG* for the ith equation and x = i when the Yi are

written in order, so that y > y1 > Y2 > Y. n The parameter c is the limit

and is taken as AGO for the mineral. Table LXVIII lists values of AGI for
f f

the zeolites considered in the column headed "Chen." For analcime, wairakite,

and laumontite, the estimates are -O to 6 kcal/mole more positive than the

experimental data.

For calculations by this method, values of AGIf for aqueous species were
f88

also taken from the tabulation of Robie and Waldbaum (Table LXVII). Values

of AG~r and log10 K are listed in Table LXIX.

d. Effect of Composition. Two additional calculations estimated the

effect of changing the silicon/aluminum ratio and the amount of water of

hydration. The calculations were done for calcium-clinoptilolite

[Ca(A2Si 10024)-8H201 only; it has a silicon/aluminum ratio of 5 and has 8

molecules of water of hydration as the formula is written. Table LXX shows

values of AG'f and log1o 0 for silicon/aluminum ratios of 3, 4, and 5. These

minerals become less stable (log1o K becomes more negative) as the ratio is

reduced. Table LXXI shows values of AG'f and log10 K as the number of molecules
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TABLE LXX

EFFECT OF SILICON/ALUMINUM RATIO ON Go- AND LOG Kf 10

,GO
(kcal/mole) log Klog10

Formula

Ca[Al2Si6016 8n20

Ca[Al2Si8020] 8H20

Ca [Al 2 Si 1002 4 ] 8120.

Si/Al
Ratio

3

4

5

Modified
TGa

-2243.4

-2652.6

-3061.8

Nriagub

-2223.8

-2635.8

-3047.8

Chenc

-2227.2

-2636.5

-3045.8

Modified
TGa

-2.1

+6.0

+14.0

Nriagub

-13.0

-3.0

+7.0

Chenc

-9.0

-1.0

+7.0

aRef .

bRef .

CRef .

91.

90.

82.

$-
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TABLE LXXI

OF HYDRATION ON AGOf AND log10 KEFFECT OF WATER

AG0 f

(kcal/mole) log1o K

Water of
Hydrationa

nl

4

6

8

10

Modified
TGU

-2825.0

-2943.4

-3061.8

-3180.2

NriaguC

-2822.6

-2935.2

-3047.8

-3160.4

Chend

-2819.0

-2932.4

-3045.8

-3159.2

Hodif ied
TG

+6.7

+10.3

+14.0

+17.7

NriaguC

+8.1

+7.6

+7.0

+6.4

Chend

+7.0

+7.0

+7.0

+7.0

a is defined in Ca[Al2 Si10024 *InH20.
bRef. 91.

CRef. 90.
dRef. 82.

0



of water of hydration varies from 4 to 10. Chen's method predicts no effect

for log1o K, but the modified Tardy and Garrels' method and Nriagu's method

predict opposite effects.

e. Discussion of Estimated Data. The estimated values of AGOf for the

three zeolites (clinoptilolite, heulandite, and mordenite) are in relatively

good agreement. There is less than 1% difference between the results from the

modified Tardy and Garrel's method, Nriagu's method, and Chen's method

(Table LXVIII). In most cases, Nriagu's and Chen's methods agree within 0.1%.

However, in terms of log10 K for the aqueous reaction, large relative differences

exist (Table LXIX). The only gauges of accuracy for these estimates are the

comparisons for analcime, wairakite, and laumontite. Even these comparisons

may not carry much weight because the silicon/aluminum ratio and water of

hydration for clinoptilolite, heulandite, and mordenite are generally quite

different than for analcime, wairakite, and laumontite. Any inherent errors

in the methods that are associated with these variables could lead to inaccurate

estimates.

Another problem with these methods is that they estimate the same free

energy for polymorphs. Wairakite and laumontite have different structures, as

well as having a different number of waters of hydration. The only difference

in the AG"f or log1o K estimates, however, is from the water of hydration.

The difference in the experimental values of log1o K of wairakite and laumontite

is -4; Chen's method shows no difference in the estimates of the two values,

and Nriagu's method shows only -0.5. Another method of estimating AGOVP

developed by Slaughter, can account for the structure of the mineral, but at

the expense of considerable complexity in the calculations. 93 95

4. Summary and Conclusions. A preliminary search has been conducted for

free-energy data at 250C for some of the mineral phases found during exploratory

drilling at or near Yucca Mountain. Data were found for silica (quartz,

cristobalite, and amorphous silica), alkali feldspars, some clays, and one

zeolite (analcime). Data were estimated for three other zeolites (clinoptilo-

lite, heulandite, and mordenite).

- When data are available from the SUPCRT compilation,87 they should be

used because they provide a reliable and internally consistent data set.

However, there are no data for any clays of interest in SUPCRT and for only

one zeolite; resorting to estimation techniques to obtain data for three

zeolites adds uncertainty to those data. Differences in log1o K for aqueous
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reactions among the three estimation methods are relatively large (Table LXIX).

The data estimated by Chen's method82 should be used in modeling calculations

because his method is more generally applicable than the others. However, a

review of the estimated data points out the need for experimental thermodynamic

data for these minerals if the results of modeling calculations are to be

accurate. This is also true for the clays; although thermodynamic data are

available for some clay minerals, the Yucca Mountain clays do not match the

composition of these materials.

This review has concentrated on thermodynamic data at 251C, but many of

the sources used here have additional data for higher temperatures. In principle,

Chen's method could also be used to estimate higher temperature data as long

as values of AG' were available for simpler compounds at the temperature of

interest. The other two methods could not be employed easily at other tempera-

tures because they depend on specific data sets that were prepared for 251C

only.

Although the data generated in this review are not adequate for accurate

chemical-equilibrium calculations, they can be used to learn how to model the

Yucca Mountain groundwater system, what modeling codes are most appropriate,

and what further effort is needed in areas other than the chemical-equilibrium

calculations. Results from equilibrium calculations can be compared with

groundwater analyses; these comparisons can be used to test the accuracy of

the thermodynamic data and to test assumptions about the minerals, the ground-

water, and how they interact. It may be difficult to uncover the cause of any

discrepancies if both thermodynamic data and model assumptions are suspect.

B. Calculated Solubilities of Uranium and Plutonium in Well J-13 Water

The composition of well J-13 water may approximate that of water that

might ultimately interact with a waste repository at Yucca Mountain. Solubili-

ties of uranium and plutonium in well J-13 water have been calculated using

the EQ3 chemical equilibrium computer program.75 The object of these calcula-

tions was to identify the constituents of well J-13 water that most strongly

influence the solubility of these actinides. This identification can have two

effects on future work: it tan indicate where emphasis should be placed in

water analyses and where accurate thermodynamic data are required.

Numerous analyses of well J-13 water have been made. For these calcula-

tions a base-case water composition was defined from analyses on samples

6/81-51 through 6/81-56 (Table II of this report). Table LXXII lists the total
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TABLE LXXII

BASE-CASE WELL J-13 WATERa

Concentration
Species (molal)

Na 2.0 x 10 3

K 1.4 x 10 4

Ca 2.9 x 10

Mg 7.1 x 10O5

Al 9.6 x 10O 7

Si 1.1 x 10

Sr 4.6 x 10

Ba 1.7 x 10i 8

Hn 2.0 x 10 8

Fe 7.9 x 107

V 6.3 x 10

F 1.1 x 10 4

Cl 1.8 x 10

(Po3) 1.0 x 10

(NO-) 1.6 x 10

2- -4
(SO4 ) 1.9 x 10

(C2- -
(CO3 ) 2.9 x10

pH 6.9. Titanium (6 x 10 7 molal) and lithium (1 x 10 5 molal) were not
included in the calculations because they are not available in EQ3.

Amount adjusted to obtain electrical neutrality.

amounts of the various species that are assumed present in molal units (mol/kg

water). The cation compositions are averages from six samples. Two cations,

titanium (6 x 10 molal) and lithium (1 x 10 5molal), were not included in

the calculations because they are currently not available in the EQ3 program.

The anion compositions are from one sample (6/81-51). The water pH was taken

as 6.9. The oxidation potential Eh of well J-13 water is uncertain; indeed,

it is possible that more than one oxidation potential may be required to define

the state of the water from different tuff strata. For these reasons, calcula-

tions were done at Eh = +700, +400, +100, and -200 mV, which covers the range

from a strongly oxidizing condition to a reducing condition.
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Before solubility calculations were done, the programs EQ3 and EQ6 were

used to determine the saturation state of the base-case well J-13 water. A

speciation calculation with EQ3 indicated that the water was saturated with

respect to a large number of silicate minerals. Using EQ6 to calculate actual

precipitation resulted in small amounts of quartz (SiO2), berlinite (AlPO4),

fluorapatite [Ca5(PO4)3F], and hematite (Fe203) as the predicted precipitates.

Equilibrium calculations often indicate that natural waters are supersaturated

because of kinetic effects.

Solubility calculations were done with the EQ3 program only. The program

was run in a mode in which well J-13 water was assumed to be in contact with a

uranium or plutonium solid phase. Only the limiting solid phase, that is, the

solid phase that gave the minimum solubility of uranium or plutonium, was

assumed present; other solid phases were checked for saturation, however. The

minerals with which the well J-13 water is saturated were not allowed to

precipitate. Three groups of calculations were done: one for uranium only,

one 'for plutonium only, and one for both uranium and plutonium. For these

calculations the program distributed the various species among -200 aqueous

complexes. About 20 solid uranium phases and 10 solid plutonium phases were

checked for saturation.

Uranium alone in well J-13 water shows relatively complex behavior

(Table LXXIII). The total uranium in solution, the identity of the limiting

solid phase, and the uranium complexes present depend on the solution's Eh.

Under oxidizing conditions, schoepite [U02O2H)2 H20] is the limiting solid

phase, although both rutherfordine (U02C03) and P-U02 (0H)2 (s) are also near

saturation. The total uranium in solution, as U(VI), is relatively high and

exists as carbonate, phosphate, and hydroxyl complexes. At Eh = +100 mV,

U409(s) is the limiting solid phase. The total uranium in solution, still as

U(VI), has dropped somewhat; it exists mainly as carbonate and phosphate

complexes. At Eh = -200 mV, uraninite (U02) is the limiting solid phase, but

coffinite (USiO4) is also near saturation. The total uranium in solution, as

U(IV), has dropped considerably and exists mainly as one hydroxyl complex.

Plutonium alone in well J-13 water shows relatively simple behavior

because the aqueous phase is dominated by one complex: PuC02 (Table LXXIV).3
Solid PuO is the limiting solid phase. The total plutonium in solution is2 2
controlled by the amount of carbonate present because the PuCO 3 complex is so

stable.
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TABLE LXXIII

URANIUM SOLUBILITY IN BASE-CASE WELL J-13 WATER

Eh (mV)
+700

7 x 10 9

+400

3 x 10 29

+100

2 x 10

-200

9 x 10 70Oxygen fugacity (atm)

Total uranium
concentration (molal) 3.0 x 104 3.0 x 10 1.4 x 10 6 1.5- x 10-11

Solid uranium phases schoepitea
rutherfordine
P-U02(OH)2

schoepitea
rutherfordine
P-U02 (OH)2

U409 a uraninitea
coffinite

Primary uranium aqueous
oxidation state VI VI VI IV

Primary aqueous
species (molal)

UO2(C3 )2 2.5 x 10 2.5 x 10 4 8.8 x 10 7

UO2 co0 3.6 x 10 5 3.6 x 10 5 1.1 x 10 7

U0 (PO 2-
2 ~4 2 5.1 x 10 7 5.1 x lo 3.7 x 10-7

(UO2 ) 3 (OH)5 6.6 x 10 7 6.6 x 10 7

U(OH) 5 1.5 x 10 11

aSolid phase controlling solubility; other solid phases also near saturation.

When both uranium and plutonium are present' in well J-13 water, the
2+

behavior of plutonium is unchanged again because the aqueous PuCO complex is
3

so stable (Table LXXV). Uranium in the (VI) oxidation state also forms

carbonate complexes. Because plutonium has complexed essentially all the

carbonate, there is less uranium in solution as carbonate complexes when

plutonium is also present in the Eh range of +700 to +100 mV; thus, the solu-
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TABLE LXXIV

PLUTONIUM SOLUBILITY IN BASE-CASE WELL J-13 WATER

Eh (mV)
+700 +400 +100 -200

9 29 ~~~~~49 7
Oxygen fugacity (atm) 7 x 109 3 x o029 2 x 10 9 x 10 7 0

Total plutonium 3 3 -3
concentration (molal) 2.9 x 10 2.9 x 10 2.9 x 10 2.9 x 10

Solid plutonium phases PuO PuO Puo PuO2 .2 2 2

Primary plutonium aqueous
oxidation state IV IV IV IV

Primary aqueous
species (molal)

PuC2+ 2.9 x 10 2.9 x 10 2.9 x10 2.9 x103
3

bility of uranium in well J-13 water is reduced under these conditions (compare

Tables LXXIII and LXXV). Rutherfordine (U02C03) is no longer near saturation

when plutonium is present. At Eh = -200 mV, uranium is in the (IV) oxidation

state. The data base for the EQ3 program does not contain any data for U(IV)

carbonates; either the complexes do not exist or the thermodynamic properties

have not been determined. In either case, the calculation of uranium solubility

is unaffected by the presence of plutonium at this Eh value (compare Tables

LXXIII and LXXV).

As stated at the beginning of this discussion, the object of these calcu-

lations was to identify the constituents of well J-13 water that most strongly

influence the solubility of uranium and plutonium. Uranium complexes most

often with carbonate, phosphate, and hydroxyl, whereas plutonium complexes

with carbonate; thus, carbonate content, phosphate content, and pH are signi-

ficant variables. These calculations also indicate the important effect of

solution Eh on solubilities. The thermodynamic data of uranium and plutonium

species in the EQ3 program are generally in agreement with the recent reviews
96 97of Langmuir and Lemire and Tremaine. For example, Table LXXVI compares
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TABLE LXXV

URANIUM AND PLUTONIUM SOLUBILITY IN RASE-CASE

WELL J-13 WATER WHEN BOTH ARE PRESENT

Eh (my)
+700 +400 +100 -200

Oxygen fugacity (ate) 7 x 10 9 3 x 10 2 4 i 9 x 1070

Total uranium
concentration (uolal) 3.4 x 10-6 3.4 x 10-6 3.7 x 10 7 1.6 x 10 11

Total plutonium
concentration (molal) 2.9 s 10-3 2.9 x 10 3 2.9 x 10 3 2.9 x 10 3

Solid uranium phases schoepitea schoepitea U409a uraninitea

P-UO2(OH)2 A-UO2(OH)2 coffinite

Solid plutonium phases PuO2 Pu02 PuO2 PuO2

Primary uranium aqueous
oxidation state VI VI VI IV

Ptimary plutonium aqueous
oxidation state IV IV IV IV

Primary aqueous
species (molal)

2- ~ ~ ~ ~~77
- UO2co 30 1.6 s 10 ? 1.6 x 107

U02(HO4 ) 5.1 x 1017 5.1 x 10 7 3.1 x 10 7

(I1 2)3(0 )52 6.9 x 10 6.9 x 107

W02 (OH) 2 2.7 x 10 2.7 x 107

UO2SiO(O)3 1.6 x 10 1.6 x 10

U(OH)- 1.6 x 10 -11

U0 (OH) + 6.4 x 10-a 6.4 x 1608
u02~

3+ 2.9 x 10 3 2.9 x 10 3 2.9 x 10 3 2.9 x 10 3

aSolid phase controlling solubility; other solid phases also near saturation.
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TABLE LMV

DISSOCIATION-CONSTANT DATA FOR SIGNIFICANT SPECIES

Species EQ3 LanTuirs Tremas

U(WO1 5 -56.81 -56.79 -56.

U(0N)4- -47.42 -47.41c -47.

U02(010 2 +12.00

W2C03 -10.10 -10.06 -10.

W2(C03)2- -17.00 -16.98 -17

W 2(EP04). -.- 8.43 - 8.40 - 8.

UW2(P0 4)2 -18.62 -18.56 -18.

U02(H2P04) - 3.03 - 3.03 - 2.

(°02)3(°0)5 -54.31 -54.30 -54.

(UM2)2(OH) -22.36 -22.35 -22.

UO2SiO(0H)3 + 2.40 + 2.40I

Uraninite - 4.61 - 4.64 - 4.

U409(s) -44.94 -44.94 -45.

P-UW2(0H)2(s) -22.44 -22.42 -22.

Schoepite + 5.44 + 5.40 + 5.

Coffinite - 7.63 - 9.18c

Rutherfordine -14.46 -14.46 -14.

2+ -40.70 -40.PuCO3

Pu(0H); +14.97 +14.

PuO 2(s), - 7.35 - 7.

aRef. 96.

bef. 97.

CEstimated by authors.

dNoted by authors as a limiting value that may overestimate
stability.

b

88

4 7C

10

7.10

.41d

52 d

98

39

43

.65

.02

.20

.65

.20

.73d

g9ac

.37
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dissociation-constant data for a number of solid phases and aqueous complexes

that proved to be significant in these calculations. However, an examination

of these reviews indicates that some of the data are considered estimates or

limiting values by the authors (Table LXXVI). Thus, data associated with
2- 21.

U02 (HPO 2 , UO2SiO(OH)3, U(OH)5, coffinite, and particularly PuC23 are

uncertain. The case of PuC03 2+is quite important; Lemire and Tremaine indicate

that the free energy-of formation they report is a lower limit that may over-

estimate the stability of this complex97 and, in these calculations, lead to

an overestimation of the solubility of plutonium in the presence of carbonate.

Therefore, the stability exhibited by this complex in these calculations may

not present an accurate picture of reality. The experimental basis for

thermodynamic data for PuC02 and its effect on plutonium solubility in waters

with carbonate present are now under review. This analysis highlights the

importance of accurate thermodynamic data for a number of aqueous complexes

of uranium and plutonium, particularly the carbonate, phosphate, and hydroxyl

complexes.

Another aspect of a waste repository's geochemistry that must be under-

stood can be inferred from these calculations. Both carbonate and phosphate

complexes are important to the solubility of uranium and plutonium. If

sources of these anions are available in the local minerals, the total quantity

of available carbonate and phosphate could be greater than is indicated by an

analysis of the water alone. A similar situation exists in calculations

involving the Eh of the groundwater. It is important to consider not only the

Eh of the water but also the oxidation-reduction capacity of the mineralogy.

Although these calculations did not consider the local mineralogy, a compre-

hensive analysis of the solubility of actinides in natural waters must take

the local minerals into account.

C. Transport Modeling

1. Transport Codes. Several transport codes available at Los Alamos

are listed and described in Table LXXVII. These codes can be used to model a

variety of problems, including multiphase flow, unsaturated flow, the inverse

problem, fracture flow, and three-dimensional systems. TRACR3D has been used

to mdodel a field experiment on a single fracture to predict the effect of

unsaturation and aid in the design of the experiment. These codes will provide

a means of modeling field and laboratory experiments. In the near future it is
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TABLE LXXVII

TRANSPORT CODES AT LOS ALAMOS

DescriptionCode Details

TRACRXP Multicomponent flow in porous/
fractured media

TRACR3D Three-dimensional mass transport
in porous/fractured media

WAFE Two-phase mass and heat transport in
porous media

WAFE-OS Two-phase mass and heat transport with
chemistry in porous media

Transient, two-dimensional flow in fractures and in
porous media between fractures; up to 5 components,
diffusion, dispersion, spatial variation of
material properties, single phase, and buoyancy;
current development includes random fracture
networks.

Transient, three-dimensional, nonlinear flow, one
or two phases (air and water), Cartesian or
cylindrical coordinates, tracers in one phase
(liquid or gas), molecular diffusion, mechanical
dispersion tensor, radioactive decay allowed,
decay chains, simple sorption model, capillary
pressure, buoyancy, spatial variation of
material properties, saturated/unsaturated
seepage from/to fractures. Future expansion
will concentrate on better sorption model.

Transient, two-dimensional, nonlinear flow,
Cartesian or cylindrical coordinates, accurate
treatment of water (I and v) equation of state,
spatial variation of material properties,
buoyancy, numerically implicit, two phases
(air and vapor, water). Future expansion will
allow flow of a tracer in a non-isothermal
system.

Transient, two-dimensional, cartesian or cylind-
rical coordinates, mass and energy transport,
nonlinear flow, multicomponent (9), one or two
phases, reactive species, chemical activity in
matrix grains, buoyancy, spatial variation in
material properties (presently structured for
oil shale restorting). Extensions will allow
dissolution of and precipitation onto matrix
particles.

Detailed flow in a crack, nonlinear flow, tran-
sient, two-dimensional, mass and energy transport,
one or two phases, leakage across crack faces, full
coupling between crack shape and extension and
fluid dynamics.

Solves Fredholm integral equation of the first
kind.

Two-dimensional, diffusion and dispersion
accounted for; uses optimal control approach.

Finite difference solution to one-dimensional
diffusion with a concentration-dependent diffusion
coefficient, currently Freundlich isotherm. Future
development will couple one-dimensional convection
and include other isotherm functions.

Analytic solution to one-dimensional flow with
matrix diffusion perpendicular to the direction
of flow; no flow in the matrix.

XM Fracture growth in a porous medium

INVERSE Finds pore-size distributions in
porous media from gas diffusion data,
NMR data, etc.

TRACRI

DIFNS

WVARS -

Inverts tracer flow data
to determine flow path spatial dis-
tribution in porous medium.

Matrix diffusion with nonlinear
sorption

One-dimensional flow with matrix
diffusion

232



I

possible that some of these codes can be validated by designing and executing

appropriate experiments in the laboratory and field.

2. Calculation of Flow in Fractured Tuff. Various schemes for studying

tracer flow in NTS tuff have been considered. One method would involve injecting

water into a fracture from a small-diameter borehole for a long period of

time, such as -100 days. This pretreatment period will presumably allow the

tuff, initially unsaturated, to saturate out to some distance. Then a tracer

stream will be injected and the movement of tracer followed by sampling at a

number of observation points. Postexperiment drillback could also provide

information on where the tracer went and how it dispersed. In another approach

to this experiment, water and tracer would be injected into a fracture from a

line source and discharged into a line collector one or two meters away. Many

variations can be imagined. Unfortunately, features of these experimental

designs could make interpretation of tracer observations ambiguous. For

example, in the borehole injection version, the flow in a crack will be subject

to strong radial divergence. Velocities will be functions of radius, and

dispersion will also likely be dependent on distance from the injection point.

This spatial dependence in velocity would be reduced in the case of sheet flow

(injection and collection from line sources and sinks). However, in both

cases, leakage into the tuff matrix will take a long time (if ever) to reach a

steady-state condition.

Mathematical models of fluid and tracer flow can be used not only to help

interpret results of experiments but also to design experiments by revealing,

at least approximately, the implications of a particular design. To provide

the best design for water and tracer injection experiments in fractured tuff,

a computational parameter study hat been outlined. Parameters to be varied

are matrix permeability (10 to 100 microdarcys pD), retardation coefficient (1

to 800 m.lg), fracture aperture (10 to 100 pm), flow rates (0.1 to 100 m/day

at inlet), and injection strategy (radial flow from a small-diameter borehole

or sheet flow from a line source).

The computer code TRACR3D (Ref. 73) is used for these calculations. This

code simulates transient air, water, and tracer flow in permeable media for a

three-dimensional geometry. Tracer motion can occur in either the air phase

or-the liquid phase. Transport mechanisms include advection, molecular diffus-

ion, mechanical dispersion, and capillary action. Several equilibrium sorption
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models as well as a nonequilibrium sorption model are included. Material

properties such as permeability can vary spatially. The code also can simulate

flow in a fracture and transport into or out of a porous material surrounding

the fracture.

Computer calculations have been started; Figs. 99-101 display partial

results for one calculation. Figure 99 shows the geometry of the problem and

the parameter values used. It is assumed that the borehole is packed off just

above and below the fracture. Eight regularly spaced sampling holes are

assumed at a 2-m radius. Flow is calculated with the 22.50 wedge shown because

of symmetry. Matric potential as a function of saturation is approximated by

using that of crushed tuff.98 The sampling holes are maintained at 100 kPa.

After 90 days of water injection, the pressure distribution in the hori-

zontal fracture and in the tuff above it has evolved to that shown in Fig. 100.

Pressure contours are represented as if on a vertical-plane slice through the

axis of the borehole and at an angle of 00 (y = 0) from the front face (Fig. 99).

Because of the strong radial divergence, pressure drops off rapidly. Figure 101

(shown on same plane as Fig. 97) displays water saturation after 90 days.

Water inflow remained virtually constant at 1.1 1/day; water saturation of the

matrix is also limited to only about a 1-m radius and several centimeters

vertically. Capillary action here has smeared the saturation front signifi-

cantly. Tracer will be injected into the fracture at 100 days. This calcula-

tion shows the potentially significant effect of matrix suction on flow in a

crack.

VII. SHAFT AND BOREHOLE SEALING

At Los Alamos, the emphasis of this study is to evaluate the geochemical

stability of potential shaft and borehole sealing materials in the felsic

volcanic tuff environment of Yucca Mountain. The study deals with the chemical

compatibility of potential sealing materials with felsic tuff; the two will

not be completely compatible because they are not exactly the same chemical

phases, nor have they hardened in the same way. The tuff includes highly

reactive residual volcanic glass; a number of minerals that were present at

relatively high temperatures in the original volcanic unit (quartz, feldspars,

a little biotite, etc.); and later, low-temperature, mineral alteration phases

(for example, zeolites and clays). The tuff became hard by cooling as a mass

of tightly interlocking crystals and glass particles. The sealing material,
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on the other hand, may be a hydraulic cement (hardened by crystallizing or

hydrating in place); an inorganic or organic chemical grout (hardened by a

chemical reaction after emplacement); a natural material (tuff, clay, zeolite,

granite, etc.) held together by a cement or grout; a metal; a ceramic; or

various combinations of these. The objectives of the study are to determine

(1) how rapidly the tuff and sealant will react,

(2) what the effect may be of such a reaction on the physical

and chemical properties of the sealing material and adjacent rock,

and

(3) what might be the added effects of radiolysis or a thermal pulse.

Reports on materials currently under consideration as a sealant for a shaft

and borehole in tuff and media other than tuff have been reviewed. A number

of organic materials (bitumen, organic grouts, thermoplastics, polymer cements,

ete.) have been tentatively ruled out because the effects of long-term bacterial

action on their physical and chemical properties are unknown. Bacteria are

always present and will be particularly abundant in a facility that has been
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excavated by man. Bacterial action on organic sealants probably could not be

simulated adequately bv laboratory study because it would not be possible to

know how much degradation would take place over thousands of years.

Incorporating natural materials as a filler (aggregate) in the sealant

mixture appears particularly attractive for several reasons. The choice of

the proper natural material would add a solid that is already compatible with

the rock surrounding the repository: one that would not interact with it any

more than the rock is already reacting internally. (All rocks that are candi-

dates for repositories are gradually altering to the clay- and zeolite-bearing

phase assemblages that are stable near the earth's surface.) Good natural

materials that might be added in the case of a tuff repository include the

excavated tuff, granite, or an appropriate clay or zeolite. Very large volumes

of sealing material are required to close the shafts, and one of the least

expensive filler materials would be local rock. From a chemical stability

standpoint, the most attractive group of potential sealants seems to be the

inorganic cements or grouts that have already been developed combined with a

tuff or granite filler. A testing program will be established to study the

possible interaction between these materials and the tuff units of Yucca

Mountain that are being considered for the waste repository.
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Chapter 2:

PLANNED STUDIES OF THE GEOCHEMISTRY OF YUCCA MOUNTAIN
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I. GROUNDWATER GEOCHEMISTRY

A. Water Chemistry

There are at least two very important reasons for determining the chemistry

of the groundwater [concentrations of dissolved substances, oxygen content,

oxidation-reduction potential (Eh), and pH]: (1) The speciation of nuclear

wastes that may become dissolved in the groundwater will largely be controlled

by the groundwater chemistry. The speciation, in turn, will affect the preci-

pitation and sorption reactions, complexing, and other retardation mechanisms.

For example, solubilities of actinides can vary by up to a factor of 109

depending on the oxidation state of the actinide. (2) The corrosion rate of a

waste package is also greatly affected by the composition of the groundwater,

especially the oxygen content.

Although only a few wells in the vicinity of Yucca Mountain have been

tested, many of the cationic and anionic species and their concentrations in

the repository area can be stated with a high level of certainty. The ground-

water is largely a sodium-potassium-calcium water with sodium being the major

cation at a level of 50 mg/2 (Tables II, IX, and X). The major anion is the

bicarbonate ion at a concentration of 120 mg/A. These cations, anions, and

their concentrations should have little effect on the choice of the waste

package, but they are of concern for the choice of backfill.

The portion of the issue that is not resolved and has perhaps the greatest

potential impact on groundwater/waste package interaction and speciation is

the oxidation-reduction potential of the groundwater.

In many of the wells tested so far, the primary water-producing stratum

is the uppermost saturated stratum at or near the standing water level.

Because the tuff is vertically fractured in the unsaturated zone above the

standing water level, this water has ample opportunity to equilibrate with air

and become essentially saturated with oxygen. Even in wells where there are

also lower water-producing layers that may not be air saturated, a pumping

method in which the pump is located high in the well (at the top water-producing

layer) will produce water largely from that layer. To clear the well to

formation water and pump water from lower strata, a packer system should be

installed below the upper water-producing layer and the water should be pumped

from below these packers.
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In addition to determining the oxidation-reduction potential of the

groundwater, it is also important to determine what produces it. At Yucca

Mountain, the Fe2 _Fe and SO4 - S2 oxidation-reduction couples are two

of the reaction couples most likely to influence the potentials of the ground-

water systems. The quantities of these ions in the groundwater for a particular

stratum are a measure of the readily available oxidizing or reducing species.

Determining the number of these same ions in the tuff itself would lead to an

estimate of the total oxidation-reduction capacity of the tuff mass of Yucca

Mountain, (See Chap. 1, Sec. II). Many oxidation-reduction processes are

mediated or catalyzed by microbiological activity; therefore, to fully under-

stand the oxidation-reduction potential of the area, the influence of microbio-

logical activity must also be considered.

The residual pore water in the tuff itself is a type of groundwater yet

to be investigated. Its composition may be different from the normal ground-

water, and it is important because under certain circumstances pore water

would contact the waste package first.

Experiments to determine the consequences of thermal effects on groundwater

composition have been started. The major changes caused by elevated temperature

are an increase in sodium, potassium, and silica content and a decrease in

calcium and magnesium content (see Table VII). Although water from well J-13

was used in those experiments, the thermal effects are not expected to be much

different for Yucca Mountain groundwater. Additional experiments are certainly

needed to fully understand the effect of temperature change on groundwater

chemistry.

One issue cannot be resolved until the oxidation-reduction potential of

the groundwater is determined: the effect on the groundwater of near-field

radiolysis that is induced by the waste package. Radiolysis of water produces

both oxidizing and reducing radicals in solution in varying amounts. The

quantity of these radicals is altered by reaction with various cationic,

anionic, gaseous, or organic getters in the water. Once the chemistry,

especially the oxidation-reduction potential, of the groundwater has been

established, experiments can be started that will study these effects.

The importance of groundwater chemistry as discussed above also applies

to any discussion of retardation processes. The largest single variable that

is related to precipitation and/or migration may be the oxidation state of the

waste element, and it, in turn, is controlled by the oxidation-reduction

potential of the groundwater.
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Because of radioactive decay, the effect of temperature and radiolysis on

the groundwater chemistry also changes with time. The effects of temperature

and radiation dose need to be studied so that models can include the changes

with time.

Microbiological activity in the ground can itself establish an oxidation-

reduction potential for a system. In addition, this activity can catalyze or

mediate geological processes that determine the oxidation-reduction potential

of the groundwater. Microbiological entities can also be complexing agents

that can alter the transportation or retardation of waste elements in the

groundwater. All these reasons make it imperative to study the microbiological

processes that could take place in the Yucca Mountain environs. There may be

little activity in the tuff at this time, but all drilling and excavating

activities will introduce microbiological activity there. A preliminary

experiment has shown that the polymer used in drilling holes in Yucca Mountain

supports the growth of certain fungi.

To resolve the remaining issues that affect groundwater chemistry, a

number of experiments have been designed for completion over the next 2 to 4

years.

1. Chemistry of Formation Groundwater in Yucca Mountain. The most

difficult part of determining the chemistry and especially the oxidation-

reduction potential of groundwaters at Yucca Mountain is not the chemical

analysis or Eh measurement technique but the sampling of formation water from

the different tuff strata. Air, water, and soap are pumped into the tuff as

drilling lubricants when the well is being drilled. These fluids must be

cleared from the well and surrounding tuff before the water being pumped is

formation water. Lithium is added to all drilling fluids to serve as a tracer;

its absence will indicate when the well has been cleaned. However, lithium

does have a finite sorption ratio, so it does stay in the tuff longer than the

water that is introduced. Perhaps a better tracer method would measure the

amount of soap remaining in the water as a function of time. The sorption

ratio of these soaps (nondegradable sulfonates) should be extremely small

because sulfonates are anions and should not be sorbed by the tuff. As noted

earlier, however, there was still evidence of high levels of lithium and soap

in well UE25b-1 after pumping more than 1.3 x 107 gal of water; the well

should have been pumped longer.
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In the near future, an experiment must be completed that pumps, samples,

and analyzes water from between packers for both a high- and a low-permeability

zone. The groundwater in a low-permeability zone will indicate what to expect

in a repository area and will also have a strong influence on the waste-package

design; the chemistry of the groundwater in the high-permeability zone can be

used in modeling one of the more probable transport paths. The effect of the

composition of these waters, especially the oxygen and Eh, on the transport

properties such as sorptioh coefficients, speciation, and solubility must be

investigated. If the oxidation-reduction potential of the groundwater is

something other than fully oxidizing, Eh buffer systems will be necessary to

hold and control laboratory experiments at a particular Eh.

2. Oxidation-Reduction Capacity of Tuff. The importance of the oxidation-

reduction potential of the water has been shown for speciation and solubility

of radionuclides and also for transport and retardation processes. The oxidation-

reduction potential of the water is not only set but also maintained by species

in the tuff that can oxidize or reduce other species in the water. Among the

species thought to be important in tuff are Fe2+ - Fe3 , so4 - s2 , Mn -

2+4
Mn , and also microbiological entities. Analyses for these species in tuff

will be developed, and an estimate will be made of the total oxidation-reduction

capacity of the tuff. Because recharge water is oxidizing as a result of

dissolved air, an estimate must be made of the total capacity of the repository

and environs to change that oxidizing quality.

3. Microbiological Activity. A determination must be made of the

microbiological activity already present in the tuffs at different depths of

Yucca Mountain and what processes can be supported or introduced into Yucca

Mountain by the construction of the repository. If care is not taken, some of

the fluids put into the tuff during construction of the repository may support

the growth of microbiological activity. This could have two possible major

effects on the operation of the repository. (1) The oxidation-reduction potential

of the groundwater may be. altered or maintained at a different value, and (2)

the microbiological entities may themselves be organic complexes in the ground-

water and may greatly alter radionuclide retardation mechanisms.

4. Radiolysis Effects on Groundwater. The importance of the oxidation-

reduction potential of the groundwater in the design of the waste package and

also in various radionuclide retardation processes has been indicated. Radiol-
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ysis of the groundwater by the waste-package radioactivity could change the

Eh of the groundwater. Radiolysis of water produces both oxidizing and

reducing radicals; these radicals combine with each other and also with other

components in the water. The net effect is that the oxidation-reduction

potential of the water can be changed. The water probably becomes more oxidizing,

but the experiments to observe radiolysis effects on natural groundwaters have

not yet been done. Once the oxidation-reduction potential of Yucca Mountain

groundwater has been established, the effect of radiolysis, especially a-induced

radiolysis, can be studied. It is not a simple experiment and may require the

development of Eh moderators or buffers.

4. Temperature Effect on Groundwater Chemistry. Each of the variables

affecting the groundwater chemistry can also vary because of the temperature

gradient imposed on the repository by radioactive decay of radionuclides in

the waste package. Any effect produced by a temperature change from 20 to

2001C must be investigated.

B. Behavior 6f Actinides and Other Multivalent Elements

There is little information thatcan be used to predict the behavior of

certain multivalent elements in a tuff repository environment. Fundamental

data concerning solutions of technetium, iodine, and other multivalent fission-

product elements, especially actinides, are often lacking. Data such as

formation constants (and their dependence on pH and Eh), species stabilities,

and rates of reaction are important when predicting the chemical reaction

paths followed by elements with multiple oxidation states. A data base of

fundamental information must be accumulated, and at the same time, site-specific

reaction data must be acquired. These two requirements are reflected in the

paragraphs below, where a vital question is asked and is followed by a descrip-

tion of the necessary experimental work to provide the data.

(1) What are the solubilities of PuO2 and related hydrous oxides at

values of Eh, pH, and complexing ion concentrations that are likely to be

encountered at the repository?

Specific investigations are required to resolve this question.

(a) The solubility of PuG2 and hydrous plutonium oxides at selected

values of Eh and pH, in both the presence and absence of com-

plexing anions (HCO, 2- F , etc.) must be determined. The

solids used should be prepared in a variety of ways and charac-
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terized by x-ray diffraction and other physical means. Pre-

paration methods include (1) the addition of Pu(IV) to excess

hydroxide, followed by various aging periods, (2) the oxidation

of Pu(III) added to alkaline solutions, (3) the reaction between

'">.1 Pu(III) and Pu(VI) in slightly alkaline solutions, and (4) the

decomposition of Pu(IV)-carbonate complexes. Observations on

the rates of these formation processes also will be important.

(b) Because the Pu(IV) polymer is structurally related to the

hydrous oxide, its ionic solubility should be determined at

selected Eh and pH values. In addition, its rates of formation,

dissolution, and sedimentation should be determined.

'c) The solubility studies in (a) and (b), above, should use both

242Pu and 239Pu to evaluate possible radiolytic effects. The

nature of metastable surface phases probably can be influenced

by radiation.

(d) Reactiops of plutonium and other actinides should be investi-

gated in complexing media at pH 7 ± 2. Unfortunately, high

concentrations of the complexing ions will be required to

minimize solubility difficulties, but the data will be useful

for extrapolation to lower concentrations.

(2) What species (dissolved or suspended) are formed by the interaction

of the repository groundwater with the waste form?

Experiments pertaining to this question depend upon selection of the

waste form and the repository horizon. After these have been identified, it

will be possible to set up leaching-type experiments in'which the waste form

is contacted with groundwater of appropriate composition in a realistic tempera-

ture and radiation environment. The leachate may be analyzed for the presence

.1 of radionuclides in dissolved or suspended states, and then the speciation of

these radionuclides can be determined.

(3) What is the solubility of each radionuclide of concern under conditions

present at the respository and along the flow path to the accessible environment?

Many data needed to answer this question are similar to those for ques-

tion (1), except 'that all the actinides should be considered, as well as the

other multivalent elements of interest. A relatively broad range of temperature,
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Eh, and pH conditions may exist in the repository environment and along flow

paths; therefore, data for a variety of conditions must be obtained. Experi-

mental work will again be complicated by the need to use radionuclide concentra-

tions higher than trace levels to characterize the species (complexes, oxidation

states) involved.

(4) What oxidation states and what hydrolysis and complexation products

of the actinideb and other multivalent elements of concern are stable in the

groundwater?

This is really a continuation of question (3), with the emphasis on

long-range stability. Experimentation will include identifying the equili'

brium states of the chemical species that are involved. Some data are available

in the literature, but more detailed information is required, especially in

pH ranges above 7.

(5) What chemical systems can be used to control the Eh in laboratory

experiments with multivalent elements?

Experimental work relative to questions (3) and (4) requires improved

control of oxidation potentials in solutions under laboratory conditions. The

system of using redox indicators as Eh moderators should be pursued further

(Table LXXVIII). Indigo Carmine and Thionine appeared promising in initial

experiments, but it must be shown that they react relatively rapidly with the

element in question and do not react (or sorb) in other ways.

Some of the possibly useful buffer compounds that cannot be purchased

could be synthesized so that a broader choice of Eh values would be available

in the proper pH range.

Some formal potentials and Eh-pH relationships must be determined for

those compounds about which not enough specific data are available. Data for

Eh indicators have the more readily available published values, hence the

emphasis on those compounds.

An Eco Electroprep cell, which is now available, may make it possible to

measure, under dynamic conditions, the sorption characteristics of multivalent

waste elements during reduction. A platinum-plated titanium electrode and a

glassy carbon electrode are used in a flow-through chamber that uses ground-

water as electrolyte in a circulating sorption system. An auxiliary Ag-AgCl

electrode would be used as the reference, and a potentiostat would supply

voltage. Even when the circulation system is operated in a closed mode,
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TABLE LXXVIII

POSSIBLE Eh MODERATORS

Organic Couples

Bindschedler' 8 Green

Induline Scarlet

Rosinduline 2G

Lissamine Blue BF

N,N -dimethyl viologens

Indigo Carmine

Pyocyanine

Thionine

Em (V)

0.224

-0.299

-0.281

-0.253

-0.446a

-0.125

-0.034

+0.064

PH Range

2 - 9.5

3.0 - 8.6

4.8 - 11.4

1 - 11

8.4 - 13

<9 b

1 - 12

1 - 13

aPotentials of substituted viologens are independent
simple Nernst equation Eh = E0 + (RT/F) Pn(Co/Cr).

bSemiquinone is formed above pH 9.

of pH and follow the

experiments that involve potentials <0.1 V might have to be done in a controlled-

atmospheric glove box.

(6) What is the sorption ratio Rd value for each hazardous radionuclide

species in each type of geologic medium that will be encountered in the flow

path from the repository to the accessible environment?

A large amount of data has been accumulated on this subject, and relatively

few experiments may be required to fill in missing information. In particular,

more information must be acquired about the sorptive behavior of particular

chemical species (complexes and verified oxidation states) of some actinides

and other multivalent elements. This will require preparation and character-

ization of solutions at concentrations in the 10 3 M range and then dilution

before contact with the rock in batch or column experiments. Also, some

additional work is required to determine differences caused by aerobic and

anaerobic conditions.

- (7) What conditions lead to the formation of actinide polymers and

colloids?
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Relatively little experimental work has been directed toward answering

this question. It has been observed that americium and plutonium leached from

borosilicate glass are, in part, in colloidal form. Leaching experiments

should be performed with the appropriate waste form and groundwater to examine

the leachate for the presence of colloids. Also, there are plans to study the

extent to which dissolved actinides and other radioactive elements may sorb on

colloidal particles in the solution, thus forming radioactive colloids.

Experimental techniques for identifying and sizing these radiocolloids must be

developed; to date, high-speed centrifugation and filtration coupled with

microautoradiographic examination of the filters have been used in experiments.

(8) Is particulate transport, including transport of polymers, colloids,

and other aggregated species, a significant means for movement of radioactive

material through geologic media?

A few experiments have been initiated that seem to indicate particles in

the micron-size range can pass through crushed-rock columns and through rock

disks (Chap. 1, Sec. II.B.3). These experiments will be extended, initially

with commercially prepared colloids tagged with fluorescent dyes or a radio-

active label and eventually with "natural" radiocolloids containing actinides

and mineral substrates. In this connection the properties of Pu(IV) colloids

are being studied. It will also be necessary to acquire equipment for counting

and sizing particles in the submicron-size range.

C. Isotope Measurements

Isotope measurements can be used to help interpret the rate of groundwater

flow along flow paths between the repository site and the accessible environment.

The isotope studies could also help establish the history of climatic and geo-

morphological processes that might affect a repository or alter radionuclide

migration rates.

Los Alamos has not until recently been using isotopic techniques to

obtain information about Yucca Mountain, and such techniques used by the USGS

in their Yucca Mountain investigations have been limited to 14C and 10 analyses.

The information that could be obtained from isotopic analyses includes: (1)

origins of the groundwaters and pore waters, (2) flow paths and mixing of

aquifers, (3) age and age gradients of the water, (4) paleoclimate information,

and (5) natural water/rock interactions and geothermometry.
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Understanding site-specific parameters is important for proper interpre-

tation of the data and correcting for secondary interactions. It is necessary

to establish a program for sampling, initial treatment (filtration, nonfiltra-

tion; acidifying; precipitating salts), preservation (gas tight, temperature),

etc. Analysis and tracing of drilling fluids is very important. The analyses

and interpretations should be for specific strata.

Probably the most important isotopes to be determined are 3H, 14C, 2H,

180, 130, and 36C1. Tritium is an indication of recent water, either by

contamination or infiltration. The carbon isotopes are most useful for dating.

For older waters, 36C1 might prove valuable in determining rates of water

movement in the unsaturated zone. Oxygen, carbon, and hydrogen ratios will

give information on the thermal history and surface temperatures at the recharge

time. Exchange of 180 between H20 and SO2 is temperature dependent, as is

so2 exchange between rocks and water as measured with S. Isotopic measure-

ments such as 180 are useful for inferring the origins of pore or bound waters.

The stable noble gases give a good indication of temperature at recharge;

they may be useful if their concentrations vary. Radiogenic noble gases ( 4He
40and Ar) are good dating tools and also yield information about mixing.

Disequilibrium of uranium and of radium isotopes can provide informtion about

both age and natural interactions. Protactinium in natural systems may be a

useful indicator for the behavior of that element. Isotopic analyses of

uranium and thorium in fracture fillings may date those minerals.

Careful interpretation must accompany these measurements. For example,

the carbon ratios in the soil, in the tuff, and in the deep rocks must be

considered with those in the water. Bacterial action may influence sulfur

ratios.

A number of state-of-the-art, ultrasensitive isotopic techniques might

prove helpful. Iodine-129, produced cosmogenically or by spontaneous fission,

could be used to measure migration of that element. Technetium-99 from spon-

taneous fission is likewise interesting; it should be informative to observe

whether this element can be detected in aerated water or in water in a reducing

environment. Other potentially useful isotopes include 41Ca and 81Kr.

Obviously, isotope techniques can yield a great deal of vital information

about how the natural system has behaved over recent and geologic time.

Interpretation requires wise selection of the proper models.
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II. NEAR-FIELD ENVIRONMENT AND PERMEABILITY

The goal of the continuing hydrothermal stability studies is to determine

equilibrium phase assemblages in the tuffs of Yucca Mountain as a function of

temperature and fluid pressure. This information is basic to understanding the

mechanical properties of the tuff at elevated temperature. It also has a

bearing on the questions of water production as the tuff is heated and on changes

in sorptive properties that may occur with heating.

Even without mineral dehydration, increased temperature will result in an

increase of fluid pressure in the repository, and it will tend to drive water

out of the repository. Heating will also decrease the fluid density and tend

to drive convective transport of pore fluid. To model fluid movement caused

by heating, it will be necessary to understand the permeability and porosity

of the rock. These properties can be measured in the laboratory for unfractured

tuff, but field tests will also be necessary to understand the effects of

fractures and the boundaries of the tuff flows. The tuff flow boundaries may

be quite important because the convective transport of fluid will have an

appreciable vertical component. To synthesize this information, codes must be

acquired that model convective fluid transport in a porous or perhaps a fractured

medium. The WAFE code (Table LXXVII) can calculate this convective flow; in

fact, the code has already been used for similar applications.

Although there are exceptions, most minerals become more soluble in water

as temperature increases, especially in the 25 to 3000C range. These variations

in solubility with temperature should result in a dissolution of material near

the repository and precipitation as the fluid moves away from the repository

and cools. This, in turn, may result in increased permeability and porosity

and perhaps decreased rock strength near the repository. However, the reverse

is probable at greater distances and might contribute considerably to sealing

the repository.

Waste elements in the pore fluid at the time of mineral precipitation

might be incorporated into the crystal lattices of the precipitating solid

phases and thus be effectively immobilized.

Significant changes in waste element solubilities and sorption may result

from an increase in temperature and from changes in groundwater chemistry that

are caused by the equilibration of tuff and groundwater at elevated temperature.

Changes in the tuff mineralogy can affect several of the issues that are

important in assessing the suitability of Yucca Mountain as the location of a
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waste repository. The volume of material that could be affected by changes in

mineralogy will extend from the backfill around the canisters (if tuff is used

as backfill material) to host rock at a distance where the temperature increase

is insufficient to cause mineral changes. Changes in mineralogy in this zone

could affect sorptive properties, permeability, groundwater composition, and

the mechanical properties of tuff. Two distinct issues require investigation:

(1) the thermodynamically stable mineral assemblages must be determined as a

function of temperature, pressure, and bulk rock composition; and (2) some

estimates must be made of the reaction rates that will produce these assemblages.

To determine the stable mineral assemblages, cold-seal hydrothermal

experiments (described in Chap. 1, Sec. III) will continue. These experiments

on powdered samples provide reaction rates that are sufficiently rapid to

determine the temperature and pressure conditions of chemical reaction between

minerals, at least in the 200 to 4000C range; from these experiments thermo-

dynamic data can be determined for the minerals involved. The experiments may

provide reasonable empirical information on the mineral assemblages to be

expected in the higher temperature range. The thermodynamic data will be

quite useful for understanding the mineral equilibria at lower temperatures

where reaction rates are quite slow on a laboratory time scale but may be

relatively fast on the time scale of concern in the repository. These thermo-

dynamic data will also be critical in modeling the groundwater composition in

both the near and far field.

Some mineral stability measurements will also be done on whole-rock

samples; these solid cylinders of rock will be enclosed in flexible sleeves

and subjected to confining stresses similar to those found in Yucca Mountain.

The samples will then be heated to the desired temperature, and water will be

passed through them. Mineral reaction rates in such experiments should accurately

reflect those that can be expected at Yucca Mountain. The rates at which

groundwater will equilibrate with the rock can also be determined with these

experiments.

The equilibration of groundwater with tuff minerals will also be studied

using flexible gold bag vessels99 that allow periodic sampling of the fluid in

contact with tuff. Although the reaction rates in these experiments will

probably not reflect the kinetics of the natural system as well as those in

solid-core experiments, quicker equilibration and more certain identification

of the equilibrium state can be achieved with this system.
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Just as the rock/groundwater equilibrium is a function of temperature, so

are the solubilities of waste elements. Because little is known about uranium

and plutonium solubilities at elevated temperature, additional work is needed,

especially under alkaline conditions. Here, experiments on pure oxides in the

flexible gold bag apparatus would be very valuable; reaction progress could be

watched, and the final equilibrium state could be determined. This process

would provide valuable solubility information and data against which reaction

path codes such as EQ3/6 could be compared. Data are also needed for the

temperature effect on waste element sorption, and they can be collected by

means of jacketed solid-core experiments. These experiments could be done

with an apparatus similar to that now used for permeability measurements.

Noting that mineral solubility generally increases with increasing tempera-

ture, it seems likely that tuff will be dissolved in groundwater near the

repository and deposited further away as the groundwater cools. This may have

a positive effect upon waste containment; because groundwater will flow in

zones of the highest permeability, precipitation following groundwater cooling

will occur in these pathways and should tend to close them off. Further,

waste elements in the groundwater at this time may be coprecipitated in the

precipitating minerals and thereby be effectively immobilized. Initial experi-

ments will be run with two cores in tandem. The upstream core will be heated

and the downstream core kept at room temperature. The apparatus will be

arranged so that permeability and storage capacity can be measured periodically

in both cores during the experiment. Later experiments will be run with a

single core along which a temperature gradient is imposed. Similar experiments

to examine fixation may be run with water containing waste elements.

After the target horizon is more clearly defined, additional permeability,

porosity, and storage capacity measurements will also be required in the

laboratory. More laboratory measurements will also be needed in conjunction

with field permeability tests, but current testing techniques should be suf-

ficient for this purpose.

Repository heating will -cause expansion of fluid near the repository and

hydrous mineral dehydration will produce free water in and around the reposi-

tory. Water around the repository thus will be at a higher pressure and less

dense than surrounding groundwater. Both these factors will tend to perturb

the natural groundwater flow pattern in the vicinity of the repository. To

assess the extent of the perturbation, data on repository heat generation must
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be combined with mineral stability data and information on tuff permeability,

storage capacity, and porosity.

The possible effects of radiolysis also should be examined. The most

important possible effect of radiolysis is the creation of an increased non-

equilibrium oxidation state in the groundwater. This problem is important

because the waste elements that exist in multiple oxidation states are generally

more soluble when more highly oxidized. An experimental design to investigate

this phenomenon has not yet been formulated.

III. GEOCHEMICAL RETARDATION

To predict the geochemical retardation possibilities in the Yucca Mountain

area, a data base must be established from which models can be made. Geochemical

retardation processes and flow paths between the repository and the accessible

environment must be identified. Geochemical retardation will be affected by a

number of factors, including (1) sorption processes, (2) the horizon and rock

type chosen for the repository, (3) temperature variations, (4) groundwater,

geochemistry, (5) fixation reactions, (6) diffusion processes, and (7) the

effect of mineral precipitation. Information collected through studies of

these processes will help predict the rates and concentrations in which the

radionuclides could be released into the environment; the studies will also

help assess the hazards associated with those potential releases.

A. Sorptive Behavior of Tuff

The batch sorption technique (Chap. 1, Sec. IV) has been shown to be a

powerful tool for obtaining information on sorptive processes and for providing

a data base for modeling interactions between waste elements and tuff. This

understanding, added to more detailed mineralogic information for Yucca Mountain,

should lead to a three-dimensional model of sorptive properties for the hazardous

waste elements, emphasizing those properties along potential flow paths from

the repository to the biosphere.

The sorptive properties of some types of tuff have yet to be studied to

complete the stratigraphic and lithologic correlations. From the stratigraphic

viewpoint, tuffs from the Topopah Spring Member and the tuffaceous beds of

Calico Hills must be studied in more detail. Care should be taken to select

samples that are typical of the mineralogy of the units and cover major litho-

logic variations both laterally and horizontally.
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The roles of smectites, illite/muscovite, glass (massive and fine grained),

mordenite, and analcime must be quantified further for use in predictive

models. Samples that are naturally rich in individual minerals or separated

fractions will be studied.

The effects of reducing minerals in tuff, such as pyrite and iron-titanium

oxides, that occur below -3000 ft should be studied for particular waste

elements--technetium, plutonium, neptunium, and uranium--that may be reduced

and rendered more insoluble or more sorptive. The studies will be done in an

inert atmosphere of nitrogen containing carbon dioxide in an abundance that

provides approximately the same carbonate concentration as would occur at

depth (a concentration that will be determined in the groundwater chemistry

program)., Knowledge of possible reductive processes along a flow path are

essential because increased retardation may be provided.

If the minerals in rocks do not provide the same redox conditions in the

laboratory as are observed in the field, such conditions should be achieved in

the laboratory through the use of redox buffers and/or potentiostats. First,

however, it must be established that redox buffers do not interfere with

natural processes (for example, by complexation).

A number of minerals other than the common tuff minerals considered until

recently have been observed in whole-tuff samples and in fractures. The

importance of such minerals as chlorite, calcite, albite, sericite, biotite,

tridymite, allanite, sphene, and apatite for sorption has to be established.

Many of these are not expected to provide a relatively significant number of

sorption sites. Factors to be considered, in addition to sorptive properties

of a mineral, are the abundance of each mineral and whether it is along a

potential flow path to the biosphere.

Should definition of flow paths show possible transport through carbonates

or argillites, sorptive phenomena would have to be studied for such horizons.

Discharge is often through alluvial detritus. Some work has been done on pro-

cesses in alluvium, but not for all hazardous nuclides in high-level waste.

The number of samples to be studied for very far-field phenomena should

be limited by careful 'selection of representative samples that will allow

averaging of phenomena over large distances.

,The minerals that line fractures or lithophysae will be of great influence

in sorption. Most of these minerals have been studied, but the detailed

study should be completed.
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In conjunction with the experiments under controlled conditions, sorptive

studies should be performed with specific oxidation states, complex states,

etc. of elements that may exist as several species under the geologic conditions,

particularly if the kinetics of transformation among species are slow relative

to the duration of the experiment. Column experiments indicate the importance

of such considerations.

The interaction of some hazardous waste elements with tuffs has not been

studied; the hazard ranking of waste elements will reveal those of importance.

Technetium, neptunium, and plutonium have to be studied in more detail. A

limited number of experiments with radium will probably establish a regular

relationship of the sequence of sorption~ritios on tuffs for the alkaline

earths as has been observed with cation-exchange resins, so the sorptive

behavior of radium may be predictable from the known detailed behavior of

strontium and barium. The behavior of curium and actinium should be similar

to that of americium; experiments should be performed for confirmation.

Samarium should behave as cerium and europium for the expected conditions.

Thorium and protactinium are unique, and their behavior has to be established.

Other elements with potentially hazardous nuclides include nickel, selenium,

and iodine.

Kinetic effects and fixation are very important for modeling the interactions

of radionuclides and tuffs in flowing systems and for establishing the relative

importance of various phenomena. Timed batch experiments and column experiments

with varying flow rates will continue.

The effect of temperature changes between -20 and 701C has been shown to

be minor for sorption for times of a few months. Experiments at higher tempera-

tures, particularly for tuffs containing reducing minerals, should indicate

whether enhanced effects (such as increased sorption and fixation or dissolution

of the rock and leaching) are possible. Diffusion should be more competitive

with sorption at elevated temperatures.

Only limited studies have been done using waters having compositions

significantly different from the equilibrium composition. These waters were of

greatly different composition, both from each other and from well J-13 water,

and large effects were observed. The water sampling program will indicate a

more realistic range of compositions for waters that might transport waste

elements. Bounding experiments will be performed using such waters.
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Desorption experiments and column experiments give indications of irre-

versibility of sorption interactions and of possble permanent fixation (Chap. 1,

Sec. IV). Studies of the process should be extended, particularly for poorly

sorbing nuclides that may yet be fixed over geologic time. -

The role of diffusion processes for retarding the transport of anions

such as iodide and pertechnetate through tuff has been established. Anion

exclusion processes may act in opposition. Laboratory experiments of anion

exclusion and diffusion with long columns or blocks, in addition to field

experiments of diffusion, may quantify these concerns. The study of the

relative rates of -transport of 36Cl (from atmospheric nuclear weapons tests or

from cosmic radiation interactions) and HTO can be studied in a selected tuff

setting. Knowledge of the relative rates of transport of HTO, 36Cl, and 129I

from nuclear explosions in tuff would also help elucidate these phenomena.

A systematic program for preserving both rock and water samples for

future geochemical study must be established. At this time some cores at

Los Alamos are preserved in a nitrogen atmosphere in steel containers. Water

samples should be preserved so that analyses of dissolved sulfide, gases, and

other components can be performed as future needs dictate.

B. Diffusion

In addition to the geochemical processes of fixation, particulate'migration,

and sortion, diffusion might be important in retarding radionuclide transport

along flow paths. The more permeable horizons in Yucca Mountain are the

welded zones that contain cooling joints. It is, therefore, likely that the

flow path from a repository to the accessible environment will involve transport

by fracture flow. Diffusion is potentially an important mechanism in the

retardation of the transport of soluble species in a fracture-flow system.

Diffusion can remove nonsorbing species from the rapidly moving fracture

fluid, placing them in the stationary matrix fluid, thus causing an effective

retardation.

It is necessary to validate models that incorporate matrix diffusion.

Diffusion experiments are simpler than fracture-flow experiments because there

is no convection and, therefore, there is less ambiguity-in the interpretation

of the diffusion process coupled with sorption;-that is, there is no channeling

and mass transfer kinetics are less important. There is a need to develop a

diffusion data base so that diffusivities can be predicted for a given chemical
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species in a given tuff. The role of diffusion in inhibiting the transport of

soluble species by fracture flow must be demonstrated.

Experiments which have been performed on diffusion include

(1) diffusion through tuff disks, that is, membranes,

(2) diffusivity measurements of various tracers including

fluorobenzoic acids,

(3) diffusion into thick sheets of tuff,

(4) fracture-flow studies,

(5) the incorporation of nonlinear isotherms into the diffusion

equations, and

(6) pore-shape determinations.

These initial studies (described in Chap. 1, Sec. IV) will be continued

in the future and expanded to provide a data base for diffusion in tuff.

Parameters that must be measured for a diffusion data base are:

(1) Constrictivity - The ionic diffusion coefficient is reduced by

a number of parameters that depend on the geometry of the pores

and chemical properties of the pore surfaces. These properties

should be rock dependent. In addition to these properties, the

constrictivity depends on the size and charge of the diffusing

species. Constrictivities must be determined for the various

tuff strata and various cations, anions, and neutral species.

(2) Tortuosity - The pores are not straight conduits through the

rock, and the effect of the longer path length that chemical

species must travel is accounted for by reducing the diffusion

coefficient by a tortuosity factor. This parameter should be

rock dependent and must be measured for the strata in Yucca

Mountain tuff.

(3) Porosity - The diffusivity also depends on the porosity and

pore-size distribution. A porosity data base is necessary to

predict diffusion in tuff.

(4) Retardation Factors - Diffusion is also slowed by sorption.

Retardation factors. are determined using other techniques in

other studies. Diffusion experiments will provide another

check on the reproducibility of retardation factors.

The effects of sorption processes such as nonlinear isotherms on diffusion

can be examined. The studies will also test and validate diffusion models and
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provide a data base for modeling. Most important, the efficacy of diffusion

in retarding radionuclide transport must be demonstrated.

C. Flow Studies

The rate and concentration of radionuclide release into the accessible

environment can be predicted, in part through porous-flow studies that measure

the permeability and retardation potential of tuffs in the area.

1. Fracture-Flow and Related Sorption Experiments in Tuff. The welded

tuff members of Yucca Mountain contain cooling fractures and fault joints;

therefore, it is necessary to study the movement of radionuclides in fractured

tuff samples, and thereby, assess the importance of matrix diffusion as a

mechanism slowing radionuclide transport by fracture flow. This mechanism

could have particular importance to the retardation of anionic or neutral

species that would not otherwise be sorbed by ion exchange.

Studies to examine retardation in fracture-flow systems will be continued.

A fracture-flow system is different from a porous-flow system in several ways.

(1) The fluid velocities are typically much greater than in a porous-flow

system. (2) It takes a much longer time for dissolved species to penetrate

the rock. (3) The sorptive behavior may therefore be quite different from

that observed in batch sorption or porous-flow column studies because of slow

kinetics or nonlinear isotherms. (4) The sorptive behavior may be different

for the minerals on the fracture surface than for the bulk rock. (5) In

addition to Fickian dispersion, which occurs in both fracture flow and porous

flow, there can be dispersion caused by channeling, which could dominate the

hydrodynamic dispersion and could scale with the size of the experiment.

The studies of fracture flow will examine the sorptive behavior of both

the fracture-fill material and the tuff matrix. The retardation observed in

the fracture-flow systems will be compared with the Rd values measured in

batch experiments. To eliminate uncertainties in interpretation of the results

caused by nonlinear sorptive behavior, the isotherms will also be determined. In

addition, experiments will be performed to provide evidence of fixation reactions.

All of these experiments will be necessary to complement the fracture-flow

studies and make possible an unambiguous interpretation of the results.

Physical characterization of the-fracture fill and tuff matrix must include

porosity and effective diffusivities to eliminate the arbitrary assignment of

values to parameters that will influence the modeling of the results. The
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study of retardation in fracture flow requires the complementary studies

mentioned above to gain a thorough understanding of the migration of radio-

nuclides in fracture flow.

The elution of radionuclides through tuff fractures in addition to pro-

viding a basis for predicting the retardation will provide data on hydrodynamic

dispersion in fracture flow. These effects become important in larger systems,

such as laboratory experiments with blocks and field studies. Because spreading

in the elution curves of chemical species can be caused by either dispersion or

reaction (mass transfer) kinetics, it is desirable to study the hydrodynamic

dispersion so that there is not this ambiguity in the interpretation of the

results.

Probably the most important purpose of these experiments is to validate

transport models. These experiments will be used to test the validity of

models, primarily TRACR3D, and also to provide an experimental basis for

deciding what chemistry or physics needs to be included in the model, or even

what processes can be ignored. Another important product of these studies

will be a determination of the level of confidence with which the migration of

radionuclides in fractured media can be predicted.

2. Porous-Flow Experiments. Several of the tuff strata in Yucca Mountain

have low fracture densities. In particular, the bedded tuff of Calico Hills,

a potential repository horizon, has few fractures. It is, therefore, important

to study porous flow and radionuclide transport in porous systems because some

portion of the flow path between the repository and the accessible environment

may be dominated by porous flow. Permeabilities of tuff samples from the

various tuff strata of Yucca Mountain are needed to model the flow path of water

through the repository and the flow rates. Tracer experiments in porous media

are needed to simulate the retardation of waste elements in an unfractured

system. Tracer experiments are also needed to validate transport models and

to confirm laboratory results, such as those from batch sorption measurements.

The majority of available data on the sorptive properties of tuff come

from batch or static laboratory measurements. The ability to use these data

to predict radionuclide migration in flowing systems depends on the sorptive

mechanism and the kinetics of sorption. It is, therefore, useful to perform

liorous-flow experiments to identify sorption mechanisms that have slow kinetics,

which would not be evident in batch measurements. The distribution coefficient

Kd is a useful means of treating sorption because of its mathematical simplicity

258



and because there are few transport models available that can handle a more

complex chemical interaction. There have been a number of papers recently

that have criticized the Kd concept. Some of these criticisms may be justified,

but to a large extent the concept has received an ignominious reputation

because experiments have been performed under improper conditions. It can be

shown that if sorption is caused by an equilibrium process and the groundwater

composition is correct, Kd values should be reproducible. It is, therefore,

useful to verify the validity of the Kd concept and to determine the confidence

levels that should be assigned to Kd values established for Yucca Mountain

tuff. Some uncertainty is introduced in the results of crushed-rock column

experiments because pulverizing the tuff may alter the sorptive properties by

exposing minerals that are unavailable in the solid rock or by increasing the

surface area by crushing sorptive minerals. Therefore, solid-core column

experiments are needed to verify and clarify the results of the crushed-rock

studies.

The majority of the work to date has been with crushed-rock columns.

The Kd values measured by the column technique are generally a factor of 2 to

3 lower than the corresponding values determined from batch measurements.

More recent work has provided evidence that this discrepancy may be caused by a

fractionation of fine particles (which are probably rich in montmorillonite

grains) in the preparation of crushed rock for batch measurements and crushed-

rock columns. Therefore, assigning an uncertainty of a factor of 3 to the

batch Kd values is probably conservative; however, more work is required to

determine which value or preparation method is more representative of the bulk

rock. An interesting phenomenon that has observed in some. crushed-rock column

experiments was an apparent "irreversible" sorption of cesium, which was then

released at a very slow rate. This may be evidence for fixation in the rock,

which, if it occurs in tuff, could have profoundly beneficial consequences for

a number of waste elements.

Some experiments have been performed using solid-core columns and have

been compared with batch and crushed-rock column measurements (Chap. 1, Sec. IV).

Preliminary results show better agreement with crushed-rock columns than with

batch measurements. There are, however, advantages and disadvantages to each

of these techniques. One disadvantage of solid-core columns is that the

sample may not be representative (because of the heterogeneity of tuff) of the

larger quantity of rock such as is used for batch and crushed-rock columns.
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This makes a comparison of results from solid-core columns and the batch and

crushed-rock columns less definitive. A number of solid-core columns have

been run with nonsorbing tracers. An interesting aspect of these measurements

is that dispersion caused by the pore shape and the distribution of flow paths

through the rock can be determined. It would be interesting to see if the

dispersion in solid rock scales with experiment size. Although dispersion is

not considered important in 10-CFR-60, severe dispersion can accelerate the

release of radionuclides, especially if levels lower than peak levels are

considered.

Permeabilities and porosities have been determined for several tuff

samples (Chap. 1, Sec. IV). These measurements are necessary for the interpre-

tation of field tests and for the design of laboratory experiments. They also

provide a data base for modeling flow in fractures and in the near field. The

permeabilities of solid-core samples have in general been determined to be

near 10 microdarcys, which is an extraordinarily low permeability for rock

which has a porosity of about 0.25. This is a highly favorable property of

tuff.

In order to resolve the issues for site characterization, further studies

in porous flow are required. Further crushed-rock studies will

(1) continue crushed-rock column studies to further characterize

the sorptive potential of Yucca Mountain tuff,

(2) perform column studies using several flow rates to provide

data that are sensitive to mass transfer kinetics and to determine

if the water velocity will affect the apparent sorption ratio,

(3) perform column studies of more hazardous waste elements with

more complex chemical properties, such as plutonium, neptunium,

uranium, thorium, etc., and

(4) continue to examine crushed-rock column behavior for evidence

of fixation reactions.

Further solid-core column experiments to be performed will

(1) continue solid-core column studies as part of the program to

characterize the sorptive potential of Yucca Mountain tuff,

(2) study more highly zeolitized tuff samples because most

studies have concentrated on welded and partially welded tuffs,
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(3) perform several column studies with the same tuff but with

varying fluid velocity in order to observe kinetic effects,

(4) perform solid-core column experiments with more hazardous and

more chemically complex waste elements, in particular the

actinides, and

(5) perform experiments with solid-core columns with particulate

tracers to determine the filtration potential of tuff.

In addition to the above porous-flow studies, a series of experiments are

proposed to study flow through unsaturated tuff. These experiments will

(1) develop a tensiometer for measuring the matric

potential and consolidated tuff. Tuff may present

special problems because the hydraulic permeability

is very low,

(2) develop a laboratory method of determining the

degree of saturation of solid tuff samples,

(3) measure the relative permeability of tuff as

a function of the degree of saturation,

(4) study the transport of soluble species through

tuff columns by an unsaturated flux,

(5) measure the retardation provided by tuff

in an unsaturated flow, and

(6) measure the capillarity of tuff and relate

this to the pore-size distribution.

D. Hazard Rank

High-level nuclear reactor wastes contain a large number of different radio-

nuclides that must be isolated from the accessible environment until they decay

to innocuous radiation levels. Some of these will decay rapidly after removal

from the reactor and will not require long-term isolation. Others must be

isolated for millions of years. The objective of this task is to identify those

radionuclides that pose the greatest potential threat to mankind during storage

of nuclear wastes in a repository mined in unsaturated tuff in Yucca Mountain.

The safety assessment studies required for licensing a repository in Yucca

Mountain will then further concentrate on the key radionuclides because these

will determine the overall safety of the repository. This has not been done
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heretofore because the fundamental data and comprehensive models needed to

perform proper defensible calculations were largely unavailable.

The TRACR3D and WAFE codes described earlier (Chap. 1, Sec. VI) will be

used because they presently include dominant physical and chemical transport

processes, particularly for the unsaturated zone. The calculations will also

take into account (1) the quantity of the various radionuclides present in

reprocessed waste and in spent reactor fuel, (2) the leach rate from the waste

form, (3) the thermal field, (4) parent-daughter relationships, and perhaps

(5) the presence of a single diffusion-controlled backfill.

IV. NATURAL ANALOGUES

; The study of natural analogs to waste repository environments can give

important information on long-term chemical reaction and transport. How do

rock properties change and what material moves? Such analogues can be used to

extrapolate from laboratory-scale experiments to the time scales of hundreds

or thousands of years that may be required for isolation of waste in a reposi-

tory.

One kind of natural analogue that is particularly relevant to the waste

repository environment is the region affected by a warm spring that has been

flowing for hundreds of years. The warm spring altered the rock and trans-

ported chemical elements as it flowed away from its heat source. The re-

pository will impose a thermal pulse on the local groundwater. Studies of

warm springs in felsic tuffs can provide information that will permit prediction

of long-term alteration and transport of material by groundwater, which is

.> warmed near the repository, as it cools and moves out towards the accessible

environment.

The questions that need to be answered by studies of warm springs in

felsic tuffs are:

1 (1) What is dissolved and precipitated as the warm groundwater flows

| down the temperature gradient away from the heat source? How does

the alteration affect rock properties in the near-field repository

environment?

(2) What transport of major, minor, and trace elements takes place?

-| - What kinds of trace elements are removed by sorption or as chemical

precipitates, both as mineral phases (oxides, silicates, etc.) and

as minor solid-solution components in other mineral phases?
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Studies will include a literature search for published information on

warm spring localities in Nevada and an initial selection of those that occur

in volcanic tuff, acquisition of 'as much information as possible from workers

in the field, a detailed field study and sampling of the two or three most

promising localities, laboratory examination of the rock and water samples to

determine chemical composition of the water and chemical and physical properties

of the rock as a function of temperature at the collection site, and a modeling

effort, integrated with other transport and reaction modeling, to describe the

transport of chemical elements and the alteration of the rock.

V. GEOCHEMICAL AND TRANSPORT MODELING

Computer programs must be exercised and developed to provide a bank of

codes for performance assessment. These codes will be used to aid in experi-

ment design and interpretation. Through the process of code validation, the

geochemical and physical processes that may be unique to the Yucca Mountain

site will be included and implemented. To predict the complex mineralogic and

geochemical changes that will occur over the times considered for a repository,

geochemical modeling must be interfaced to transport models. This interface

will at least require a reduction of the number of possible mineralogic and

geochemical processes considered. These simplifications can be accomplished by

performing sensitivity analyses and appropriate experiments. It is important

to establish a feedback loop, whereby models and experiments can interact to

help design more effective experiments and improve the codes to meet the needs

of a site-specific performance assessment.

Work has already begun, as described in Chap. 1, Sec. VI, to address the

modeling needs. The geochemical models WATEQ and EQ3/6 have been used to

examine the mineralogic processes associated with Yucca Mountain tuff. Solu-

bilities have been calculated for the actinides in tuffaceous water from well

J-13 using EQ3/6. These predictions have already pointed out the need for

improvements in the thermodynamic data base, which means new laboratory

experiments must be performed.

The transport model TRACR3D has been used to predict fracture flow in a

partially saturated medium to aid in the design of a fracture-flow field

experiment. This exercise has proved useful in demonstrating that capillary

action is an important effect to be considered in performing such a field

experiment in the unsaturated zone and in considering an unsaturated horizon

for repository use.
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By performing sensitivity studies, geochemical processes that could have

a significant impact on the performance of a repository can be identified.

This also implies experimental validation of these findings.

Sensitivity studies can also identify needs or elucidate deficiencies in

the thermodynamic data base. Validation of codes with field and laboratory

findings will aid in the discovery of deficiencies. New experiments that can

yield thermodynamic data must be performed to expand the data base. The

evidence for nonequilibrium processes in tuff/waste element and tuff/groundwater

interactions can only come from experimental findings. These processes, as

they are discovered, must be implemented in the geochemical and transport models.

Reaction kinetics are presently being implemented in the EQ3/6 model.

As described above, field experiments are being designed with the aid of

numerical models. Such experiments will test the ability to extrapolate the

results of laboratory experiments to field conditions by using numerical models.

Modeling efforts will be needed to correlate new data from both laboratory

and field experiments, and therefore, will continue throughout the experimental

program.

In addition to adding new chemistry to the present transport code TRACR3D,

the feasibility of combining the geochemical model EQ3/6 with the transport

code will be investigated. The combination of these codes will enable the pre-

diction of such mineral processes as precipitation and dissolution of mineral

phases along with sorption and fixation of waste elements as they are transported

along the flow path to the accessible environment.

VI. SHAFT AND BOREHOLE SEALING

It is important that the shaft and borehole seals of a waste repository

maintain their initial properties (such as strength, volume, seal/rock adhesion,

permeability, and sorption characteristics) for the length of time that the

repository must be effective in isolating its contained waste from the accessi-

ble environment. In fact, the efficiency of sealing will become increasingly

important through time as protective canisters deteriorate, waste forms are

exposed to leaching by groundwater, and hazardous materials begin to migrate.

Chemical reaction between sealing material and rock or groundwater can weaken

the seals and can also weaken the adjacent rock. The objective of the following

tests is to predict the nature and extent of reaction of sealing material with

a volcanic tuff environment during the lifetime of the repository.
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Whatever sealing material is ultimately chosen will very probably react

with the rock at some rate because the sealant and rock will be chemically

different and because volcanic tuff contains tiny; highly reactive mineral and

glass particles. The object in choosing an appropriate sealant is to minimize

reaction and, especially, to minimize the reaction rate. Tests and experiments

are designed to answer the following questions:

(1) What kind of chemical reaction takes place between each potential

sealing material and volcanic tuff (and its associated groundwater)?

(2) How rapidly does the sealing material react with the tuff?

(3) What is the effect of the chemical interaction on the physical and

chemical properties of the sealing material?

(4) What is the effect of the chemical interaction on the physical and

chemical properties of the rock, especially in a possibly disturbed

zone immediately adjacent to shafts and boreholes?

(5) What may be the added effects of a thermal pulse or radiolysis?

A. Laboratory Experiments in Agitated Vessels

Initial tests to screen a number of potential sealing materials and aggre-

gates will include agitated vessel studies. The agitated vessels accelerate

reaction; this is especially desirable at low temperatures (25 .to 2001C) where

it is difficult to predict long-term effects from experiments run on laboratory

time scales. Agitated runs will be made using tuff fragments alone, cement

(or grout) fragments alone, and mixtures of the two, including some fragments

containing contacts between the two. The runs will be made with local ground-

water and at about 300 bars pressure and approximately 200, 100, and 251C. The

higher temperature studies accelerate reaction as well as model a possible

near-field environment. A few static vessel runs under the same conditions

will be made to verify that the more complex agitated vessel conditions do

accelerate reaction rates and that they do give the same kinds of run products.

Samples will be examined before and after the runs by x-ray diffractometer,

optical microscope, scanning electron microscope, and electron microprobe.

B. Laboratory Experiments in Temperature Gradient Circulating Systems

The most promising candidates for sealing materials will also be tested

in circulating systems with controlled temperature gradients. Local groundwater

will be circulated very slowly over alternating tuff and cement samples at

about 300 bars pressure through temperature gradients ranging from 25 to 200'C
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and from 200 to 25C. This will simulate the flow of groundwater into the

warm, waste-containing region of a repository and the flow out through the

near-field region and into the far-field region.

If much evidence is observed of reactions that affect seal permeability,

a second kind of circulating system should be employed in addition to the

:1 first. In such a second system, groundwater is forced through 0.75-in.-diam

core at controlled temperature and pressure for an extended period of time.

The core is then dissected and examined.

C. Field Tests

Field tests of selected materials will include flow tests in which a

fluid pressure differential is imposed on a sealed borehole. Such tests will

make it possible to observe chemical reaction in the disturbed region immediately

A adjacent to the borehole in addition to that of the sealed hole. Permeability

will be measured during the flow tests. The hole will later be overcored and

dissected; the rock and sealing material will be examined in detail for chemical

interaction.

| D. Survey of Relevant Thermodynamic Data

A brief survey will be made of the thermodynamic data that are available

on the system CaO-SiO -Al 0 -K 0-Na 0-MgO-FeO-Fe 0 at appropriate tempera-
2 2 3 2 a 20-g- 203ataporteem r-

ture and pressure (25 to 2001C, 1 to 300 bars); these data for the combined

cement/rock system might be used to verify the experimental results and

facilitate modeling.
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APPENDIX A

SORPTION RATIO DATA FOR TUFFS OF THE YUCCA MOUNTAIN AREA

Data for sorption ratios for tuffs in the Yucca Mountain area, measured since

1978, appear in a number of Los Alamos reports (listed in App. A, Refs. 1-9) and

are consolidated here. Individual tables were prepared for each drill core

.(Tables A-I to A-XXXII). Chapter 1, Sec. IV.A should be consulted for the drill

hole, depth, and mineralogic composition of each core; further mineralogic and

petrologic descriptions are given in App. B.

For each sorption experiment the tables list Rd values and contact times

for sorption and desorption, concentration of the element measured, particle-

size distribution of the ground tuff, temperature (Amb = ambient), and atmos-

phere (CA = a controlled atmosphere of nitrogen with <0.2 ppm oxygen and <20 ppm

carbon dioxide). Numbers cited in the reference column refer to the App. A

reference list. Any special comments for an experiment are indicated in the

footnote column in each table. Entries for sorption and desorption experiments

on the same line indicate that the sorption and desorption experiments were

performed with the same sample. When appropriate, data in this appendix were

averaged for Tables XXI and XXII in Chap. 1, Sec. IV.A.
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TABLE A-I

BATCH SORPTION DATA FOR TUFF JA-8

Sorption Desorption

Rd Time R4 Time
Element (MI/2) (wk) (/st) (wk)

Sr 260 3 300 12

If 270 3

of 4 290 6 270 6

"t 270 6 320 6

it 340 3

Is 320 3

Element Particle
Concentration Size

1 1 Temperature Atmosphere Ref. Note
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of of if It of m
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nm

2400 3

2200 3

2600 6

3800 6

400 3

420 3

470 6

450' ' 6

3600 12 6'x 10z 9
m It
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Ba
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Eu

It

to
nm

nf

520 12 1 x 10 9
it

270 6 n

-580 6 I- n -

560 3 "

520 3 n

of

of

of

of

it

nm

2100

1800

2900

1700

3

3

6

6

4000

5600

5600

17000

17000

12 3 x 1010
nf

6

6

3 of

3 of

mm

it

If

of

of

of

of

to

of

Itnf

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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I
i 4

I

j

I
I

i
t

I
I
I

I.11
4

TABLE A-II

BATCH SORPTION DATA FOR TUFF JA-18

Sorption Desorptfon Element Particle
Rd Time Rd Time Concentration Size

Element ((lg kI (m-/t= ) (wk) ( -) (PM) Temperature Atmosphere Ref. Note
Sr 8900 2 13000 1 3 1 x 10I6 355-500 Amb Air 2

6500 3 5500 5 Is

16000 14 to a
It 5800 6 n n n to
It 16000 11 , o n n of

Cs

it

of

In

10000 2

10000 3

16000 3

17000 5

15000 14

1 x 10-8

of

it

it

of

of

of

of

of

of

to

nI

n,

nf

itt

of

nS
a

19000 6

19000 11

Ba

to

Ce
,t

it

Eu
,f

II

2300 2

3300 3

7100 6

7100 11

8600 3

23000 5

34000 14

2 x 10 7

1 x 10 6
It

ft

..

II

of

II

of

it

It

of

of

of

of

of

of

20

26

2

3

36 3

110 5

130 14

II

to

it

of

It

If

it

ft

of

It

of

I,I

It

if

II

It

nf

nf

nf

a

a

a

41 6

70 11

14

la

2

3

30 3

74 5

140 14

6 x 10 7
of

of

it

It

II

nf

26 6

37 11

Sr

II

of

to

11000 2
13000 3

18000 6

22000 11

21000 3

5800 S

13000 14

1 x 106

If

If

fn

106-150

IInf

nf

nf

II

it

nf

nt

If

of

n~~~~~~~~i

It

of

a

'Second desorption.
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TABLE A-II (cont)

Sorption

Rt Time
Element (at/) (wk)

Cs 12000 2

"1 13000 3
of

of 17000 6

n1, 20000 11

Desorption

Rtd Time
(mf/L) z .wk)

22000 3

18000 5

15000 14

Element Particle
Concentration Size

(M) t P) Temperature Atmosphere Ref. Note
a

1 z lo0 106-150 Amb Air 2

if ~~If oI f a

if 5g~s og f IT f

to 'I to If

Ba
.I

.i

It

of

3100 2

4500 3

24000 3

38000 5

40000 14

2 x 10 7

so
..

..

ofto

of
It

If

I'

If
a

4700 6

6600 11 of

Ce

If

so

it

of

26

46

2

3

120 3

250 5

440 14

1 z 106 o'

of

it

of

it

It

II

of

of

of

to

of

If
a

43 6

78 11

..

of II

En

of

to

of

14

30

2

3

120 3

210 5

350 14

6 x 10 ?
Iof
nf

nf

of

It

It

of

go

it

o'

of

of

of

is

It

to

o'

to

a

32 6

66 11 is of It ..

Sr

to

Cs

Ba

II

Ce
If

It

16000 3

45000 6

20000 12

16000 3

15000 6

18000 12

96000 3

110000 6

170000 12

1400 3

5700 6

1300 12

17000 12

16000 9

26000 3

19000 12

17000 9

19000 3

240000 12

220000 9

370000 3

2000 12

1100 9

8 x 10-11
If

3 x 10 9

8 x 10-10

a x 10 13

go

75-500
It

of

#9

It

nf

nS

nf

IT

II

It

If

of

of

toII

21

to

It

13

it

of

'S

so

II

to

It

Ir

If

of

II

If

It

to

to

It

aSecond desorption.

bConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-II (cont)

Sorption
Rd T:

Element (MI/it) O
Eu 1700

Desorption

ioe Rd Time
!U2 (Jl/L) (vk)

3 3000 12

6 2300 9

12 2100 3

Element Particle
Concentration Size

(M) (pm) Temperature Atmosphere Ref. Note

I x 10' 0 75-500 Amb Air 3 a
o II of it I t

to to to . n I n I

of

to

1100

1400

Sr
of

19000 2 22000 2

19000 14

15000 3 24000 3

22000 5 17000 6

4300c 9

Ca

It

Ba
II

is

Ce
to

of

Eu
of

..

.'

.'

21000 2 22000 2

26000 14

18000 ,3 21000 . 3

19000 5 21000 6

19000 9 .

35000 2 91000 2

170000 14

40000 3 67000 3

75000 5 150000 6

1 x 10 6

to

t'
it

It

1 x 10o 8

II

of

to 7

i x 107to

n

It

9 Z 10'7

It

If

3 x 10z7

I,

355-500
It

II

of

it

of

t'

itt

if

It

to

It

if

nf

to

It

II

nf

70°C

It
nf

nf

to

II

nf

2
II

nf

n

nf

to

to

It

II

to

i.

it.

b

c

it

of

if

55

b

b

nf

to

'S

II

of

if,

n'

nS

61000 9

40 2

45

40

42

3

5

9

240 2

300 14

120 3

220 6

440 2

840 14

260 3

500 6

II

it

it

to

#I

nS of

II

it

nS

nf

nS

b

b
61 2

62
76
89

3

5

9

to

It

II
n

It

If
nf

aConcentrations are only those added with the tracer; actual concentrations may be higher.

bSecond desorption.

CValue not included in averages of Table XXI, Chap. 1.

279



TABIE A-II (cont)

Sorption Desorption

Rd Time "d Time
Element tA/2) (wk) (at/x) jwk)

Sr
n

*t

to

Cs
It

Ba

9.

Ce

of

of

'i

13000 2 22000

17000

22000 3 30000

15000 5 18000

4700b 9

13000 2 14000

17000

21000 3 - 17000

16000 5 17000

17000 9

23000 2 70000

110000

29000 3' 100000

64000 5 100000

2

14

3

6

2

14

3

6

2

14

3

6

2

14

3

6

2

3

6

64000 9

1 x 10 8
It

to

2 x 10 7

i.

fto

to

3 x 10 7

2 x 106

n'

na

2 z 10 6
nt

40 2

Element Particle
Concentration Size

6l(PM Temperature Atmosphere Ref. Note

1 x 10 106-150 704C Air 2

o o t I b

36

46

51

63

76

110

130

3

5

9

2

3

5

9

160

550

350

230

280

780

680

to

ft

to

ft

ft

It

ft

I'

ft

of

n

ft

250-355
9'

of

I'

I'

Of

II

of

ft

of

ft

ft

ft

ft

ft

It

n'

9'

fto

it

nU

nI

nf

of

i'

of

'i

of

o'

of

it

to

of

ft

of

a

a

a

EaIn

nt

of

If

II

t'

to

of

9'

is

ft

ft
nI

Sr 24000 4

II 27000 9

Amb
..

nt 4
nt 9,

C
'9

Cs
to

Ba
II

11000 4

15000 9

6 x 10 1
of

of

to

,ft

II

to

of

I'

.917000 4

120000 9

1 x 10o6
it

of

II

nt

to of

aSecond desorption.

bValue not included in averages for Table XXI, Chap. 1.

cSynthetic groundwater I; see Ref. 4.
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a

TABLE A-II (coat)

Sorption

d4 Time
Element J!/l) (uk)

Ce 950 4
II - 1500 9

Desorptlon Element Particle
Rd Time Concentration Size

W/O k) 0q) (PM) Temperature Atmosphere Ref. Note
1 x 10 250-355 Amb Air 4 a

n9 9, to of II It

Eu
nI

Sr
i.

130 4

1700 9

8 Z 10i9
n I

II

If

it

5000 4

4900 9

Cs 7400 4
II 8400 9

Da 46000 4
II 82000 9

Ce 5200 4
of >34000 9

Eu 4600 4
of 15000 9

IAm

nt

of

of

n9
n9

n9

n'

n9

n9

n9

n9

2 X 106
It

1 x 10 9
01

I x 10 6

of

2 2 10 8
II

3 x 10-
o,

4 x 10-
II

.t
it

n9

of

If

II

If

n9

n,

n9

9'

I,

to

106-150

to

of

I.

n9

n,

n9

n9

n9

n9

n9

106lS

n9

n9

I,I
N9

it

to
.9

It
to

n9
Ifn9

to

of

. 9It

II b

19, .9

9g, II

It .

it

II

of

n.n

n.n

n.9

.9

n n

n n

250

200

96

310

86

310

120

200

360

220

57

100

85

85

1

1

1

1

2

2

4

4

4

4

a

8

270 2

810 9

440 5

710 9 9,o

of

If

n,

n9

n9

n9

n9

n9

n9

nI

n9

.9

of

II

n9

It

to

n9

n9

n9

n,

1200

790

2000

2300

5

9

5

9

aSyhetic groundwater I; see Ref. 4.

bSynthetic groundwater II; see Ref. 4.
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TABKE A-II (cont)

Element

Pu
ft

ft

fto

of

If

It

n
nt

nt

nt

n

n,

U,

n,

n,

Sorptil

Rd
1 7)

170

70

81

68

110

120

220

4.9

3.5

12

1.6

1.4

1.3

4.2

3.6

4.3

on

Time
(wk)

1

1

4

8a

2

4

a

1

2

3

1

2

3

I

2

3

Desorption
Rd Time

(Mt/it) (vk)

160 2

710

450

97

13

12

4.4

9.7

6.4

6.3

13

9.5

18

2

2

3

3

2

1

3

2

1

3

2

1

Element
Concentration

C)
4 x 10-7

of

I x 10 17

to

II

It

..

Particle
Size

106-150
oft

ftot

if

II

,I

It

355-500
of

of

It

Temperature

Amb

of

of

of

I,

of

n

n

It

n

700C
n
II

Atmosphere Ref. Note

Air 4

II f

II It
n ft

It of

of to

of it

oft
n

to

It

it

it

n
In
of

It

of

I

Mo

Ru

Sb
..

-1.5 3

-0.5 4

1 z i0 1 3

of n

Amb
ft

nf 2
ft I

4.3 3 1 x 10 1

67

32

3

4

3 x 10 12
nt

If

II

II

Is

nt

of

n

-0.9 3

0.2 4

6 10' 12
to

of

It

of

of

of It

n it
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i

I

TABIE A-III

EATCH SORPTION DATA FOR TUFF JA-26

Element

Sr

Ifto

it

Cs

to

it

Ba

of

to

Eu
if

of

'I

..

Sorption
Rd Time

36 3

40 3

130 6

170 6

Desorption
Rd Time

(ml/iSt (wk)

32 12

30 12

38 *6

43 6

Element Particle
Concentration Size

(M) (PM)

2 x 10'11 75_500
to H

i, I t

to I

46

46

420

720

2900

1900

210

270

1200

1400

220

47

15000

1200

1200

1500

1600.

1800

1700

1700

460

400

430

450

490

480

3700

3300

2100

3100

2400

3100

it

6 S 10 9

..

1 s 10-

.of

3 x 10 10
n

n9

t'

It

it

II

if

of

of

to

Temperature

Amb
if

to

'I

to

of

n

II

n

to

II

n

to

II

n

nf

n9

n'

nf

Atmosphere

Air
of

of

..

of

of

n

It

to

it

nt

nf

n

nf

n,

Ref. Note

1 a
It H

II to

II H

II II

IS H

of

II

n

of

of

n9

nS

nt

nf

of It
n 99

If n

n* n

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-IV

BATCH SORPTION DATA FOR TUFF JA-28

Sorption

Rd Time
Element (I/R' (wk)

Sr 140 3
of 110 3

n0- 69 6

II 54 6
so

I'

Desorption

ad Time
(m1t/2 (wk)

120 12

120 12

110 6

110 6

110 3

110 3

Element Particle
Concentration Size

(M) (PM) Temperature Atmosphere Ref. Note

2 x 10 11 75-500 Amb Air 1 a

if II ittof of of

if it II It to of

if it #I of to to

it of of to to i
of to n *it

Cs
II

It

of

of
Ba
.I

of

Eu
i.

11,

nf

nf

1700

1200

2200

1500

900

760

720

900

1500

1200

5200

600

3

3

6

6

3

3

6

6

3

3

6

3100 12

2500 12

2400 6

2200 6

2300 3

2700 3

1200 12

1200 12

1200 6

1200 6

1100 3

1100 3

13000 12

13000 12

11000 6

6 Z 10 9
n1

nf nI

If

of

of

of

If
Itn

If

of,

to

II,

II

1 x 10 9

I x 10- 10

to

go

I~o

of

I,

of

It

it

nl

to

to

it

It

of

it

to

If

IS

It

It

It

II

If

II

II

It

II

It

It

of

II

%I

It

6 12000

11000

14000

6

3

3

In

It

of

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-V

BATCH SORPTION DATA FOR TUTF JA-32

Element

Sr
to

of

of

Cs
of

II

Es

Ba

Ce
If

VI

Eu
of

.I

Is

Sr

of

Cs
of

of

of

Ba

'I

Sorption
Rd - Tim,

50 1

52 3

56 5

71 a

Desorption

Rd Time
.I!lELt (wk)

55 2

>2 4

58 6

72, 12

110

120

140

120

270

310

370

520

66

90

90

110

48

92

88

120

48

50

72

55

120

120

130

140

370

370

420

440

1.

3

5

8

1

3

5

B

1

3

5

8

1

3

5

8

1

3

5

a

1

3

5

a

1

3

5

a

200

150

200

10

360

390

560

700

670

490

240

640

610

600

570

780

48

41

50

50

170

230

130

150

420

430

560

510

2

4

6

12

2

4

6

12

2

4

6

12

2

4

6

12

1

3

5

11

1

3

3

21

3

5

11

Element
Concentration

(M)

2 z 10 6
It

1 x 10 9

VI

If

VI
1 x 10 6

of

to

to

If

6 x 10 7
If

if

..

I x 10 7

2 x

1 K 10 6
nf

nf

Particle
Size

355-500
It

of

VI

tIf

If

II

it

If

VI

to

VI

VI

nI

nf

Iegperature

Amb

If

of

of

If

't

It

If

of

it

VI

VI

i f

nf

nf

nf

Atmosphere

Air
it

It

If

VI

of

II

nI

nm

nf

nf

nf

Ref. Note

2

of

If

Vf

If

VI

it

It

VI

It

V.

II

it

Im

It

II

ne

nf

nf

nf

nf

nf

nf

nf

nf

nf

if

nf

nI

n'

Nf

it

106-150

Vfnf

nf

of

It

It

If

,ml

of

VI

It

If

of

It

If

If

of

n~~~~~~i

nf

It

II

VI
nf

It

ofnf

nf
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TABLE A-V (cont)

Element

Ca
of

it

En

Eu

II

Sr

to

Cs
'9

of

II

it

Ba

II

Ce
II

9'

Eu

of

n9

n'

Sorption
Rd Time

(m/a) . (wk)

43 2

53 3

48 5

160 8

Desorption
ad Time

1300 1

340 3

310 5

240 11

51

69

73

190

93

110

110

140

82

85

100

100

900

1000

1100

1600

51

61

130

170

I

3

5

a

1

2

4

a

1

2

.4

a

1

2

4

8

1

2

4

a

1600

600

740

1300

80

80

110

120

70

89

96

99

110

100

1100

950

1600

1800

1200

750

310

1100

670

800

1700

890

1100

3200

4000

1

3

5
11

2

3

3

6

2

2

3

3

6

2

2

3

3

6

2

2

3

3

6

2

2

3

3

6

2

Element Particle
Concentration

CM)
8 z 10 7

..

6 z 10 7

2 x 1o06

2 x 10 9
t,

..

1 x 10

'II

6 x 10 7

no

nt

n,

n9

Size

106-150

. of

355-500

to

99

n9

99

to

.9

355-50

if

n9

.9

to

H9

n9

n9

n,

n9

n9

'n

n9

n9

n9

n9

It

of

700C

n,n,

TemPerature Atmosphere

Amb Air
II II

n9 nI

II n9

Ref. Note

2

..

n9

It .

to 99

o I*

9U .1

of of

to II

nt

of

of

n,

nU

t,

tot

II

of

of
no

of

.9

n,

n.

n9

n,

99

!I

of

.9

to

n9

n9

n9

too

to

of

to

9'

of

9'

to

of

of

t'

93 1

130 2

380 4

130 8

to

Ift

i'

to

nI
n9

of

nt

to

n9

n,
a

*Second desorption.
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TABLE A-V (cont)

Sorption

Rd Time
Element 1aQ/R) (wk)

Desorption Element Particle

d4 Time Concentration Size
5Eal..) (wk) (M) (pm) Temperature Atmosphere Ref. Note

£O 2 2 s 10 106-150 700C Air 2Sr

of

n..

Ifn

Cs

to

to

82 1

92 2 110

120

140

93

3

3

6

2

Of

II

to

II

If

nf

of

of

of

to

$I

II

to

It

it

II

120 4

160 8

a

a

* £2

87

1

2

80

110

130

130

120

2

3

3

6

2

2 x 10 9
If

If

it

n,

of

of

nf

n.

tt

of

of

to

n'

i'

of

IS

of

II

of

of

to

To

to
120 4

120 8

Ba

of

of

Ce

to

5o

5'

Eu
of

tt
tof

Sr

Cs

BI

560

660

1

2

940 4

1300 8

53 1

64 2

710

940

970

1300

1100

360

600

710

580

460

88O

1500

1300

1600

2000

64

67

4

a

1 x 10 6

to

'II

to

it

to

of

of

St

to

2 x 1o-6

to

120 1

180 2

220 4

240 8

II

II

MI

of

of

tt

II

It

250-355
n,

n,

n

tt

II

isof

II

#I

II

nt

no

no

II

it

of

of

of

it

if

tof

of

of

of

tII

a -

a

a

b

of1

to

tIf

II

84

85

130

140

4

9

4

9

Amb
I I

II

It

6 s 10 10
is

it

It

of

It

aSect

590 4

660 9

ond desorption.

1 s 10-6
of

of

If

O'

of

bSynthetic groundwater I; see Ref. 4.
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TABLE A-V (cont)

Sorption Desorption

Rd Time Rd Time
Element / (Wk) (/a) k

Cc 2900 4
If >55000 9

Element Particle
Concentration Size

Qn) (pi) Temperature Atmosphere Ref. Note

1 x 10- 250-355 Amb Air 4 a
i to of of int if

Eu
..

Sr
go

Cs

Ba

it

1700 4

4200 9

8 Z 10 9
It

18 4

18 9

2 x 10 6
to

85 4

73 9

I x 10 9
it

is

It

II

of

is

of

..

ni

ni

Ho

of

It
of To

It of

it

II

It

of

to

of

of

ob

it

160 4

180 9

1 x 10-6
of

of

to

of

It

it

of

ito

>30000 4

>45000 9

1 x 10-8
is

it of

.t .. It .

Eu 24000 4

to >61000 9

Am

of

of

of

it

ni

ni

ni

110 1

110 2

140 4

230 4

79 8

120 1

160 2

130 4

46 8

2800

1500

8 x 10 98

5 I x 10 6

of

5 It

Of

It

Ii

to

to

106-150
of

..

..

..

nf

of

to

700C
to
so

to

to

to

to

to

of

to

of

to

to

of

to

It

is

it

of

to

Amb .. isPu 110 2

aSynthetic groundwater I; see Ref. 4.

bSynthetic Sroundwater II; see Ref. 4.
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'i

TABIE A-V (cant)

Element

U

II

IIf

II

Sorption
Rd Time

(ut/g) k(u)

3.5 1

2.9 2

2.5 3

1.4 1

1.3 2

1.3 3

10 1

11 2

15 3

Desorption

Rd Time
/L) Z ftwk)

15 3.

12 2

9.6 1

0.2 3

5.4 2

5.2 1

23 3

19 2

20 1

Concentration
nsW

1 x 10 .

It

of

Size
On)

106-150

of

355-500
II

II

na

nf

Element Particle

Temperature

Amb

II

..C

..

Atmosphere

Air
It

Ref. Note

4
nf

II If

If

If

of

of

Is

II

to

to

of

is II It

I
it

0.35 3

-0.20 4

I x 10 13
If

Amb
n

In 2

Mo 8.2 3

Ru 88 3
44 4

1 x 10 14

3 x 10 12

6 x 10 12
It

to II It

to

it

If
nf

If

of

II

if

Sb
nf

0.12 3

-0.88 4

It
nof

to
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TABLE A-VI

BATCH SORPTION DATA FOR TUFF JA-37

Sorption Desorption

1d Time 4d Time
Element (Mit/1 (wk) k (ml/) (wk)

Sr

if

of

to

260 2

250 3

340 5

260 10

300 2

280 4

320 3

320 12

350 6

Element Particle
Concentration Size

LM) (tim) Temperature Atmosphere Ref. Note

3 x 10 355-500 Amb Air 2

n#* to a

if ~~It is of of a

of to~~~~i to I to

ofifi of of

Cs

VI

II

it

to

Ba

n.9

is

Eu

to

to

..

..

Sr
to

to

to

nf

nf

700 2

480 3

650 5

750 10

600 2

660 3

830 5

760 10

880 2

950 4

800 3

1100 12-

970 6

840 2

950 4

860 3

990 . 12

1100 6

I 10 7
to

It
..

..

2 x 10 6
of

of

to

to

3 x 10 6

Is

to

of

to
VI

3 x 10-6
of

of

of

of

It

of

of

of

of

of

of

to

to

of

nt

of

nf

106-150
nf

n1

of

of

is

of

of

of

It

n

of

it

of
to

a

a

a

of

of

I,

of

to

to

II to

n i
99 of

4100 2 6000 2

6700 4

4000 3 14000 3

18000 12

6400 5 18000 6

toIt

of

It

to
..

..

is

IS

of

is

it

of a

6900 10

300 2

280 3

260 5

350 10

320 2

290 4

350, 3

320 12

260 6

of

SI

It

of

to

to

II

to

of

It

It

It

Sit

a

a

a

aSecond desorption.
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I .4'4

4

TABLE A-VI (cont)

Sorption Desorption

Rd Time Rd Time
Element (l/it) (wk) (QLz) (wk)

Cs

.

if

.I

to

It
Ea

00

of

0I

n

tEu

It

#I

of

Sr
of

of

n

Cs
II

If

I,

n*

530 2

490 3

510 5

780 10

640 2

600 4

800 3

1000 12

720 6

Element Particle
Concentration Size

(M) (PM) Temperature Atmosphere Ref. Note

I z 10 7 106-150 Amb Air 2
Hf II to to a

to if So II II

if H~~I ofof f a

00 if~ II II of

II of of I it

700 2 810 2

750 4

750 3 1000 3

1100 12

710 5 900 6

1000 10

2100 2 3900 2

16000 4

7600 3 7700 3

24000 12

7300 5 17000 6

9500 10

2 z 10 6
of

of

of
n

to

3 z 10 7

n

H

n

2 x 10o6

00

..

4x 108

if

nf

nf

n'

n

of
n

n
II

'I

of

to

of

it

35-00

'I

it

n

If

n

If

If

nf

ng

n

nf

It

of

n

H

n

n

of

to

0o

of

of

of

If

it

n0

n,

to

of

to

it

it

of

n

It

0I

of

to

n I

It

n0

nS

n

n0

nf

nf

nf

660 1 900 2

820 3

790 2 1100 3

1800 13

1000 3 1500 6

1500 7 1500 3

1100 1 1300 2

1500 3

1300 2 4700 3

4400 -13

1400 3 1800 6

1600 7 1800 3

70°C

of

If

of

..

of

Is

It

of

of

n

n0

it

If

iof

In

a
It

it

a

aSecond desorption.
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TABLE A-VI (coant)

Sorption Desorption

Rd Time Dd Time
Element W/O (wk) (ml/a) (uk)

Ba 1700 1 2500 2

"9 1 3000 3

2400 2 4400 3

n' 9900 13

3400 3 6300 6

so 6600 7 5900 3

Element Particle
Concentration Size

(M) (PM) Temperature Atmosphere Ref. Note
1 x 10 355-500 700C Air 2

to of of It
of to,9 it Pt

of to It if of

Eu

of

to

..

..

2100 1 7600 2

11000 3

4400 2 12000 3

13000 13

4500 3 19000 6

5500 7 18000 3

I x 10 7
..

it

it

It

at

of

is

Pt

if

II

'I

of

tot

If

of

of

to

a

a

Sr
it

to

of

a,

..

Cs
n
of

II

Da

if

of
Ba
nf

na

n,

770 1 1000 2

950 3

820 2 1200 3

1900 . 13

1200 3 1900 6

1600 7 1400 3

1100 1 1200 2

1600 3

1300 2 4600 3

5800 13

1400 3 1500 6

1800 7 1400 3

2000 1 3300 2

3500 3

2500 2 4800 3

12000 13

4200 3 7600 6

6600 7 7500 3

2 x 10 6

of

of

i.

Pt

4 i 0-

it

11

I,

It

of

it

to

106-150
it

a,
of

II

of

P.

itto.

to

oa

is

of

if

of

It

It

of

'a

of

it

to

If of

of It - a

n is2 a

of of

of Pt

a,

oa

it

of

of

Pt

a,

a

a

nf nf

it

of

Pt

of

of

to

to

ofa,

nf

a

a

aSecond desorptioa.
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I

TABLE A-VI (cont)

Element

Eu
..En

of

of

Sr
of

Cs
of

Sorption

Rd Time
We!LLO (wk)

4000 1

4100 2

4000 3

5200 7

420 4

390 9

1300 4

1400 . 9

Desorption

Rd Time

9700 2

19000 3

7700 3

24000 13

17000 6

13000 3

Element
Concentration

1 x 10 7

ft

nI

Particle
Size
(PM)

106-150
..
of

. .t

II

250-355

of

Temperature Atmosph

70eC Ail

n nI

to o~~~~~~f

5* 56

Aeb - of

In

St ft~~

nf n

ere Ref.

2

nt

ft

Note

a

a

ib2 Z 106

6 x 10 10
it

II4

II of

Ba 840

of 880

4

9

1 x 10 6
nI

5'

In nf

to

of.

of

ItCe

Eu
It

Sr
.t

Cs
If

Ce

Eu
nI

27000

>48000

12000

>26000

74

lS0

840

760

380

340

>36000

>33000

13000

51000

4

9

1 x 108
In

of

of

if

VI

4

9

8 x 10 9
It

of nt of It

to of

4

9

2 x 10o 6

of

Itf
nf

it

of

nt c

4

9

1 x 10 9
VI

nI

nf

to

It of

VI

4
9

1 x 10
t'

of

of

of If I to

of If

4

9

2 x 10 8
If

n

nf

II

of

of of

It

4

9

3 x lo's
to

II

$I

a
It

I:
if

aSecond desorption.

bSynthetic groundwater I; see Ref. 4.

CSynthetic Sroundwater II; see Ref. 4.
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I

TABLE A-VI (cont)

Element

Am

to

iof

II

of

II

to

of

to

#I

NP

Ito

I.

to

it

to

of

So

nf

nt

n
nf

nf

nf

nS

n'

n,

Pu

nf

'n

nf

nf

Sorption

Rd Time
(ml/it) (wk)

430 1

370 2

430 4

1500 4

640 8

520 1

680 2

2100 2

960 4

goo a

730 8

18000 3

37000 6

46000 12

Desorptloi

Rd TJ
W/OsL i

14000

21000

L- Element
ime Concentration
wk) (M)

1 x 106

5 If

IT

5 to

VIf

It

12 1z1-

9 to

3 of

54000

59000

43000

390

180

240

300

420

560

760

-1900

20

22

42

4.0

4.8

5.1

2.6

4.2

4.7

0.5

6

5

13

17

19

1

4

1

3

6

6

13

13

3

6

13

870

890

1700

1300

2400

230

65

210

1

2

3

1

2

3

1

1

1

1

2

3

6.1

9.6

11

2.2

9.2

12

13

13

13

Ss

42

40

12

8

8

3

3

12

9

3

3

2

1

3

2

1

1

1

3

2

1

1 x 10o6

4 x 10 12If

is

8 1 10-11

I s 10 T

It

to~

of

II

It

Particle
Size
(PM)

106-150
'I

is

it

to

of

II

of

106-250
tof

106-150

106-250
to

of

of .

to

106-150
Is

355-500

if

of

II

IT

of

nI

o'

706C

Amb

of

nI

nI

Temperature Atmosphere

Amb Air
nf it

if ~~~~~~~It

e0C n I

to o

It it

to II

Abc

of II

It It

nmn

ifzl n

nf n

Ref.

4
I.

to

to

to

SI

5,6
't

to

to

of

nf

'I

Note

to

of

of

'I

is

nI

to

VI

of

'I

nI

nf

0ec
nf

nf

of

of

of

to

It

to

to

to

nf

nS

nS
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Ia

TABLE A-VI (cont)

Sorption

Rd Time
Element (d/g) (wk)

I -0.9 3

Desorption
Rd Time

Element
Concentration

1 z 10 13

Particle
Size
(pim)

355-500
ft

Temperature

Amnb

Atmosphere Ref. Note

Air 2
o f

-0.2 4

Mo 10 3

Rd 67 3
65 4

I z 10 14 .I to I, ..

3 x 10'12 B,

if n n

Sb 0.5 3 6 x 10 12 if iB

if 0.1 4 It 99
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TABLE A-VII

BATCH SORPTJON DATA FOR TUEF YM-22

Sorption

Rd Time
Element (mt/it) (wk)

Desorption Element

Rd Time Concentration
(MI/O2 (wk) (M)

59 6 7 x 10-7
..

Particle
Size
(06)

106-SOOSr

of

Cs
of

of

Ba

II

Ce

to

Eu

it
..

..

Sr

Cs

Ba

Ce

Eu

Sr
It
'n

48 3

48 3

55 6

62 6

260 3

380 3

270 6

'240 6

910 3

850 3

980 6

850 6

1400 3

1200 3

1300 6

1200 6

1300 3

1200 3

1700 6

1400 6

66 6

540 6

1300 6

1600 6

1500 6

48 3

53 6

46 12

Temperature Atmosphere Ref. Note

Amb Air 4
of nf

63

57

360

380

360

650

990

830

6100

8100

5400

3300

3900

3100

74

500

1600

4900

4000

120

70

..

..

1 x 10 g
.I

of

of

3 x 10 7

of

of

7

7 x 10 7

Is

is

5 x 10 8
to

It

It

of

of

to

of

of

to

it

of

II

fto

nf

n

n10

nI

n,

n,

n

7550
nt

n9

of

'I

it

tof

to
nf it

of

to

f,
nf

nU

of

'n

it

of

of

tf

if

if

to

'9

of

n~~~~~~~~~~~~~~~U

It

II

II

of

nf

nt

of

if

Uto

toI

If II

of to

of If

to nU

7

1

3

7

5

7

x 10 7

I 10-9

x 10 7

x 10 8

x 10-7

n,

it

tof of

If

to

4,8
tof

of

CA
nf

nf
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r6

TABLE A-VII (cont)

Element

Cs

'IBa

Sorption

Rd Time
Slz/s) (wk)

200 3

210 6

250 12

Desorption

Rd Tice
JmL/g) (.k)

340 6

280

470

460

3

6

3

Element
Concentration

of

II

3 x 10 7
II

Particle
Size

75-500

of

oif

..

II

of
iof

I.

I,1no

Temperature Atmosphere Ref.

Amb CA 4,8

Note

200

300

300

3

6
12

to

to

of

nf

nf

Ce

of

Eu
it

Sr
..

N

Cs
o'

Ba

of

Ce
'I

nf

Eu
.i

760 3 2700

2100

1600 12

6
3

710 3 2500

3100

6

1300 12

73

75

e1

380

440

480

660

900

1000

630

860

760

600

990

3

6

12

3

6

12

3

6

12

3

6

12

3

6

120

100

550

490

1100

1300

2400

2100

2200

1900

6

3

6

3

6

3

6

3

6

3

2 z 10 8
It

. no

7 x 10.7

_9'
It

2 1-92 x 10

of

3 10 7

2 x 10-8

ifnf

tof

it

of

to

<75

of

It

It

nf

nf

ni

nf

nI

to

to

Is

of

to

of

of

tonf

if

IIf

It

to

of

to

to

nf

to

ro-

to

of

I'

of

tof

of

of

nf

nf

nf

1t

It of

of nf

of 11

it to

It of

of of

2 x 12 8
It
of1000 12
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TABLE A-VII (coat)

Element

Am

of

ft

IF

ofo

of

is

of

'I

to

of

tof

of

of

of

II

to

11,

nf

n9

nf

nU

nf

nU

nf

nf

-n

'n

Pu

n9

nf

nf

nf

Sorption
Rt Time

W/1O) (wk)
1500 3

1100 6

1100 12

6500 3

6800 6

6900 12

750 3

960 6

1200 12

1400 3

2100 6

1800 12

Desorption

-d Time
(ml/it) (wk)

2400 12

1900 9

3100 3

6700 12

. 6500 9

7300 3

2300 12

2300 9

4300 3

2500 12

3100 9

7500 3

37

64

100

130

210

280

120

400

250

85

260

190

65

62

54

41

17

120

47

79

70

16

60

63

54

66

34

3

6

12

3

6

12

3

6

12

3

6

12

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

1300

1300

1400

1400

1300

1900

970

1800

1200

1000

1500

3100

960

580

470

920

730

2800

1800

1400

1900

910

1100

1200

990

1100

280

12

9

3

12

9

3

12

9

3

12

9

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

Element
Concentration

1 x 1077

it
..

.,

3f 10-8

it

to

of

4

4 x 10 83

II

It

n

If

9'

8 x10-12

3 z lO11

2 xI01010

2 z 10'

1 x1-

2 1x10 11

I x 10 13

6 x102

1 x 10-1

3 x 1011

2 x 10 10

2 x 10 9

1 x 108

Particle
Size

75-500

of

<75
VI

75-500

it

<75
VI

of

75-500
'o
it1

<75
If

to

75-500
it

To

<75
to

to

75-500
To

oft

it

II

(75

of

of

n
I'

nf

Temperature

Amb
of

of

it

of

II

so

It

if

of

if

It

of

'I

I'o

of

of

'I

nt

nf

nf

Un

nf

Un

nf

nf

n'

n'

nf

nf

nf

if

if

Atmosphere

Air
It

of

of

CA

Air

of

CA

of

'It

Air
of

of

to..

If

of

of

of

of

n9

n

nf

nf

Ref. Note

3

of

'9

of

of

of

of

if

it

II I

.f

to

ft

of

to

II

ft

I

ft

iof

of

n

to

1

of

Ifo

n~

n'

nU

nf

'N

'n

n

1'

nS

nf

nf
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TABLE A-VII (cont)

Element

NP

II

It

'9

It

of

fIi

to

it

of

Tc

of

It

of

Sorption
Rd Time

(ml/&) (vk)

5.1 3

5.8 6

7.0 12

6.1 4

7.0 4

9.5 8

g.4 a

9.5 12

10 12

2

2

2

1

2

2

0

0.9

1.2

0

0.8

0.13

0.17

0.16

0.72

0.4

3.8

6.5

3.2

0.3

1.5

Deorpti
Rd

26

30

42

18

18

19

17

34

34

15

8

0

8

0.47

1.2

1.9

1.2

12

37

14

32

9.5

5.3

Lon

Time
(kk)

12

9

3

12

12

7

7
3

3

2

1

2

1

9

9

9

9

12

12

9

3

9

3

Element Particle
Concentration Size

1 x io 10 75-500
II of

H n

3 x 10 n
n H

n H

n II

n1H

Temperature Atmosphere

Amb Air
OfH

of Hf

of CA

Ifi

It Of

II H

to II

of II

It

of

It

<106
to

is

106-500
n

n

(75
n

n

75-500

106-500
it

75-500

<75

75-500
n

Air 3
n H
H H
n H
H H
it H

CA 4

H 9n
H n

nI

Ref. Note

a

IF
H

.

n

1

1

1

I

x 10-6

' 09

3[H61

II

to

It

Air
n

H

CA

II

of

of

II

II

to

to

aPreviously unpublished results.

299



TABLE A-VII (cont)

Element

Sr
t3

PT

o,

II

TO

PT

Cs

it

PT

ft

it.

Ba
to

9'

it

II

IT
T.

PT

Eu
..

..

n9

n3

Sorption

Rd Time
JM!tL.) (wk)

9.4 3

55 3

71 3

95 3

65 3

20 3

54 3

81 3

70 3

65 3

Desorption

Rd Time
J jfxl.) (wk)

Element
Concentration

3 x 10 3

3 x 10 5

5 x 10 7

6 x 10 7
to _-3

3

3

5

6

2

2

2

2

C 10 -

I 10 5

C 10-

' 107
PT

10

110

260

660

550

12

130

610

380

610

210

470

790

600

670

400

760

1200

1300

1000

1100

1200

1900

1900

2100

5800

690

1900

1900

3

3

3

3

3

3

3

3

3

3

2 x 10 3

2 x 10 5

2 x 10 7

3 x 10 9

3 x 1io10

2 x 10 3

2 x 10 S

2 x 10z7

3 x 10 9

3 x 10 10

Particle
Size
(PM)

75-500
to

it

..

3e

<75
PT

to

PT

If

75-500

ft

<75

of

ft

75-500
PT

PT

<75

Of

75-500

of

<75

it

x 10 4~~~~~~~3

n3

Temperature Atmosphere

Amb Air

it PT

33 ~~~~~~~~ft9 Pt9II

n~~~~~~~~P
n n~~~~~~~i

P9

of

it

PTP

TV

PT

it

eft

it

Ref. Note

3

of

IT

PT

.t

P,

to

of

of

ft

TO

39

of

of

ft

ft

ft

n,

n3

3n

nt

nt

n

nt

3n

n

n9

nt

3

3

3

3

3

3

3

3

3

3

I

1

4

3

z 10 5

x 10-

x 10

x 10 4
IT

x 10 57
x 10-5

x 10

n

of

Pt

is

to

it

it

PT

'T
'n
to

it

1

1

4

3

TV

It

PT

TV

PT

3

3

3

3

3

3

3

3

3

9 x l0 6

3 x 10 6

4 x 10 S
1 x 10 8

3 x 109

9 x 10 6

3 z 10 6

4 1 10 8

1 x 108

to

ft

ft

fto

33

PT

ft

of

of

PT

n3

n9

n9

n.
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TABIE A-VIII-

BATCH SORPTION DATA FOR TUFF YM-30

Sorption

-Rd Time
Element (ml/2) (wk)

Sr 100 3

320 6

360 12

Cs 850 3

860 6
:,I 2000b 12

Desorption

Rd Time
(W/1) (wk)

210 12

260 9

160 3

1600 12

1700 9

1300 3

Element Particle
Concentration Size
_ (M) (PM) Temperature Atmosphere Ref. Note

8 Z 10- 11 75-500 Amb Air 3 a
n of to of of

of 9,

3 x 10 9
to

i o f

It nt n1

n nt - 55

of of . it

to

it

of

it

Ba
Ct

Ce

2000 3

1800 6

6400 12

130000 3

1100000b 6

330000 12

4200 12

2000 9

3100 3

200000 12

160000 9

150000 3

8 lo101
nt

to

tont of

of

of of of

of of It

nf of of

8 x 10 13
nt

to

to

SIt

so S

it ft to of

f n ft b

of nt ofIt

Eu 94000 3

of 120000 6

of 260000 12

10000 12

10000 9

I lo- 10
x 5

is

of

of

It ,1

of it

12000 3 to

aConcentrations are only those added with the tracer; actual concentrations way be higher.

bValue not included in averages for Table XXI, Chap. 1.
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TABLE A-IX

BATCH SORPTION DATA FOR TUFY YM-38

Sorption
Rd Time

Element (.S2/) (vk)

Desorption

Rd Time
(32/X i) (wk)

Element Particle
Concentration Size

( ) (in) Temperature Atmosphere Ref. Note

6 Z 10-a 106-500 Amb Air 4
of it of to It

Sr
of

18000 3

10000 6 22000 3

Cs
of

Ba
$I

Ce

Eu
..

12000 3

8200 6

77000 3

81000 6

900 3

620 6

2600 3

1500 6

13000 3

260000 3

2600 3

7300 3

I s 10 9
1II

4 x 10 ?

1 x 10 6
of

7 x 10-8
of

of

of

It

If

it
of

to

to

It

VI

It

'It

t'

pi

9,

of

I,

If

It

of

*l of

It to

Sr 7400 6 18000 3 6 x 10 8

Cs 5900 6 13000 3 1 Z 10 9

Ba . 40000 6 110000 3 4 x 10 7

<106 .I If of

is of

of II

Ce 950 6 4900 3 1 x 10 6 to

Eu 4900 6 10000 3 7 x 10 8 n

Sr
of

If

Cs

Ba

II

Ce

In

7200 3

8500 6

7500 12

7900

10000

5400

34000

41000

11000

560

850

320

3

6

12

3

6

12

3

6

12

13000 6

14000 3

15000 6

15000 3

58000 6

89000 3

1300 6

3200 3

I x 10 7

3 x 109

of

It4 x 10 7

7 x 10 8
If

It

75-500

of

If

Iof

of

it

of

n5

n'

nf

of

It

CA

ofnf

It

to

it

to

to

II

of

II

In

of

to

of

to
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TABLE A-IX (cont)

Sorption

Rd Time
Element (v0 (wk)

Eu 840 3
of 1000 6

It 470 12

Desorption
Rd Time

_(mfg) N

1300 6

4300 3

Element Particle
Concentration size

(M) _(ym) Temperature Atmosphere Ref. Note

9 z 10 8 75-500 Amb ,. CA 4
of II II of

II of of It of

Sr 9100 3

"t 23000 6

to 8000 12

Cs 9500 3
II 14000 6

If 9000 12

Ba 57000 3

to >210000 6

to 22000 12

Ce 650 3

of 320 6
of 740 12

Eu 1100 3

to 560 6

II 1000 12

Sr 14000 3

it 20000 3

23000 6

18000 3

12000 6

8000 3

63000 6

46000 3

21000 6

660 3

21000 6

820 3

1 x 10o7

3 x 10 9

4 x 10z7
of

7'x 10-

It

9 z 10 8

4 z 10 7
to

<75
of

If

of

it

of

it

It

n

of

<38
.nI

I'

If

IIf

of'I

II

I'

II

n
II

II

It

II

II

If

is

of

4,8
to

'I
it

of

II
n

If

II

to

nI

II

It

of

Iof

nf

nf

It

of

II

If

If

It

Air 7
to

Cs 11000 3
no 20000 3

4 x 10 9

It

Ba

Eu
n

69000 3

190000 3

2200 3

3000 3

4 x 20r7
n

7 z 18
nf

n

I,I

of

38-106
If

In
n

It

It

if

if

to

n

nf

n
II

In

of

I'

I'

Sr 20000 3

of 20000 3

Cs 17000 3
II 15000 3

4 x 10 7
It

nI

n

II

II

to

it

of

It4 x 10
II

II

II

IS

of
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TABLE A-IX (cont)

Sorption

Rd Time
Element .tJlsL) (wk)

Bs 120000 3

of 100000 3

Eu 1300 3

1300 3

Desorption Element Particle

Rd Time Concentration Size
(.l/x) (wk) L (M) 7() Temperature Atmosphere Ref. Note

4 x 10 38-106 Amb Air 7
to II n It

7 x 10-8

4t 10 7

If

II

of

it

to is

to

Sr 17000 3

It . 18000 3

106-500
to

of n

of of

Cs

of

Ba
nf

14000 3

14000 3

57000 3

100000 3

Eu 1300 3

of 1500 3

..

of,

of

Pu

if

If

Am

of

nf

nf

nf

nf-

9500

7300

2600

6100

5200

2500

130

320

650

58

120

240

4600

8800

8200

3400

3600

5000

3

6

12

3

6

12

3

6

12

3

6

12

3
6

12

3

6

12

9900 12

14000 9

12000 4

5900 12

9600 9

5800 4

1700 13

2200 9

4300 3

1100 13

1000 9

1800 3

18000 12

10000 9

19000 3

18000 12

8400 9

9100 3

4x 10
to

4 s 10 7
it

7 x 10 8
II

1 s 10 7
If

of

4 s 10 12
I.

If

3 s 10o8

of
nf

nf

nf

n

n
It

to

'S

to

<75
o,

of

75-500

<75

75-500
to

<75

75-500
of

to

of

It

n

nf

it

'I

It

I,

of
it

n

it

.It

tt3

of

II

of

of

'I

of

#I

I,

it

to

of

n

nf

nf

nf

CA
to

If
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TABLE A-IX (cont)

Sorption Desorption
Rd Time Rd Time

Element (et/r) (wk) . t/t) (vk)

Element Particle
Concentration Size

(M) ..(PM) Temperature Atmosphere Ref. Note

2 z 10 13 <75 Amb CA . 3Pu 500 3 >2200 12
of

It

tof

to

Np
tI

to

of

I,

if
of

Tc

.f

U.

of

it

Tc

if

'S

U,

N
n,

nI

930 7

1100 12

620 3

830 7

830 ' 12

9.3 4

9.4 4

11 6

11 6

12 12

14 12

14 4

19 4

120 8

160 8

190 12

77 12

2.6 3

7.3 6

21 12

3.0 3

17 6

29 12

>2000 8

>2600 3

>2400 13

>2200 8

>2300 3

17 12

22 12

23' 9

24 9

28 3

33 3

22 12

250 12

310 7

S00 7

2100b 3

250 3

180 12

87 9

73 3

160 12

160 9

46 3

to

4 10- 11

of

of

2 s 10 11

of

of

of

if

.1

It

1 x 10o6

it

.f

..o

it

,it

75-500
..

It

It

to

to

if

oft

of

of

if

(7550

Nf

n,

(10
nt

Hf

1n-0

nf

(75

756-500
nU

<75

'i

t,

oU

if

to

if

oft

it

Air
.f

..

CA

it

of

of

oa
to

'U

to

NoU,b

nU

of

it

of

t,

n,

n,

S

6

6

5

5

5

17

20

14

11

14

15

1

2

3

1

2

3

1

2

3

1

2

3

16

15

16

12

1

2

1

2

Air
It

of

of

CAts

it

it

It

NU

Nf

aPreviously unpublished results.

bValue not included in averages for Table XXII, Chap. 1.
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TABLE A-IX (cont)

Element

Sr
or

i.

.f

.

Cs

of

it

Na

if

of

Eu

Sr
..

En

of

of

5f

Cf

of

itf

it

or

if

of

Sorption

Rd Time

1200 3

5700 3

9000 3

4100 3

1500 3

Desorption

Rd Time
(2&La)_ (vk)

Element
Concentration

(N)

2 x 10 3

2 x 10 S

2 x 10O7

7 z 10 8

6 x 10'8

3400

6000

4200

4000

3500

79000

75000

36000

68000

33000

4600

1700

1700

2700

3700

1500

13000

10000

10000

3300

3500

3700

6300

2700

3200

100000

93000

97000

81000

72000

3

3

3

3

3

3 x

3 x

3 x

2 x

2 x

10-3

1-S10 7

109

lo-lo

Particle
Size

75-500

it

orf

#I

'I

to

nf

n,

nS

nf

Temperature

Amb
'It

tf

or

of

of

to

or'

it

If-

nU

n'

nf

Atmosphere

Air
of

of

re

to

to

to

or

if

of

it

or

nf

nf

n~~~~~~~~i

nf

nf

'n

nf

3

3

3

3

3

1 x 10 4

1 1 10 5

2 x 10o6

6 x 10 7

4 x 10 7

3

3

3

3

3

, 6

4

6

4

6

I

I

I

1

I

3

3

3

3

3

2 x

2 s

2 -

7s

5 s

0-6

10-6

10-8

1 o-8

10o9

10-3

10-5

10-7
1-8

10-8

10-3

10 5

10-7

109

lo- 10

nf

to

of

If

is

to

of

nS

n,

nf

nf

nS

nf

to

or

'r

re

Os

Ref. Note

1
..

I.of

.f

i.

to

of

.I

it

to

'I

i'

to
II

of

of

to

to

S.

of

It

of

to

if

n'

nS

nf

n'

nf

Ifo

3

3

3

3

3

3 x

3 x
3 x

2 x

2 -

It

of

or

ft

3

3

3

3

3

I s 10:4

1 S 10-5

2 x 10 6

6 x 10z7
4 10 7

of

no

nf

it

of

of
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TABLE A-IX (cant)

Element

Eu

If

Sorption

Ra Time
WAER) NO

7100 3

2600 3

Desorption

Rt Time
(et/X) (wk)

Element
Concentration

6 z 10 -

3 z lo 6

6 z 108

4 x 10 8

6 z 10 9

Particle
Size

' 75

it
It

Temperature

Anb
u

if

if

Atmosphere Ref. Note

Air 1
ta it

Ad H
3700

3100

5000

3

3.'
3 of t f i f
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TABLE A-X

BATCH SORPTION DATA FOR TUFF YM-42

Sorption Desorption

Rd Time ad Time
Element (mt/t) _wk)

Sr 2900 3
to 1 3900 6

" 5000 12

Cs 16000 3
of . 17000 6

of 19000 12

(ad/it) (wk)

3300 12.

3000 9

Element Particle
Concentration Size

(M) (PM) Temperature Atmosphere Ref. Note

8 x 10-11 75-500 Amb Air 3 a
of ti *f it it

6000 3 of

3 z 10i9
f .

to

of

I'

of of of of

19000 12

19000 9

25000 3

'I

it

to to

Io to

to

to It of

Ba

nf

72000 3

90000 6

120000 12

42000 12

83000 9

150000 3

8 x 10z10

I'

to

It

to

if

to
nf

of
It

to

of

it

of of it

Ce
nf

35000 3

47000 6

39000 12

46000 12

35000 9

52000 3

64000 12

59000 9

70000 3

8 x 1013

1 x 10 10

it of

it

to

tof

To

to

to

it

ofI

to

of

of

if

n'

nu

Eu 45000 3
n 58000 6

53000 12

of

of

of

of

of

it

'I

to

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-XI

BATCH SORPTION DATA FOR TUFF YM-45

Element

Sr
of

Cs
.i

Sorption

Rd Time
(0&LL... (wk)

170 3

170 6

Desorption

Rd Time
tM/lt) NOk

190 6

180 3

Element
Concentration

(n)

6 x 10 7
I , 9

if 1

Particle
Size
(PM)

106-5OO
N

Hf

nf

Temperature

Amb
i,

nf

nf

Atmosphere

Air

of
nf

nI

Ref. Note

4

itnI

n

480

320

3

6

450

430

6

3

Ba 1200

1400

Ce
of

Eu
if

Sr

Cs
of

Ba
if

Ce
In

Eu
n

1000

710

2100

1600

220

220

* 740

550

970

1200

540

670

990

1700

1500

1200

7400

4700

7100

6400

240

230

780

840

1200

1300

4100

6800

5800

9700

3 x 10O7

9 s 10 7

1 z 10 7
H

6 x 1
nI

of

of

to

It

<106
nf

n

nf

n

nf

if

if

of

to

of
n
nf

nf

nf

H,

n.

nI

n

nf nf

1 x 1O 9
n to

if

3 x 10 7

9 x 10 7

1 x 1K7
nf

it

to

of

It

n

N N

N if

ft nf nf
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TABLE A-XII

BATCH SORPTION DATA FOR TUFT YM-46

Sorption

Rd Time
Element (=I/a) . (wk)

Sr 90 3

to 170 6

It 300 12

Desorption
Rd Time

280 12

290 9

Element Particle
Concentration Size

(L ) (pW)- Temperature Atmosphere Ref. Note
8 x 10 11 75-500 Amb Air 3 a

IS II II ot o f

220 3 of IS n St IS

Cs

of

500 3

320 6

1700 12

1800 12

2200 9

1300 3

3 x 10 9 of

of

of

is

II to of

to it

It it to of

Ba

Ce
of

Eu
I.

n

6500 3

11000 6

25000 12

97000 3

360000 6

470000 12

110000 3

320000 6

490000 12

23000 12

25000 9

16000 3

8 x 10 10
IS

of

of

n

#I I'

of If t

IS II IS

370000 12

400000 9

230000 3

27000 12

35000 9

31000 3

g x 10 13

8Is

1 x 10 10
nf

$I

of

of

St IS

to

of

If

of

It II If

IS of St

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-XIII

BATCH SORPTION DATA FOR TUFF YTM-48

Sorption
Rd Time

Element (mg/i) (vk)

Desorption

Rd Time
(atla) (wk)

Element
Concentration

7 x 10 8

Particle
Size
(PlM) Temperature Atmosphere Ref. Note

106-500 Amb Air 4Sr .15000

- 2500

Cs 15000

to 22000

Ba 12000

"0 23000

Ce 870

to 1900

Eu 1700

to 2700

Sr 1200

Cs 6900

Ba 10000

Ce 2900

Eu 3100

Tc 0.16

to 0.14

it 0.11
of 0.2

2900 3 It

to

nI it It

30000 3

41000 3

12000 3

1 x 10 9

4 x 10i7

7 z 10 7

5 s 10-8
nt

'I

to

tof

itt

So

to

of

It

to

of

to

n,

nt

n'
19

to

of

of

tn

of

it

It

of
nt

9300

2400

23000

27000

13000

6800

1.5

1.2

2.3

1.6

3

3

3

3

3

3

9

9

9

9

7 z 10i 8

I x 10

4 x 10 7

7 x 10 7

S x lo's

1 Z 10 3

1 Z 10 6
1 x 10 g

1 z 10 12

<106

to

t, of

of to

to of It f9

of

'i

nf

is

of

of

ft

ft

it

11

106-500
.f

fto

of

of

of

nt

of
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TABLE A-XIV

BATCH SORPTION DATA FOR TUFF YT-49

Sorption Desorption
Rd Time Rd Time

Element (MA/R) twi) W/OzR (wk)

Sr 2700 3 4400 6

Element
Concentration

()
6 x 108

of

of

Particle
Size
(PM) Temperature Atmosphere Ref. Note

106-500 Amb Air 4
to of to to

II nI I

of It To It

of

to

It

. 2600

3800

3800

3
6

6

4400

4300
3
3

Cs

Ba

of

Ce
to

to

I,

29000

37000

36000

43000

26000

30000

59000

54000

560

490

810

3

3

6

6

3
3
6

6

3

3

6

38000 6 1 x 10 9

40000 3 "

40000 3 It

51000 ' 6 4 x 10'7

69000 3

76000 3 "

1000 6 3 z 107

1100 3 n

If

it

It

of

it

nf

nf

nf

nf

of

totoI

of

to

It

II

to

to

to

II

of

to

#I

of

of

of

of

Itto

tof

it

of

of

350 6 970 3 of of of

Eu 1000 3 1600 6 1 x 10 7
to

of

Sr
II

1200

1500

1000

1500

2400

3

6

6

3
6

3100 3

1600 3

of

#I

of

of

it

of

(106
II

to

'I

it

It

If

II II

It

of

2400 6 6 x 10
of

If
of

Cs 22000 3

8700 6

Ba 17000 3
of 9200 6

Ce 570 3
of 530 6

Eu 1400 3

1300 6

15000 6 1 x 10 9
to

28000 6 4 x 10 7
If

1400 6 3 x 10 7
to

2200 6 1 x 10 7
of

II

of

It

to

of

of

of

of

of

of

II
Is

to

of

of

It

nf

of of

of f

of of

to It
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TABLE A-XIV (cont)

Element

Am

Pu
'i

. of

of

n

9,

of

$I

if

of

nf

n~

n9

Np
nf

Sorption

Rd Time
WA/O) Cvk

2900 3

2800 6

7100 12

Desorption

Rd Time:

19000, 12

3800 9

3000 3

170
160

130

180

270

150

89

140

220

240

130

240
390

20001b

120

140

160

200

210

820

15

5.3

6.3

3

3
3
3

3
3
3
3
3

3
3

3
3

3

3

3

6

6

12

12

3
6

12

700

840

780

490

690

670

790

590

620

340

720

700

1300

1700

560

390

410
440

660

930

6.7
9.2

20

3
3
3
3

3

3
3
3
3

3
.3

3
.3

3

3

12

9

9

3

3

12

9
3

- Element
Concentration

(M)

1 x 10 7

2 2 1012
8 x 1012

1 x 10 10

4 x 10 1
3 x 10 8

2 1012

1 x 10 12

4 = 10

3 x 0

2 x 1011

I X 10 10
1 z

tIz 10 8

3 10 12

7 a 10-
nf

n,

Particle
size

106-250

<75

to

75-500

if

nf
nf

nf

106-250

nf

nf

nf

nf

In

o~f

it

it 9

it i

nf i

nf 7

ifIt

9iti

ifof

It i

nf n

nf i

*9i

nf n

Temperature Atmosphere

Amb Air

- nf n

Ref.

6,9
of

Note -

a

b

c

C

C

n

it

of

6
nf

Te

if

0.16

0.20

0.25

6
6
6

1.3 9 I z 10- 3

1.5 9 1 Z 10 6

2.7 9 1 z10 9

2.3 9 I x 10 12

106-500

ton9

nf

if
nf

nf

in

of

4
nf

nf

0.23 6

aValue not included In averages of Table XXII, Chap. 1.
b~alue not included in averages of Table XXI, Chap. 1.

cRock pretreated for 4.5 months.
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TABLE A-XV

BATCH SORPTION DATA FOR TUFF YH-54

Element

Sr
of

Cs
nf

Sorption
Id Time

83 3

80 6

Desorption

Rd Time
(m1LLR) (wk)

80 6

84 3

Element
Concentration

6 x 10 7

2 x 10
it

Particle
Size
(P)

106-500

nI
it

Temperature
Amb

nf

'I

of

Atmosphere

Air
i.

If
nf

Ref. Note

4
to

to290

200

3
6

290

350

6

3

Ba 720
It 590

Ce
'i

Eu
nf

Sr
nf

Cs
nf

Ba
to

Ce
in

Eu

Sr

it

Cs

it

Ba
II
nf

180

110

580

370

95

97

270

230

520

650

110

170

390

700

76

130

70

210

260

240

870

620

350

3

6

3
6

3

6

3
6

3
6

3

6

3
6

3
6

3

6

12

3
6

12

3

6

12

620

640

1500

720

2100

1700

120

110

270

320

690

680

1000

690

1900

1700

110

120

260

310

470

640

6

3

6

3

6

3

6

3

6

3

6

3

6

3

6

3

6

3

6

3

6

3

9 x 10i7

I x 10-7

6 x 10 7
It

2 a 10 9

3 x 10z7

3 a 10 7
of

of

If

(106
to

to

of

I'

of

It

to

if
nf

nf

II

I'

of

to

of

of

is

n'

so

#I

is

nf
it

of

n

1 x 10 7

8 x 10o3

if

3 * 10 9

1 a 107

of

Iof

75-500

of

if

It

of

nf

of

It

if

It

of

oif

if

nU

nf

go

of

t'

of

t'

is

4,8 a
II 9,

If of

CA

of

9,

of
of

SIt

to

II

of

'S

to

II

It

'S

I,

aConcentrations are only those added with the tracer; actual concentrations nay be higher.
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TABLE A-XV (cont)

Sorption

Rd Time

Desorption
Rd Time

Element

Cc

of

110

540

490

(wk)

3
6

12

680

2100

wk)
6
3

Element
Concentration

1 x 10 7

of

Particle
Size
(PM)

75-500

'I

Temperature
Amb

if

nf

Atmosphere

CA

'I..

Ref.

4,8
to

If

Note

a
nf

Eu

Sr

Cs

'I

Ba
of

n,

Ce
II

of

Eu
St

Sr

of

to

Cs

if

of

If

If

330

850

770

100

150

130

360

370.

390

610

740

660

IS0

860

970

530

1400

1500

280

270

57

56

37
42

940

890

190

190

110

130

3
6

12

3
6

12

3

6
12

3
6

12

3
6

12

3

6
12

3
3

3
3
3

3

1500 6

2100 3

150

120

6
3

460 . 6

420 .3

630 6

660 3

840 6

2400 3

1700 6

2600 3

2 x 10 7

of

8 x 10-8

5,

3 x 10 9

I x 10,

of

I Z 10'7

of

of

2 x 107

6 z 10 7
If

of

3 x 10 9
'I

If

if

nf

nf

to

ftt

<75
nf

tU

it

'i

In

If

'I

'I

of
nf

nU

t,

of

of

at

of

it

of

It
n5

IS

of

'I~

n'

nf

nf

of

II

of

<38
of

38-106
to

106-500
if

<38
If

38-106
It

106-500
If

In

II

.i

SIHf

In

to

of

II

it

ofnt

II

IfHf

nf

If 't

'f

11,

of
nf

nf

I'

SI

to

Iof

of

nf

n'

nf

nf

Air
of

IF

'U

It

b
If

of

of

3
3
3
3

3

3

'I

If

of

If

nf

of

II

to

of

I'o

'I

nf

nf

nf

aConcentrations are only those added with the tracer; actual concentrations may be higher.

bPreviously unpublished results.
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TABLE A-XV (cont)

Element

Ba
II

It

Eu
.I

..

Am

go

go,o

~ft

ofto

ft

ft

It

of

If

If

If

nt

nt

nt

n,

n,

ft

ft

nt

Sorption
Rd Time

2( LA L. (wk)
1700 3

1600 3

480 3

470 3

130 3

150 3

Desorption

Rd Time
(JlA2) (wk)

1600

1600

260

420

490

440

900

1300

900

150

150

160

1000

1400

1900

650

620

660

66

64

76

52

81

160

65

100

120

110

205

190*

3

3

3

3

3

3

3

6

12

3

6

12

3

6

12

3

6

12

3

6

12

3

6

12

3

6

12

3

7

12

690

'670

560

400

680

570

2400

3200

3800

1400

1600

2900

830

590

670

660

600

660

1000

780

1900

850

1600

1500

12

9

3

12

9

3

12

9

3

12

9

3

12

9

3

12

9

3

12

9

3

12

a

3

Element
Concentration

(M)
3 x 10-7

of

oft

If

4 x 10 8

I,

a,g

II

it

to

I x 10-2
If

n

it

go

ft

ft l

nt

nt

5 x 10 12

3 z 10 13

n,

nt

Particle
Size
(PM)

<38

38-106
go

106-500
it

<38
of

38-106
of

106-500
ft

<75

It

75-500

<75

It

75-500

<75
to

I'

75-500

<75

75-500

of

Temperature

Amb
fot

of
nt

ft

ft

o,

it

It

of

of

ft

it

It

oft

nt

nt

nt

Atmosphere Ref.

Air
o,

.f

.t

of

of

'I

nt

nt

nt

9,

of

ft

'I

Note

a

go

nf

nt

nt

ft

ft

so

of

fto.

CA

to

n9

n,

n'

If

IfI

of

nt

nt

nt

ft

nt

nt

nt

nt

nI

Air

I.

CA
go

Itnt

nt

aPreviously unpublished results.
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TABLE A-XV (coant)

Element

'U
n

n

n

n

9,

II

to

Te
II

of

n

n

nI

Sorption

Rd Time

(Wl/) (wk)
2 1

2 2

*2 3

1 1

2 2

1 3

1.0 1

1.8 2

2.3 3

0.8 1

1.4 2

1.7 3

Desorption
Rd Time

,(Mit2) S!Lk)

14 2

15 .1

4

19

140

38

240

37

13

5.9

2

1

12

9

3

12

9

3,

Element
Concentration

(ML)

II

II

It

If

It

1 x 10 1 2

n

n

H

If

II

II

II

Particle
Size

<106
II

to

I 106-500

It

(C75..,

75-500

..

o'

of

<75
Ih

'f

Temperature

Amb
of

t.

..

..

.I

of

I.

I.

II

of

II

'I

n

'9

Atmosphere

Air
'I

n

II

Ifn

CA
it

it

it

II

If

go

of

n,

n

n~

Ref. Note

3
n

4

II

IIH

n

It

n

n

n

H

IfII

4.7

3.8

33

0.7

0.8

3.4

3

6

12

3

6

12
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TABLE A-XVI

8ATCH SORPTION DATA FOR TUFF G1-1292

Element

Sr
it

Sorption
Rd Time

(ml/it) (wk)

200 3

200 3

220 6

190 6

Desorption
Rt Time

.W(/O (w})

120 6

110 6

Concentration
(M)

2 x 10 7
to

of

Size

<500
ml

of110

130

Element Particle

3

3 to

Temperature

Amb

..

it

'Is

n0

no

n0

of to

of It

Atmosphere

Air
of

Ref.

1
..

Note

Cs
no

tot

390

450

500

380

3

3

6

6

560 6

500 6

470 3

520 3

3 x 109
n

nt

'o

to

it,

n9
nof

It Pt

no

Ba
ot

of

Ce

of

Eu
It

no
n9

1800

2200

2800

1500

* 54

79

82

50

140

160

160

100

3

3

6

6

3

3

6

6

3

3

6

6

1700

1400

1400

1 50 00 a

1200

510

610

94

780

510

490

620

6

6

3

3

7 x 10 6
n9

tot

it

01

to91 of

of

nt

n9

nt It to

- IS to to a

6

6

3

3

6

6

3

.3

7 x 10 8
II

1 x 10 7

em

Itt

it

it

to,

St

to to

of to

it to

of to

n 99
to of

aValue not included in averages for Table XXII, Chap. 1.

318



TABLE A-XVII

BATCH SORPTION DATA FOR TUFT G1-1436

Sorption

Etd Te
Elemnent (ml/it) k.

Sr
to

Cs

to

Ba
of

of

Ce

En

Eu
of

nf
nf

31000

36000

33000

45000

Desorption Element Particle

.me Rd Time Concentration Size
k) (ml/it) (wk) tl) (11m) Temperature Atmosphere Ref. Note

3 100000 6 1 x 107 <500 Amb Air

3 55000 6 f o f n i

6 110000 3 n o of n o

6 83000 3 n to of n to

7000

7900

7400

9000

150000

140000

93000

210000

58000

62000

41000

74000

30000

32000

25000

34000

29000

18000

26000

23000

300000

.110000

450000

500000

5900

5500

8000

7200

4200

4500

6500

6100

6

6

3

3

6

6

3

3

3 z 10 9
of

of

to

it

of

to

it

of

to

of

of
of

of EU

8 x 10 6
of

of

of

'iof

to to
of

of

It

of

to

6

6

3

3

1 s i07

of

to

tof

to

of

of

of

to of of

of

6

6

3

3

to

to

of

it

of

of ot

'n

of

nf

nf

II

t, of

n toTV
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TABLE A-XVIII

BATCH SORPTION DATA FOR TUFF GI-1854

Element

Sr
. it

Sorption
Rd Time

(ml/it) tvk)

32000 3

43000 6

Desorption

Rd Time

95000 6

51000 3

Element
Concentration

tM)
3 x 10 8

is

Particle
Size
(PM)

75-500
nt

Temperature

Amb
nt

Atmosphere

Air
nt

Ref.

6
'U

Note

Cs 11000 3

It 10000 6

Ba 34000 3

. 34000 6

Eu >120000 3

11 >14000 6

Sr 71000 3

so 92000 6

Cs 15000 3

15000 6

Ba 63000 3

to 48000 6

11000 6

15000 3

130000 6

87000 3

3000 6

4800 3

71000 , 6

>38000a 3

14000 6

18000 3

140000 6

250000 3

4 x 10 9
,,

I x 107

3 x 10 8
it

4 z 10 9

1 x 10i7

3 x 10 8
nt

of
to

it

of

nt it

of

of
nt

11

to

ft

of

VI a

ft

<75
ft

of

of

nt

-t
nf

ft

VW

St

nt

nt

nf

f t

nt It

V, of

Eu

It

>130000 3

>110000 6

4800

6500

6

3
of

ft

nt

aValue not included in average for Table XXII, Chap. 1.

320



:

TABLE A-XIX

BATCH SORPTION DATA FOR TUFF G1-1883

I; Element

Sr
I,

to
~~~~~~S..

Cs
I,

it

Ce

I

Ba

of

S,

| It

i

Ce

i

i @i

I

Ba
i n~~~~~i

Sorption
Rd Time

lQ/r)L (uk)
58 3

59 3

57 6

58 6

Desorption
Rd Time

(m~l/it) (wk)
S8 6

56 6

60 3

62 3

380

350

440

440

4300a

250

480

490

150

150

300

250

180

180

330

300

26

sO

310

720

230

750

420

430

430

440

440

420

450

460.

2000

2100

2200

2300

1300

1500

1300

1300

Element Particle

6

6

3

3

6

6

3

3

6

6

3

3

6

6

3

3

Concentration
ln)

2 s 107
n

of

3 x 10 6

..

n

n

8 s 10 6

of

I x 10 8

of

7 x 10 7

43 c 10 7
n

7 x 10 9

nf

n,

Size

<500

of

it

n

to

if

nf

n'

nf

'n

nf

n

<38

nf.

Temperature

Amb

of

it

it

5'

of

it

it

n9

'n

nf

nf

nf

n'

nf

nt

n

ni

Atmosphere

Air

.f

i.

of

55

nI

nf

nf

nS

n9

Ref. Note

1
I

to

It

In a

It *5

nf 9t

to tS

iS of

n. 7

3

3

3

3

'"

to

'9

of
9'

Eu 370

n9 650

3
3

3 z 10'8
'n

n

38-106
n

it
nf

nf

Sr 22

22

3

3

3 x 10 7 nf to 'S

I'

'value not used in averages for Table XYI, Chap. 1.
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TABLE A-XIX (coant)

Sorption

Rd Time

Desorption

Rd Time
(ml/it) [WkICElement

Cs
nf

200

180

NO
3

3

Element
Concentration

(if)
4 * 10 9

Particle
Size

,(P)

38-106
of

Temperature

Amb
nf

Atmosphere

Air
nf

Ref. Note

7
nt

Ba 210
II 200

3

3

7 x 10 6
of

so

II
tot

of

II

In to

#I

Eu
i.

Sr
nf

Cs
In

110

120

22

22

190

180

3

3

3 * 10 8
it

II of

It of

3

3

3 z 10 7

of

3
3

4 : 10 9
nI

106-500
* II

It

Itnf

nf

if

::

to

nf

nf

nf

nf

Ba 160
if ~ 160

3

3

3

3

EuEn
of

Na
of

II

II

170

150

0.93

3.0

3.7

1.6

7 x 10 6

3 i 0

2 z 10 3

nI

It

to

of

of

of

of

I'

to

to

it

%I6

6
of

Itnf

it
of

2

2

4

4

4.2

1.3

3.8
*1.7

4

4

2

2-

<500
.f

nf

nf

of

of

II

if

of

of

na
SI

of

to

Sa

in
'I

SrI
it

140

120

140

390

1.5

16

3.6

230

620

290

2

2

4

4

2

2

4

4

2

2

4

4

140

160

950

4 1 x 10 11
'I n t

-2n

60

20

72

30

2600

2100

2400

2700

2

4

4

2

2

4

4

2

2

1 x 109

..

aN z 10 9of
nf

n

nf

II

to

it

II

it

II

nf

nf

nf

nf

$I

of

of

of a

of f

of II
it to

It

to

II

of

of

It

II

It

of

of

of

II

of
if

if

is

II

to

'I

if

to

aConcentrations are only those added with the tracer; actual concentrations may be higher.

322



4 , J .

TABLE A-XIX (coat)

Element

Am

Pu

of

It

Np
if

if

Sorption

Rd Time
-WhOs (wk)

4200 3

4500 6

'5300 12

Desorption
Rd Time

5900 12

6900 9

8900 3

Element
Concentration

M

I x 10 7
. I

it4 X 10' 12
to

Particle
Size
(pm)

106-250

of
if

Temperature Atmosphere

Amb Air
of of

Ref. Note

6
to

it

If 'I 7
51

52

91

82

107

5.3

6.9

7.1

3
6

6
13
13

3
6

13

830

740

1100

960

850

24

29

12

8

3

3

12

9

'I
of ,I

if of

It is

of itof

9 x 10-1
to

of

If to

II to

II it

of of

Is of
56 3 to II
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TABLE A-XX

BATCH SORPTION DATA FOR TUFF G1-1982

Element

Sr

II

Cs

Ba

of

so

Ce

It
nf

Eu
.f

.f

.f

Sr

to

to

'I

to

Cs

It

II

it

Sorption
Rd Time

(mLit) (wk)

430 3

430 3

450 6

450 6

Desorption
Rd Time

(JL/L) (wk)

340 6

330 6

310 3

310 3

1400

1400

1800

1800

2500

2200

3100

3200

520

450

640

600

1500

1300

2000

1900

1200

59

49

51

1200

66

53

66

3800

1200

960

1200

3500

1300

1100

1200

3

.3

6

6

3

3

6

6

3

3

6

6

3

3

6

6

2

2

2

2

3

3

3

3

Element Particle

2900

2000

2100

2100

2600

3100

2800

2600

5900

5600

9400

7200

6100

6500

6500

Concentration
_(M)

2 x 10O7

II

It

it

3 s 109
of

of

4 x 10 6

I s 10 ?

to

to

at

nf

n,

Size

<500
II

is

II

II

It

it

It

of

II

'I

It

<38

38-75

75-250

250-500

<38

38-75

75-250

250-500

(38

38-75

75-250

250-500

<38

38-75

75-250

250-500

Temperature

Amb
if

to

it

'I

II

of

'I

of

it

'It

'I

nf

Atmospbere

Air
.f

I -

It

II

to

of

so

it

It

of

it

nI

nI

nI

Ref. Note

1

to

II

it

of

of

so

it

..

it

to

of

'I

a

2 x 1077
of

I',

3 x 10 9

II

it

II
nf

nf

It

It

II

It

o'

It

of

of

It
nf

9
it

5'

i'

t'

it

2

2

2

2

3

3

3

3

if

if

if

It

II

if

't

..

II
It

II

to

if

to

of

II

It
nInf

nf

if

nf

aValue not included in averages for Table XXII, Chap. 1.
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TABLE A-XX (Cont)

Sorption

"d Time
ml/0t)0

10000 2

Desorption
Rd Time

(MlA L (wk)Element

Ba

II

It

If

It

of

Eu

It

of

II

Element
Concentration

(M)

4 x 10 6
II670

570

690

10000

840

780

780

1200

530

610

860

2500

880

1300

1100

2

2

2

3

3

3

3

to

to

.it

It

tif

Particle
Size
(PM)

<38

38-75

75-250

250-500

<38

38-75

75-250

250-500

<38

38-75

75-250

250-500

<38

38-75

75-250

250-500

Temperature
Amb

of

It

of

If

'I

'I

If

Atmosphere

Air
If

II

II

is

It

'I

of

If

Ref. Note

9

It

If

If

0If

of

MIt

if

'I

if

if

2

2

2

2

3

3

3

3

If

of

of

of
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TABLE A-XXI

BATCH SORPTION DATA FOR TUFF 01-2233

Sorption

Itd Time
Element (mt/x) (wk)

Sr
In

go

40000

55000

49000

50000

3
3

6

6

Desorption

R4 Time
...f/x)L (vk)

75000 6

190000 6

13000 3

B2000 3

Element Particle
Concentration Size

(M) (PM) Temperature Atmosphere Ref. Note

X 107 <500 Amb Air 1
nif nf nf nt io

If go of II II

to of 9, of

Cs

to

Ba

Ce
II

'9

99

Eu

of

Na

if

to

..

13000

11000

15000

14000

200000

210000

330000

250000

840

1300

2100

1200

520

920

1300

890

130

140

140

150

3

3

6

31000

29000

6500

6

6

3

3 x 10 9
to

of

it

II

tonf

is

6 25000 3

460000

100000

160000

220000

59000

14000

2200

4900

3900

9400

1700

3300

6

6

3

3

6

6

3

3

6

6

3

3

6 x 10 6

7 x 10'8

9 z 108

of

2x2-32 z 10~
to

to

n,

of

of

to

of

to.to

it

it

tof

to

to

nf

nf

'n

nf

of 99

it

to

of

'f

9'

II
to

9,

of

of

of

it

of

is

'9

150 4

170 4
of

'U

t'

.9
of
nt

Mn
..

..

6800

5800

6400

3

2

4

4

>10000 4

9300 4

2 X 10-11

of

it

it

to

of

of

to

of

to

It

it

oa
'o

5000 It to i9

Se

to

of

8.5 2

16 2

10 4

8.7 4

41

51

4

4

I x 10 9
to

to
of

It of of

II

to to of It to

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE A-XXI (cont)

Sorption
Rd Time

Element

Sn
It

II

NA

II

of

H

Mn

nn

Se

oft

Sn
Sn

'I

of

(/it)
480

840

250

280

140

150

140

160

2600

2300

550

710

6.6

21

9.5

18

190

380

110

170

(wk)

2

2

4

4

2

2

4

4

2

2

4

4

2

2

4

4

2

2

4

4

Desorction

d Time
(ml&/t) (wk)

650 4

500 4

150

170

. 170

130

1600

1400

3400

2800

63

72

200

58

480

520

1300

660

Element
Concentration

( M

3 x 10 8

of
2 x 103

i.

1 x 10'1
of

3 x 10 8
of

of

Particle
Size
(PM)

<500
of

of

of

o'

5'

of

to

it

of

o'

n'

n'

nU

N'

n

nf

n'

Temperature Atmosphere

Amb Air
f . ..

of it

nf n

Ref.

1'
'.

55

I

Note

ta

of

of

.5

it

o'

If

of

CA
n

01

if

to

oft

t'

II

n

It

it

nS

n'

it

of

of

55

's

ta
it

of

to

to

to

to

ift

Is

of

of

n5

nS

ofII

It

of

to

NS

of

II

I'

I'

'o

it

to

aConcentrations are only those added with the tracer; actual concentrations way be higher.
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TAKE A-DI

BATCH SORPTION DATA FOR TUFF G1-2289

Element

Sr
#I

Sorption

Rd Time
JM./2 twfrt
17000 3

12000 3

Desorption

(m£/) (Time
J(&LaL.. (wk)

Element
Concentrition

(n)

3 x 10 8
.i

Particle
Size
(UM)

<38
nf

Temperature

Amb
.t

Atmosphere

Air
.I

Ref. Note

7
of

Cs
of

43000 3

27000 3

4 x 10
it

to it

of

Ba 170000

"o 110000

Eu 1600
of 1400

3

3

3

3

1 x 10 7
It

::

If
ofnf

Itf

of

I'I

nU

nf

nf

2 x 10 8
of

Sr 6300 3

to 6400 3

Cs 34000 3
nt 29000 3

Ba 54000 3
to 48000 3

Eu 780 3

it 780 3

Sr 7800 3

8400 3

3 x 0'-8
to

4 x 10 9
nf

to

1i

38-106

of

it,

of

106-500

of

if,

It of
of

of

U'

It
to

#'

1 x 10 7 to
of

to
of

of

of

2 x 10 8
it

In

If

U'

of

3 x 10 8
II

of

11

of

Cs 12000 3

of 72000 3

Ba 90000 3

70000 3

Eu 820 3

o 810 3

4 x 10 9

I x 16-7
it

2 x 10 8

3 x 10

UI
..

It

..

..

'500
of

nf

nf

it

of

of

If
nf

It

it

I I

to in

to If

nf n

Na
II

to

n'

230

220

230

230

2

2

4

4

230

250

260

270

4

4

2

2

of

of

If

II

nf

If

if

6
In
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TABLE A-XXII (coat)

Sorption Desorption Element Farticle

Rd Time Rd Time Concentration Size
Element ( ./9) -vk) ;(ml/) (wk) W (PM) Temperature- Atmosphere Ref. Note

2n >10000 2 >10000 4 1 Z 10- <500 Amb Air 6 a

of >10000 2 >10000 4 " II ." n to

II 6000 4 >10000 2 n n n It " n

of 7300 4 >10000 2 n n n n

Se
oa

of

of

Sn
'I

to

of

24 2

8.8 2

10 4

12 4

21

32
58
48

1000

1000

1400

1500

4

4

2

2

*8 x 10 10

it

of

it

If

of

If

of

II

of

SoIn

In

't

of

of

It

If

If

of

of

1100

560

550

640

2.

2

4

4

4

4

2

2

1 x 108
in

't

of

of

of

of

it

is

of

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABLE XXIII

BATCH SORPTION DATA FOR TLFF G1-2333

Element

Sr
of

Sorption

Rd Time
(MI/2) Litk)

1SO 3

140 6

Desorption

Ra Time
(mLx) (wk)

130 6

110 3

Element
Concentration

W
Ix 10 6

of

Particle
Size
(PM)

75-500
of

Temperature

Amb
nt

Atmosphere

Air
..

Ref. Note

6
nf

Cs
to

Ba
of

1200

1100

1200

1100

3

6

3

6

3

6

3

6

1100 6

1000 3

1400

1100

6

3

5 x 10 9

3 x 10 7

3 x 10

1 x 10 6

::
#Iof

tof is

to

of

of

IIn

it

Zu 1400
of 2900

9800 6

6800 3

160 6

160 3

iS

<75
of

tof
nf

It It

it to

Sr
i1

220

220

It

of ::

Cs
It

Da
19

1700

1500

1900

1800

3

6

3

6

3

6

1400 6

1300 3

1700 6

1600 3

1200 3

11000 3

5 z 10 9

3 x 10 7
of

3 x 10 8
to

to

of

II

na

nt

nf

:f

of

to

It

to

it

Eo

of

Eu 2000
of 3100

of
of

U'

of
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TABLE A-XXIV

BATCH SORPTION DATA FOR TUET 01-2363

Element

Sr
of

,.

Cs

II

Ba
N

It

n

Ce
to

Eu

It

Sr
n

Cs
of

Sorption

Rd Time
,(MIe2) (wk)

170 3

180 3

170 6

170 6

Desorption

Rd Time

140 6

160 6

1400a 3

1SO 3

1300

1200

1400

1400

880

830

920

930

290

270

370

310

1300

1300

1900

1600

180

170

1400

1300

1200

1300

1200

1200

800

870

780

830

140000

120000

14000008

130000

5700

4508

5900

6700

6.

6

3

3

6

6

3

3

6

6

3

63

6

6

3

3

Concentration
tn)

4 x 10 7

II

7 Z 10 9
11

It

8 z 10 6
of

SU

n

3 z 10 8
II

a x 10 8

S x 10 7
n

4 x 10 9
IT

Size
(pm)

<500
n

tII

n

n

II

It

MIf

II
n

n

n

n

n

II

(38

n

n

n

n

Element Particle

Temperature
Amb
n

n
'I

h

n

I,

I'

I,

'I

itt

't

II

'9,

n

Atmosphere

Air
it

It

,'

It

n

to

'I

n

'I

n

n

'I

n

n

n

nU

H

n'

h

Ref. Note

I
n

nI £

h a

I'

II

'It

#H

a

it

of

II

7

is

3

3

Ba 920

It 860
3

3

1 x 10 7
. n

It

IFM

It

n
Is

in

Eu
..

Sr
to

5600

5400

74

62

3

3

5 K 10-8 H

38-106
n

H

n

3

3

5 x 10H7

MI

H

H

h

n

H

n

8Value not included in avorages for Table XII, Chaj. 1.

331



-I

TABLE A-XXIN (cont)

Element

Cs
of

Ba

Eu
II

Sr
to

Sorption

Rd Time
(JIIR (wk)

550 3

520 3

Desorption

Rd Time
(all/t (vk)

Element
Concentration

4 z 10 9
If

240

250

780

790

58

61

3

3

1 107
to

Particle
Size
(PM)

38-106
ft

to

106-500
II

Temperature

Amb

of

ft

Atmosphere

Air
ft

it

to

of

n,

Ref. Note

t7

to

is

..

I.

..

3

3

5 z 10-8
to

3

3

5 10-

it

II ft

nt it

Cs 410

380

3

3

Ba

Eu
nI

230

210

780

580

3

3

4 z 10 9

I x 10 7

5 x 10-8
of

tot

of

tot

ft

of

It

it

of

of

of

of

to

to

of

to
nt

3

3

'I

of

of ofI

II of
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TABLE A-MEV

BATCH SORPTION DATA FOR TUFF G1-2410

Element

Sr
to

Sorption

Rd Time
W!&/OL (vk)

170 3

170 6

Desorption

Rd Time
,(wd/r (wk)

150 6.

130 3

Element
Concentration

M)
4 x 10 7

of

Particle
Size '

75-500
II

Temperature. Atmosphere

Amb Air
it of

Ref. Note

6
II

Ca 1200

it 1300

3

6

1200

1000

6

3

4 z 10 9
n I

If

of

.9

II

II

If

Ba
of

Eu
of

Sr
of

Cs
nf

Ba
of

3 1900

6 16001800

360

510

280

280

2000

2000

3000

3

6

3

6

3

6

3

6

8700

3300

250

240

6 2 x 10 7

3 n.

6 2 x 10 8

3 II

6 4 s 10-7

3 to

n
of

-i

f 9o
If

to

of

If

to

1800 6
1800 3

4 x 10 9

..

2 x 10 z
II

of

<75

II

It

n9

n,

II

II

to of

I t

of II

It

n9

; n
It

3000

3000

6

3

II

n9
I I

n 99

Eu
II

390

440

3 10000

6 5700

6 2 z 10 8

3 If

n9 of It II

is . o
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TABIE A-MM

BATCH SORPTION DATA FOR TUFF G1-2476

Element

Sr
II

Sorption
Rd Time

(mAl/i) (vk)

41 3

40 - 6

Desorption

Rd Time
(millX) '(wk)

210 6

200 3

Ilement
Concentration

9 x 10 ?
to

Particle
Size
(Um)

75-500
II

Temperature

Amb
nt

Atmosphere

Air
..

Ref. Note

. 6
nf

Cs
of

Ba

Eu
En

Sr
of

Cs
It

660

740

370

400

3300

3100

49

51

810

920

3

6

3

6

3
6

3

6

3

6

1500 6

1500 3

3800

3600

6
3

5 s 10-9

1 x 10 7

6 x 10-a
gf

9 x1,

of

of

it

It

II

of
of

of

nt

15000 6

15000 3

200 6

220 3

1600 6

1800 3

nI
It

it

II

of

'I

SI

<75
of

It
..

to

is

It

II

5 X 10 9

I n~~~~~t

If
nf

of

If

Ba
nf

480

520

3 3200 6 1 x 10 7

6 3500 3 n

of

to

It

is

It

Eu 4600
to S100

3 9300 6 6 x 10'8
II

In

II

of It If

to of
0 IZvUU j
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TABLE A-XXVII

BATCH SORPTION DATA FOR TUFF G1-2698

Sorption

Rd Time
Element W5e/O). (Nk)

Sr 49000 3

IS 39000 3

IS n 43000 6

so " 37000 6

Desorption

Rd Time
(mel/t) (Ek})

200000 6

170000 6

350000 3

130000 3

Element Particle
Concentration -Size

(M) (PM) Temperature Atmospbere Ref. Note

2 x 10 7 <500 Ab Air 1

4' 4,~I It it 4'

CB

St

IS

Ba

to

of

Ce
to

of

It

Eu
In

of

8200

7400

8500

6600

61000

56000

77000

58000

220

170

270

310

180

130

230

260

3

3

6

6

3

3

6

6

3

3

6

6

3

S

6

6

15000

16000

20000

17000

47000

390000

62000

270000

2800

2400

1600

1200

2100

1900

1000

850

6

6

3

3

6

6

3

3

6

6

3

3

5 x 10 9

nI

to

it

St

IS

IS

n'

St

St'

it

8 x 10'7

1 I
n'

IS

If

it

IS

to

II

of

St
n

II

II
of

to

to

It

St

IS
IS

6

6

3

3

4 x 10i7 St

St

it

II

II

St

n'

IS

St of
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TABLE A-XXVIII

BATCH SORPTION DATA FOR TUFF G1-2840

Element

Sr
to

Sorption
Rd Time

(.JAL (wk)

160 3

159 6

Desorption

Rd Time
(m.9/xL (wk)

130 6

130 3

Element
Concentration

-(M)

1 x 106

of

Particle
Size

75-500
o,

Temperature

tonb

Atmosphere

Air
nf

Ref. Note

6
of

Cs
to

2400

2000

3 2000 6 5 x 10 9 to
nf

to

nf
of

to6 2100 3 to to

Ba 2000

of 2100

Eu

Sr
no

Cs
it

4500

5300

170

170

2800

2500

3

6

3

6

3

6

3

6

2300 6

2300 3

8000 6

7900 3

150 6

160 3

2500 6

2500 3

2 s 10 7

3 x 10 8

1 z 10 6
of

5 x 10S9
of

of

to

to

nI

to

nf to

of

itt
nf

It to

Q75
to

it

$I

to

of

to

to

It

of of

is of

Ba 2300

It 2600

3

6

3

6

2700 6

2800 3

12000 6

7900 3

2 x 10 7

3 x 10 8
nI

in no

nf

if

mm

of

of

Eu
nf

5000

6200

,.
of

,.

of

Pt

..
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TABLE A-XXIX

BATCH SORPTION DATA FOR TUFF G1-2854

Element'

Sr
N

Cs
it

Ba
of

Sorption
Rd Time

(JL/2) (wk)

94 3

93 6

Desorption
Rd ~Time

(MI/it) hk)

96 6

97 3

Element
Concentration

(M)

5 x 10 g
of I

1 z 1-

I x 10 7
of

Particle
Size
(pm)

75-500

It

II

if

1200

950

950

1000

3

6

3

6

1100

1200

1300

1300

6

3

6

3

Temperature

Amb
It

it

..I

Atmosphere

Air
II

'9

of

of

to

Ref. Note

6

.It

EuEn

Sr
to

Cs
n

Ba
If

1100

1500

120

60

1700

510

1600

6500

3

6

3

6

3

6

3

6

3

6

4800

5200

6

3

130

92

1900

1300

3700

1600

7200

3100

6

3

6

3

6

3

6

3

2 x 10'8

S x 107

of

5 s 10

2 x 10 8
II

go

<75

it
,n

nI

to

to

of

of

n of

It

n El

MI I

-#I n
of

n

if
it
to

of

to

is

it

of
Eu 1100
It 2600

of

to

I.

It
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TABLE A-XXX

BATCH SORPTION DATA FOR TUFF G1-2901

Element

Sr

of

of

Cs

II

If

Ba
of

..

..

Ce

of

of

Eu

to
..

Na

to

Iton

5e

oSe

it
nf

n,

Sorption- Desorption

Rd Time Rd Time
MA£/2) (wk) (m.1/it) (Wk)

68 3 67 6

66 '3 66 6

69 6 69 3

71 6 7 4 0a 3

1400

950

1400

1400

1900

1200

1900

1900

40000

35000

45000

49000

195000

230000

210000

210000

3.5

1.4

3.7

4.5

>10000

II

7.3

10

4.0

13

1300

1400

1400

1400

1900

2000

2000

2000

38000

40000

37000

40000

220000

200000

210000

200000

Concentration
(M)

6 x 106

to

6 x 10 9

it

I x 10 6

of

It

9 x 10 9

4 x 10'8
.f

2 x 10i3
is

If

Size
(PM)

<500

to

It

of

It

Itf

II

to

to

It

II

'o

It

of

to

'n

n'

nf

nf

nf

n'

Temperature
Amb

of

U.

II

It

of

of

of

I'

of

it

of

It

nf

nf

nf

Element Particle

Atmosphere

Air

it

of

of

It

of

If

it

II

II

it

tIf

nf

.,

nf

n9

nf

nf

Ref. Note

1
.'

'.

so a

..

of

of

to

to

is'

n

of

to

to

to

t6

nf

2

2

4

4

5.5

5.5

6.9

6.5

II

If

'I

It

2

2

4

4

>10000

It

of

1 x 10 11

I'

nf

nf

of

Itf

n'

it

to

'I

of

to

is

it

it

n,

n,

ob

I'

U'

II

II

to

2

2

4

4

64

69

94

69

8 x 10 10

of

It

It

It

IfI

'S

of

nf

nf

nf

nf

ayalue not included

bConcentrations are

in averages for Table 8II, Chap. 1.

only those added with the tracer; actual concentrations may be higher.
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TABUE M (coat)

Sorption
Rd Time

Element /O Nk)

Sn >10000 2
if 2

Desorption

Rd Time
(ml/it) (wk)

>10000 4
n 4

2
2

Element
Concentration

(H)'

6 x 10 9

Part.cle
Size
("m) TemPerature Ataosphere Ref. Note

<500 Amb Air 6 a

of
..

of 4
'I 4

H

of

of

to

I'
n Ut

99 Uoto

aConcentrations are only those added with the tracer; actual concentrations may be higher.
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TABIZ A-XXXI

BATCH SORPTION DATA FOR TUFF G1-3116

Sorption Desorption

Rd Time Rd Time
Element (mlJ%) (wk) (ml/a) (wk)

Element Particle
Concentration Size

(N) (pm) Temperature Atmosphere Ref. Note

2 x 10 7 <500 Amb Air 1
n, II to It It

Sr

..

..oft

2500

2500

2200

2400

3

3

6

6

Cs
of

II

Da
of

7600

7000

5500

6200

120000

130000

120000

130000

3 .

3

6

6

3

3

6

6

3

3

6

6

3100 6.

58000 6

3500 3

32000 3

6200 ; 6

21000 6

7900 3

8500 3

23000 6

7100000a 6

280000 3

190000 3

180 6-

5600 6

4200 3

3100 3

It

S x 10-9

It

.I

of

o'

II

.i

II

of

II

of

it

to It

nI

of

is

of

n'

9 x 10 6
to

of

I'

of

It

II

'I

to

I't
to a

is

I x 10-7
of

Ce

oft
nf

nt

89

80

100

120

to

II

to
It

of

to

II

II

of

Is

It

I9

It II

Eu
.'

In

In

680 3

660 3

790 6

*900 6

600 6

14000 6

9400 3

8900 3

2 x 10 7

It
..

..

'i
it

of

of

of

'f

.i

to

I.

of

It

aValue not included in averages for Table MII, Chap. 1.
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TABLE A-XXXII

BATCH SORPTION DATA FOR TUFF G1-3658

Sorption
Rd Time

Element (at/t) (uk)

Sr 10000 3

is 14000 3

of 12000 6

it 11000 6

Desorption

R d Time
(M-t/2) NOk

3500

14000

14000

17000

6

6

3
3

Element Particle
Concentration Size

(M) !L .. (PM) Temperature Atmosphere Ref. Note
3 x 10 <500 Amb Air 1

ofnof of nf of

II If of - o9

f II In n n

Ca 7800 3 . 180C0 6 7 x 10 9 I.

to

Ba
..

..

Ce
of

II

If

Eu

Sr
to

It

t'

Cs

It

'I

h1

8200 3

8500 6

7700 6

8700

12000

12000

9000

640

'. 630

1500

1300

510

490

1200

1000

98000

160000

120000

140000

130000

130000

140000

180000

61000

70000

- 49000

50000

3

3

6

6

3

3
6

6

3
3

6

6

3

3

3

3

3

3

3

3

3

3

3

3

10000

10000

11000

3100

16000

19000,

2100

790

6800

16000

14000

700

6700

15000

12000

6

3

3

6

6

3

3

6

6

3

3

it

9 x 10 6

if

to

If..2 x 10 7
II

of

6

6

3
3

to

of

4 x 10 7

It

n

'I

is

of

9,

Ifn

It

If

(38

38-106

106-500
n

<38
of

38-106
n9

106-500

'i

of

of

of

91

toI

of

to - to

of

n~~~~

91

It

n

II

It

n

II

of
n9

n9

nt

II
n

If

If

II

If

of

n1

n1

It

It

of

n

If

3 x 10 7

of

n9

n1

nI

to

If

It

9II

It

tot

So

II

of

II

n

n1

a

of

of

If

7 x 10 9
If

to

of

of

n1

It

of

It

&Previously unpublished results.
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TABLE A-XXXal (cont)

Element

Ba

Ut

#I

of

in
'I

if

9,

if

Sorption
"d Time

(mL/g) (wk)

120000 3

190000 3

90000 3

100000 3

130000 3

140000 3

Desorption

R4 Time
(mI/L) (uk)

Element
Concentration

(i)

9 x 106

Particle
Size
(PM)

<38
nf

Temperature Atmosphere

Amb Air
nt N

Ref. Note

a
,t

38-106 in n,

nf

of

to

150000

160000

4100

4800

4900

5700

3

3

3

3

4 x 10 7
to

106-500

<38
it

38-106

106-500
is

of it of

'U

n

It

of

of

NI

N,

of

it
3

3 I

nf

aPreviously unpublished results.
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APPENDIX B

MINERALOGIC AND PETROLOGIC STUDIES OF TUFFS

FROM YUCCA MOUNTAIN

Appendix B includes summary core-sample descriptions, x-ray diffraction

analyses, and thin section descriptions of samples used in sorption studies.

The core-sample descriptions are based on visual examination of the core and

drill-hole reports published by the USGS. Core specimens are divided into

mineralogical assemblages that are based on the textural occurrence and abundance

of the mineral phases most likely to contribute to sorption. These include

devitrification assemblages where the rock mineralogy is dominated by generally

nonsorptive quartz and feldspar; sorptive glass, clay, and zeolite assemblages;

and variable mixtures of these phases.

I. G1-1292 TOPOPAH SPRING MEMBER OF THE PAINTBRUSH TUFF

Core Description

Vitrophyric zone of dense welding, ash-flow tuff; 1 to 2% phenocrysts;

'1 to 2% rhyolitic lithic fragments. Sample collected about 5 ft below con-

tact with overlying devitrified zone.

X-Ray Diffraction Results (%)

Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

Tr -- -- -- 5-10 10-20 80-90

Thin Section Description

The sample is a densely welded (vitrophyric) ash-flow tuff composed of

annealed glass shards, sparse phenocrysts (alkali feldspar, plagioclase, iron-

titanium oxides, and biotite), and moderately abundant lithic fragments

(densely welded, devitrified tuff?). Glass in the sample is largely unaltered

with the exception of possible incipient devitrification (suggested by the

cristobalite peak, although this could in part be the result of the presence

of devitrified lithic fragments) and clay alteration (minor) along hydration

fractures (largely perlitic).

*
A number in parentheses following the drill hole YM sample numbers indicates
the depth (in feet) from which the sample was taken.
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Sorption Category: Glass

Sorption properties should be dominated by the abundant glass; surface

area of crushed glass particles should be lower than for samples of vitric

nonwelded tuff because of the complete welding of all glass particles in the

former. Clay formed along hydration cracks could be a contributing factor.

II. G1-1436 TUFFACEOUS BEDS OF CALICO HILLS

Core Description

Upper nonwelded, zeolitized ash-flow tuff; 2 to 3% phenocrysts; sparse

volcanic lithic fragments. Sample collected about 10 ft below contact with

the overlying Topopah Spring Member.

X-Ray Diffraction Results (%)
Alkali

Smectite Illite Clin6ptilolite Quartz Cristobalite Feldspar Glass

-- Tr 65-85 10-20 5-10 5-15 --

Thin Section Description

Sample is a nonwelded, zeolitized ash-flow tuff. There has been pervasive

alteration of all glass fragments to clinoptilolite, including matrix ash, pumice

fragments and scattered, originally perlitic rock fragments. Phenocrysts include

quartz, alkali feldspar, plagioclase, iron-titanium oxides, and sparse biotite.

Lithic fragments include devitrified lava (dacitic or more silicic), devitrified

densely welded tuff, and zeolitized perlite fragments.

Sorption Category: Zeolitized

Properties should be dominated by abundant zeolites that replace particles

of a wide range of sizes.

III. Gl-1854 PROW PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified, ash-flow tuff with large pumice fragments;

5 to 10% crystals, conspicuous reddish-brown mudstone lithic fragments. Sample
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collected from the lower, partially welded zone of the upper ash-flow unit, above

the vapor phase zone.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

Tr 2-5 25-40 2-5 20-30 20-40 --

Thin Section Description

Nonwelded, zeolitized ash-flow tuff.; Slight devitrification of shard and

pumice fragments. Moderately crystal rich with alkali feldspar, quartz, plagio-

clase, iron-titanium oxides, biotite, and pyroxene pseudomorphs. Contains minor

siltstone lithic fragments. Moderate degree of zeolitization.

Sorption Category: Zeolitized

Sorption properties should be dominated by zeolites, but sample should be

less sorptive than a highly zeolitized sample. Role of illite is unknown.

IV. G1-1883 PROW PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially to moderately welded, devitrified ash-flow tuff; 5 to 10%

phenocrysts; sparse mudstone lithic fragments. Sample collected from the upper

part of the most strongly welded zone of the Prow Pass.

X-Ray Diffraction Results (%)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Calcite Glass

-- -- - - -- 25-40 5-10 40-60 Tr --

Thin Section Description

Partially welded, devitrified ash-flow tuff with vapor phase. Shards exhibit

relatively coarse-grained (granophyric) devitrification; pumice fragments show

spherulitic devitrification and contain relatively abundant vapor phase minerals.

Phenocrysts include quartz, alkali feldspar, plagioclase, biotite, and iron-titanium

oxides with rare pyroxene pseudomorphs. Lithic fragments are relatively sparse

and include siltstone and rare, altered, welded tuff.
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Sorption Category: Devitrification and Vapor Phase Assemblage

Sorption properties should reflect the abundance of the assemblage quartz

and alkali feldspar and the virtual absence of secondary alteration products

(clays and zeolites).

V. G1-1982 PROW PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified ash-flow tuff with vapor phase; 5 to 15%

phenocrysts; mudstone lithic fragments. Sample collected from lower, vapor

phase bearing, ash-flow tuff.

X-Ray Diffraction Results (7)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Calcite Glass

Tr -- -- 25-40 5-10 40-60 Tr --

Thin Section Description

Partially welded, devitrified (spherulitic zone of devitrification) ash-flow

tuff with clay alteration in pumice fragments. Pumice fragments and shards are

devitrified to radial and fibrous intergrowths of alkali feldspar and cristobalite

(quartz). There are at least two stages of devitrification of pumice fragments

as indicated by the presence of interior zones of pumice fragments that are com-

posed of coalesced spherulites in turn overgrown by fibrous, nonradial cristo-.

balite and feldspar. Probable relict glass in the pumice fragments has been

altered to clays. Sparse vapor phase crystallization is suggested by the pre-

sence of inverted tridymite (quartz) with rounded crystal edges suggestive of

SiO2 dissolution. Fine-grained ash groundmass shows incipient birefringence

suggestive of clay alteration or devitrification.

Sorption Category: Clay and Devitrification Products

Sorption properties should be dominated by the presence of clay and the

predominance of the devitrification assemblage quartz and feldspar. X-ray data

indicate a relatively low clay content.
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VI. G-12233 BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Nonwelded, devitrified, vapor phase crystallized, slightly zeolitized ash-

flow tuff; 15 to 20% phenocrysts, rare volcanic lithic fragments. Sample

collected from the nonwelded upper part of the major cooling unit.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Mordenite Quartz Cristobalite Feldspar

<5 2-5 20-40 15-30 5-10 10-20 15-25

Thin Section Description

Sample is a crystal-rich, nonwelded zeolitized tuff with only very minor

vapor phase mineralization. Phenocrysts include quartz, alkali feldspar, plagio-

clase, biotite, iron-titanium oxides, and hornblende pseudomorphs. The sample

does not contain lithic fragments.

Sorption Category: Zeolitized

The sorption surface area should be high because of the absence of welding,

and the sample contains both elinoptilolite and mordenite.

VII. G1-2289 BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified ash-flow tuff with zeolitic alteration and

vapor phase crystallization, 15 to 20% phenocrysts; rare volcanic lithic frag-

ments. Sample is from the zeolitized upper part of the Bullfrog cooling unit.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Hordenite Quartz Cristobalite Feldspar

-- Tr 25-50 30-50 Tr 5-10 20-30

Thin Section Description

Partially welded, highly zeolitiz-ed ash-flow tuff. Zeolites (at least two

textural types) have replaced all original vitric constituents. -Small amounts of

vapor phase mineralization are present in the pumice fragments. Phenocrysts
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include quartz, alkali feldspar, plagioclase, biotite, iron-titanium oxides,

I1 and hornblende pseudomorphs. No apparent lithic fragments.

- Sorption Category: Zeolitized

Sorption properties should be controlled by the abundance of zeolites and

high surface areas of altered particles.

VIII. Gl-2363 BULLFROG HEMBER OF THE CRATER FLAT TUFF

I - Core Description

Partially welded ash-flow tuff, zone of vapor phase alteration and grano-

]j phyric devitrification; 10 to 15% phenocrysts; sparse siltstone and volcanic

iithic fragments. Sample collected from the upper part of the partially welded,

devitrified and vapor phase zones.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

2-5 2-5 -- 25-40 5-10 40-60 --

Thin Section Description

Sample is a partially welded, devitrified and vapor phase altered ash-flow

tuff. Devitrification assemblages occur as coarse-grained intergrowths within

groundmass shards and pumice fragments. 'In most cases, devitrification products

are confined within the shards and pumice fragments. Fibrous devitrification

products ranging from elongate sheaths to true spherulites are present within

some pumice fragments. Interiors of pumice fragments include vapor phase

minerals (quartz). Groundmass ash is devitrified to an extremely fine-grained

quartz feldspar assemblage. The rock is relatively crystal rich with alkali

feldspar, plagioclase, quartz, biotite, iron-titanium oxides, and rare horn-

;blende. Rare lithic fragments are andesitic lava with pyroxene pseudomorphs.

Sorption Category: Devitrification Assemblage With Clays

The sorptive properties should be dominated by the abundance of devitrifica-

| ~~tion products and the small amounts of smectite and illitic clays.
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IX. G1-2410 BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Identical to that for sample G1-2363. Sample collected from lower into the upper

partially welded zone, and there is a minor increase in welding in comparison

to sample G1-2363.

X-Ray Diffraction Results (X)

Alkali
Smectite Iliite Clinoptilolite Quartz Cristobalite Feldspar Glass

5-10 <2 -- 20-40 0-10 30-50 --

Thin Section Description

See description of sample G1-2363.

Sorption Category: Devitrification Assemblage with Clays

See description of sample G1-2363.

X. G1-2476 BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Moderately welded, devitrified ash-flow tuff with minor vapor phase, 5 to

20% phenocrysts, sparse mudstone, and volcanic lithic fragments. Sample

collected from the upper part of the most strongly welded zone of the Bullfrog

(maximum degree of welding is moderate welding).

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

<2 -2 -- 30-50 5-15 40-60 --

Thin Section Description

Sample is a moderately welded, devitrified ash-flow tuff with vapor phase

products within pumice fragments. Collapsed pumice fragments have devitrifica-

tion products that consist of plumose to spherulitic intergrowths of quartz and

alkili feldspar. The fragments are pocketed with irregular quartz grains. These

may represent the initial stages of granophyric recrystallization but more likely

are recrystallized zones of vapor phase minerals (originally tridymite or

351



cristobalite that has inverted to quartz). Detailed examination of shards

indicates several stages of devitrification. The majority of shards consists

of axiolitic intergrowths of quartz and alkali feldspar. They are brown in

plain light, suggestive of clay alteration. The shards have thin rim over-

growths of clear devitrification products (axiolitic) that extend into the

groundmass. The lack of alteration of these overgrowths and rim occurrence

is suggestive of a second stage of devitrification (burial recrystallization).

Shards with well-preserved bubble-wall textures have interiors filled with

coarse-grained quartz. These fill phases may represent inverted vapor phase

products or the initial stages of overprinting by granophyric recrystallization.

Phenocrysts include quartz, alkali feldspar, plagioclase, biotite, and altered

hornblende. Sparse lithic fragments include siltstone and devitrified welded

tuff (?).

Sorption Category: Devitrification Assemblage with Clays

Devitrification products should dominate sorptive properties with a minor

contribution from clays.

XI. G1-2698 TRAM MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified ash-flow tuff; 10 to 15% phenocrysts; sparse

volcanic lithic fragments. Sample collected from the upper part of the upper

zeolitized zone of the upper ash-flow unit of the Tram member.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

Tr 5-10 30-60 10-20 10-20 20-30 --

Thin Section Description

Partially welded, zeolitized ash-flow tuff. Groundmass ash, shards, and

pumice fragments (original vitric constituents) are replaced by very fine-grained

to fibrous clinoptilolite that preserves the vitroclastic textures. Phenocrysts

include quartz, alkali feldspar, plagioclase, biotite, and iron-titanium oxides.

Moderately abundant lithic fragments are slightly zeolitized, partially devi-

trified welded tuff.
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Sorption Category: Zeolitized

Sorption properties should be controlled by the zeolitization and the high

surface areas of zeolitic, original vitric constituents of the partially welded

tuff.

XII. G1-2840 TRAM HEMBER OF THE CRATER FLAT TU3FF

Core Description

Partially welded, devitrified, ash-flow tuff. Same as for sample G1-2698,

only below upper zeolite zone, and it exhibits a greater degree of welding.

Hore lithic rich than sample G1-2698.

X-Ray Diffraction Results (X)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

2-5 2-5 -- 40-60 0-10 30-50 --

Thin Section Description

No thin section available. Should be'similar to that for sample G1-2854.

Sorption Category: Devittification Assemblage with Clays

XIII. G1-2854 TRAM MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified ash-flow tuff. 10 to 15% phenocrysts;

3 to 5% volcanic lithic fragments. Sample collected from the upper ash flow,

below zeolitized zone.

X-Ray Diffraction Results (X)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

2-5 5-10 -- 25-40 5-10 20-30 Tr

- Thin Section Description

This is a partially welded, devitrified tuff with minor vapor phase. The

ash matrix is devitrified to cryptocrystalline phases. The shards show grano-
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phyric devitrification that slightly transects shard boundaries. Some of the

shards exhibit axiolitic devitrification with probable clay alteration. They

are pale brown in plane light. Pumice fragments show spherulitic to fine-

grained granophyric devitrification. Minor amounts of coarse-grained, irregular-

shaped quartz fills pumice interiors and probably represents inverted vapor-phase

minerals. Phenocrysts include quartz, alkali feldspar, plagioclase, hornblende,

biotite, and iron-titanium oxides. There is a diverse assemblage of lithic

fragments ranging from devitrified welded tuff to slightly zeolitized welded

tuff. The latter fragments if included in x-ray analyses, should show zeolites.

Sorption Category: Devitrification Assemblage with Clays

XIV. GI-2901 TRAM MEMBER OF THE CRATER FLAT TUFF

Core Description

Same as for sample G1-2854. May show a slightly greater degree of welding.

X-Ray Diffraction Results ()

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Calcite Glass

Tr 2-5 -- 25-40 5-10 40-60 2-5 --

Thin Section Description

Identical to that for G1-2854, except for multiple seams of secondary calcite.

Sorption Category: Devitrification Assemblage

-Sample contains noteworthy amounts of calcite.

XV. G1-3116 TRAM MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, zeolitized ash-flow tuff, 10 to 15% phenocrysts; 5 to 10%

volcanic lithic fragments. Sample''collected from the interior of thin, upper

lithic-rich ash flow, within a zone of prominent alteration.

X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Analcime Quartz Cristobalite Feldspar Glass

2-5 2-5 10-20 20-40 20-35 5-10 20-30 --
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Thin Section Description

No thin section.

Sorption Category: Zeolitized

Sample contains both analcime and clinoptilolite.

XVI. G1-3658 FLOW BRECCIA

Core Description

Autoclastic flow breccia with devitrified to glassy, poorly sorted breccia

fragments. Phenocrysts include plagioclase and hornblende. Sample collected

from upper autoclastic zone.

X-Ray Diffraction Results (X)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar

40-80 -- -- -- 5-10 30-40

thin Section Description

Sample is an autoclastic fragment within a breccia sequence. It is por-

phyritic with isolated to glomeroporphyritic phenocrysts of zoned and commonly

inclusion-riddled plagioclase, hornblende, orthopyroxene pseudomorphs, unaltered

clinopyroxene, and iron-titanium oxides. The groundmass was originally glassy

with aligned microlites of plagioclase and pyroxene. The glass was hydrated,

forming perlitic fractures followed by several stages of alteration to clay

with the clay minerals concentrated along the hydration fractures. The clay

alteration is pervasive throughout the thin section.

Sorption Category: Smectite Clays

The surface area of the altered perlitic groundmass component should be

less than a nonwelded ash flow altered to clays.

XVII. JA-8 TOPOPAH SPRING MEMBER OF THE PAINTBRUSH TUFF

-Core Description

Crystal- and lithic-rich, probable air-fall tuff; 9% phenocrysts, 7% lithic

fragments; from the basal part of the Tiva Canyon Member.
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X-Ray Diffraction Results (X)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

30-60 -- -- <5 10-20 tr 30-60

Thin Section Description

The sample is a smectite-altered, crystal- and lithic-rich, probable air-

fall tuff. Crystals include near-equal amounts of plagioclase and sanidine,

iron-titanium oxides, and altered biotite. Abundant lithic fragments include

devitrified welded tuff, and moderately to slightly devitrified perlite frag-

ments. Pumice fragments are relatively coarse grained. They have glassy

interiors but are fringed along vesicle walls by smectitic clays. Fine ash

in the matrix is oxidized (reddish-brown in plane light) and generally altered

to clays.

Sorption Category: Clay and Glass

Sorption properties should be dominated by the abundant glass and smectite

clays. The rock should have a high surface exchange area in crushed samples

because of the relatively high abundance of clay-altered, fine-grained ash.

XVIII. JA-18 TOPOPAH SPRING MEMBER OF THE PAINTBRUSH TUFF

Core Description

Partially welded, partially zeolitized, vitric ash-flow tuff; 2. phenocrysts;

10% rhyolite lithic fragments.. Sample collected from the lower vitric zone

immediately below the vitrophyric zone of dense welding.

X-Ray Diffraction Results (%)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

-5 -5 10-20 -- 30-50 30-50 -40

Thin Section Description

Sample is a partially welded ash-flow tuff with moderate pumice compaction

and only slight shard deformation. Groundmass shards exhibit bubble-wall textures,

have oxidized but unaltered glass cores, and are fringed by fibrous clintoptilolite

with minor intergrown clays. Some of the shards show minor axilolitic devitrifica-
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tion. Groundmass ash is pervasively zeolitized. Pumice fragments show com-

plex intertonguing devitrification and zeolitization. Crystal fragments

include sanidine, subordinate plagioclase, biotite, and iron-titanium oxides.

Lithic fragments are uniformly devitrified rhyolite lava and densely welded

tuff.

Sorption Category: Zeolite, Clay, and Glass

The sorption properties should be dominated by the combined assemblage of

clays, zeolite, glass, and devitrification products.

XIX. JA-26 PROW-PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Nonwelded ash-flow and air-fall interval, 11% phenocrysts; 1% lithic frag-

ments. Sample collected from the bedded interval between the Prow Pass and

Bullfrog Members.

X-Ray Diffraction Results (X)
Alkali

Smectite Illite Clinoptilolite Analcime Quartz Cristobalite Feldspar

-- -- tr 30-50 30-50 tr 10-20

Thin Section Description

Crystal-rich, air-fall tuff with pumice fragments and ash altered to anal-

cime. Phenocrysts include sanidine, plagioclase, iron-titanium oxides, and

highly embayed quartz. Lithic fragments include devitrified welded tuff and

argillite.

Sorption Category: Zeolitized (analcime)

Sorption properties should be dominated by the abundance of secondary

analcime and the absence of clay and glass phases.

XX. JA-32 BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified, ash-flow tuff, 12% phenocrysts; 1% lithic

fragments. Sample collected from the lower partially welded zone of the

Bullfrog cooling unit.
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X-Ray Diffraction Results (%)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Analcime

<5 5-15 -- 35-50 -- 40-60 tr

Thin Section Description

Sample is a partially welded, devitrified ash-flow tuff. Pumice fragments

are flattened and devitrified to spherulitic intergrowths of alkali feldspar and

quartz; some contain very small amounts of vapor phase minerals. Shard phases

are pseudomorphed by coarse-grained granophyric devitrification products.that

appear to have replaced axiolitic intergrowths. Groundmass ash is devitrified

to very fipe-grained quartz and alkali feldspar phases.. Phenocrysts include

sanidine, plagioclase (An23-27), quartz, iron-titanium oxides, and altered bio-

tite. Sparse lithic fragments are devitrified welded tuff.

Sorption Category: Devitrified

Major potentially sorptive components are devitrification products that

are dominated by the assemblage quartz and alkali feldspar. Relatively

abundant illitic clays may contribute to sorption properties.

XXI. YM-5 (251) TIVA CANYON MEMBER OF THE PAINTBRUSH TUFF

Core Description

Air-fall tuff; vitric with some clay alteration; 1 to 3% phenocrysts;

1 to 2X volcanic lithic fragments.

X-Ray Diffraction Results (7)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

10 -- -- 5 5 10-20 70

Thin Section Description

The core sample is a coarse-grained air-fall tuff composed of pumice

clasts, crystals and lithic fragments. Pumice fragments are vitric with

alteration to clays along fragment edges. Phenocrysts include biotite,

clinopyroxene, plagioclase, alkali feldspar, and iron-titanium oxides.
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Lithic fragments are all volcanic, including glassy flow-banded, rhyolite lava,

devitrified welded tuff, pyroxene andesite, and a nonwelded, zeolitized tuff.

Sorptive Category: Glass and Clays

Sorptive properties should be dominated by the assemblage of clays and

glass. The coating of clays along all surfaces of the pumice clasts should

provide an unusually large surface area for sorption.

XXII. YM-22 (868) TOPOPAH SPRING MEMBER OF THE PAINTBUSH TUFF

Core Description

Densely welded, devitrified, ash-flow tuff; contains sparse amounts of

lithophysae; 1% phenocrysts, abundant rhyolite lithic fragments.

X-Ray Diffraction Results (%)
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

5-10 <2 -- 30-50 -- 30-50 --

Thin Section Description

Core sample is a densely welded, devitrified ash-flow tuff. Pumice and

shard fragments are collapsed and annealed along the complete length of the

fragments. Devitrification is primarily granophyric with several textural

varieties. The fine-ash matrix has devitrified to extremely fine-grained

quartz and feldspar intergrowths; larger shards are composed of coarse-grained

quartz-feldspar intergrowths. These, in some cases, are confined within shard

boundaries and in other cases cross boundaries. A third type of devitrification

consists of relict spherulites that generally surround vapor phase pockets in

pumice fragments. They are partially recrystallized to granophyric intergrowths,

but their original sperulite outlines are at least partially preserved. These

probably represent multiple stages of devitrification: the first being a

spherulitic stage probably controlled by the occurrence of vapor phase pockets

and the second, a more pervasive granophyric crystallization. Vapor phase

minerals consisting of circular to elongate crystals of quartz are present in

pumice fragments and rarely in the groundmass. Phenocrysts include plagioclase,

alkali feldspar, sparse oxidized biotite, and iron-titanium oxides. Lithic

fragments are devitrified welded tuff.
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Sorption Category: Devitrification

The sorptive properties should be controlled by the assemblage of quartz

and feldspar from this completely devitrified sample with a small contribution

from the clays.

XXIII. YM-30 (1264) TOPOPAR SPRING MEMBER OF THE PAINTBRUSH TUFF

Core Desciption

Moderate to densely welded, vitric, partially argillized, ash-flow tuff;

2 to 3% volcanic lithic fragments.

X-Ray Diffraction Results (> )
Alkali

Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar Glass

5-10 5 5-10 40-60 5-10 30-50 --

Thin Section Description

This core sample is from the upper part of the vitrophyric zone of dense

welding. It is a densely welded, partially devitrified and partially zeoli-

tized ash-flow tuff. Pumice and shard fragments are highly compacted and these

originally glass fragments are partially altered to clays and zeolites and

partially devitrified. The degree of alteration appears to be controlled by

fracturing, and cross cutting alteration seems to indicate multiple episodes

of alteration and devitrification. Phenocrysts are sparse and include alkali

feldspar, plagioclase, and biotite. Lithic fragments are mostly devitrified

welded tuff.

Sorptive Category: Clay-Zeolite Devitrification

The rock sorptive properties should be controlled by the clays, zeolites,

and the devitrification assemblage of quartz and alkali feldspar. The differing

textural occurrences of these phases may affect the surface area available for

sorption.

XXIV. YM-38 (1504) TUFFACEOUS BEDS OF THE CALICO HILLS

- Core Description

Nonwelded, devitrified to slightly zeolitized ash-flow tuff, less than

1% phenocrysts; less than 1% lithic fragments.
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X-Ray Diffraction Results (X)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar

5-15 <5 40-60 15-30 20-20 10-20

Thin Section Description

The core sample is a zeolitized, nonwelded ash-flow tuff. Pumice and shard

fragments are pseudomorphed by the replacing zeolite, and the alteration is per-

vasive. Phenocrysts are quartz, alkali feldspar, plagioclase, and-both fresh

and altered biotite. Lithic fragments are devitrified welded tuff or'rhyolite

lava and abundant perlite fragments that are altered to zeolite.

Sorptive Category: Zeolite

The sorptive properties should be dominated by the abundant zeolite that

is uniformly distributed through the rock.

XXV. YM-42 (1824) TUFFACEOUS BEDS OF CALICO HILLS

Core Description

Bedded and reworked tuff; zeolitized and locally silicified; variable

lithic fragment content (2 to 20%); stained with iron oxides.

X-Ray Diffraction Results (X)

Alkali
Smectite Illite Clinoptilolite Quartz Cristobalite Feldspar

tr tr 20 40 -- 40

Thin Section Description

The sample is a crystal-rich reworked tuff containing a great variety of

fragments including lithic, pumice, and crystal fragments. The rock matrix,

probably composed of fine ash, is zeolitized and highly oxidized.

Sorptive Category: Zeolitized Tuff
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XXVI. YM-45 (1930) PROW PASS MEMBER OF THE CRATER FLAT TUIF

Core Description

Nonwelded to partially welded, devitrified, vapor phase altered, ash-flow

tuff; 7 to 12% phenocrysts; less than 1% volcanic and mudstone lithic fragments.

X-Ray Diffraction Results (%)

Alkali
Smectite Clinoptilolite Quartz Cristobalite Feldspar

1-5 -- 40-60 tr tr

Thin Section Description

There are no thin sections available for this sample.

Sorption Category: Devitrification Assemblage

XXVII. YM-46 (2002) PROW PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Moderately welded, devitrified ash-flow tuff; 9 to 10% phenocrysts; 14%

volcanic and mudstone lithic fragments. (Note: sample was collected within

fault zone, faulting Prow Pass against Prow Pass. There is extensive iron-

oxide staining along surfaces of the fault).

X-Ray Diffraction Results (M)
Alkali

Smectite Illite Clinoptilolite Quartz Feldspar

<5 <5 -- 40-60 35-45

Thin Section Description

The core sample is .a moderately welded, devitrified ash-flow tuff. Pumice

and shard fragments are compacted but not completely annealed along fragment edges.

Devitrification phases are axiolitic in most pumice fragments and spherulitic in

pumice fragments that contain vapor phase minerals. The groundmass is devitified

to.fine-grained granophyric to axiolitic intergrowths. Phenocrysts include

embayed quartz, alkali feldspar, plagioclase, and biotite. No lithic fragments

were noted in the thin section.
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Sorption Category: Devitrified

XXVIII. YH-48 (2114) PROW PASS MEMBER OF THE CRATER FLAT TUFT

Core Description

Moderately welded, vitric, ash-flow tuff; 10 to 15% phenocrysts;

2% volcanic and mudstone lithic fragments.

X-Ray Diffraction Results (X)

Smectite

<2

Clinoptilolite

20-40

Quartz

5-10

Cristobalite

5-15

Alkali
* Feldspar

20-40

Glass

40-60

Thin Section Description

Partially welded, partially zeolitized, vitric ash-flow tuff. Shard and

pumice fragments are only slightly compacted. Shards are-still glassy, whereas

fine ash and some of the pumice fragments have been altered to zeolite. The

sample contains phenocrysts of quartz, alkali feldspar, plagioclase, ortho-

pyroxene, iron-titanium oxides, and trace amounts of hornblende. Lithic

fragments are abundant and consist entirely of mudstone.i

Sorption Category: Zeolites and Glass

The sorptive properties should be dominated by the abundant zeolite phases

with a lesser contribution from glass.

XXIX. YM-49 (2221) PROW PASS MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially welded, devitrified to zeolitized ash-flow tuff;

phenocrysts; 2 to 3% volcanic and mudstone lithic fragments.

X-Ray Diffraction Results (%)

10 to 15%

Smectite

tr

Illite

tr

Clinoptilolite

10-20

Quartz
Alkali

Feldspar

20-30

Glass

40-60
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Thin Section Description-

The core sample is almost identical to sample YM-48, except that the rock is

nonwelded.

Sorptive Category: Zeolite and Glass

XXX. YM-54 (2491) BULLFROG MEMBER OF THE CRATER FLAT TUFF

Core Description

Partially to moderately welded, devitrified, vapor phase altered; 10 to 15%

phenocrysts; less than 1% volcanic lithic fragments.

X-Ray Diffraction Results (%)
Alkali

Smectite Illite Quartz Cristobalite Feldspar

5-10 2-5 30-50 -- 30-50

Thin Section Description

The core sample is a moderately welded, devitrified, vapor-phase altered,

ash-flow tuff. The rock is uniformly pocketed by vapor phase minerals and shows

granophyric devitrification. Shard textures are almost entirely obscured by

the crystallization. Phenocrysts include quartz, alkali feldspar, biotite,

iron-titanium oxides, and possibly hornblende relicts. Lithic fragments include

rare mudstones.

Sorptive Category: Devitrified
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