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ABSTRACT

,Thisrreport summarizes, the .contribution of the -Los--,--
Alamos National Laboratory- to the Nevada Nuclear: Waste
Storage' 'Investigations for 'the third 'quarter of
FY 1984. !
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EXECUTIVE SUMMARY

This report summarizes some of the technical contributions from the Los

Alamos National Laboratory to the Nevada Nuclear Waste Storage Investigations

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

of Energy (DOE) during the period April 1 through June 30, 1984. The report

is not a detailed technical document but does indicate the status of the

investigations being performed at Los Alamos.

GEOCHEMISTRY

The objective of this work is to determine the geochemical properties of

Yucca Mountain tuff and groundwater. These properties will be used as a

basis for predicting the migration of radionuclides to the accessible

environment and for assessing the geochemical response of a potential

repository site in Yucca Mountain in the southwest portion of the Nevada Test

Site to the emplacement of a repository.

Groundwater Chemistry

* The changes in oxidation-reduction potential (Eh) that were measured in

the pumping test of Well UE-25b#1 have been modeled using the Nernst equation

for the oxidation-reduction couples that may be present in this groundwater.

Couples that were considered were Fe+2 _ Fe+3, NO- --NO, and Mn+2 - Mn

solid. The various measures of the oxidation-reduction potential gave

conflicting quantitative information about the equilibrium conditions.

Because the pumping system may be mixing waters from several zones even when

packers are used, a single oxidation-reduction couple may not be indicative

of the actual system. The measurement itself may be an overall "average" of

the system.

Natural Isotope Chemistry

Soil samples from four locations on or adjacent to Yucca Mountain were

analyzed for chloride concentrations to determine the suitability of the

sites for measuring rainfall infiltration during the past 25 years by the
36

Cl tracer technique. Three of the four locations appeared to have chloride

concentrations in which the expected depth profile for vertical infiltration

has been modified by flooding or, in the case of the Yucca Mountain crest

2



site, by moderate precipitation events. The'site.,in Yucca Wash appears to
*3 6

have a characteristic chloride profile favorable for Cl measurements..
36

Another field trip to:Yucca Mountain is planned-to locate Cl sampling sites

closer to the Exploratory Shaft site- than Yucca Wash.

Hydrothermal Geochemistry -

A model-has been developed..for_,the free energy of the analcimne solid-

solution. The model is an ideal one; that is,,it assumes no excess enthalpy

of mixing. -- The excess entropy of mixing is:,assumed to be due to the-

configurational entropy of end member mixing,'.of aluminum-silicon mixing on

,the Ti sites', and of sodium vacancy mixing -on -the sodium sites. .This model

has .been found-to be consistent with much of the data -existing for analcime,

but points out -that -few, if--any of these data are unambiguous., Measurements

which can be .used to evaluate this model are generally unc~ertain because all

of the important-parameters were:not-measured. -For this reason, this study

is proving :very important to the planning of experiments to develop.

thermodynamic models -for-.other zeolites. -.

Natural Analogues ....... --. . .. -

'A repository.for storage of radioactive-waste in felsic tuff has been.

proposed at Yucca Mountain in,-the southwest corner of the-Nevada.Test.Site.,

Because the waste will generate heat in the near-field environment, nine hot

spring occurrences in felsic rock were examined to study the'effect of heated

groundwater on the physical and chemical properities -of the-rock., Both water

chemistry and-bulk rock.-mineralogy were~determined. ,Changes were~noted that

may prove relevant ,to the near-field, environment-ofa-aradioactive waste-

repository:... (l):Some of the-rocks -that~had-been exposed to hot~water

appeared~to~be-more porous and friable.,than their unexposed-counterparts and

(2) it appeared-that acid systems had been-formed by manybut not-.all of.-the

springs at some stage in their evolution.

Solubility -Determinations,, ;~--- .. ---

-,The solubiliti'esof .six-waste elements (uranium,,-plutonium, -americium,

strontium !radium, and technetium)..in waters from -Wells J-13,U!E725p#l,-and

USW 1H-3 have been-calculated with the EQ3 chemical equilibrium computer..

program and the-current thermodynamic data base. Data recently. received from
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Lawrence Livermore National Laboratory for technetium were added to the data

base for these calculations.

Recent observations of zeolite compositions from Wells UE-25b#1 and

UE-25p#l show that these zeolites do not exhibit the progression from

calcium-rich to sodium-rich compositions with increasing depth that has been

observed in other drill holes. Reaction path calculations done with EQ3/6'

indicate that the zeolite'compositions are consistent with the higher calcium

content of water from these' wells.

Transport calculations of the effect of aqueous complex formation on

sorption by ion' exchange have been done using the one-dimensional transport

model CHEIATRN. The results indicate that with strontium, for which less than

15% of the aqueous strontium is complexed in waters from Yucca Mountain, the

extent of complex formation would not have a significant effect on transport.

Work is continuing on determination of formation constants of Pu(IV)

with carbonate and of the solubility product of hydrous plutonium oxide.

Tentative conclusions of the Pu(IV)-carbonate work are that at least three

different complexes of Pu(IV) with carbonate are present under the conditions

of these experiments and that a mixed citrate-carbonate complex may exist.

An experimental examination of the stability of complexes of Am(III)

with carbonate has been started. This effort will use the same technique

employed with plutonium, the-competition of carbonate and citrate ions for

Am(UI).

Sorption and Precipitation

Batch sorption studies with Well J-13 groundwater have continued this

quarter for uranium, tin, technetium, neptunium, and thorium. The desorption

ratios for uranium were lower than expected but may be explained by the

experimental errors'associated with small sorption measurements. The tin -

ratios were as expected. The technetium and neptunium studies are part of a

long-term sorption experiment (15 months) studying the changes in Rd for

these two elements with time. No changes have been observed over the nine

months of the experiment. Thorium sorption ratios do not correlate with pH

or mineralogy of' the tuff samples studied and range from -140 to 1230 mt/g.

Neptunium isotherm measurements were completed using C02-controlled

atmospheric conditions to maintain the pH near 7. There is-little, if any,

effect of neptunium concentration on the measured sorption ratio.

4



L

' Because the groundwater'-composition may vary 'between the repository and

the-'accessible environment, stu'dies are in 'progress to'determine what effect

various compositions-have on the measured-sorption ratio. The.groundwater:

currently being'investigated is from-Well UE-25p#1 from a depth of 1298 to

1792 m. This water has a much higher salt content than Well J-13 ground-

water. Sorption ratios for tin were higher in the Well UE-25p#1 water than

in Well J-13 water. It is suspected that precipitation'of tin occurs in this

higher ionic strength water. Future studies will include additional tuff

samples, more radionuclides, and water from Well USW H-3.

Dynamic Transport Processes

An apparent kinetic effect, observed'in'the' sorption experiments of

plutonium and americium in which the actinide solution was flowing through

columns of crushed tuff,- was latericonfirmed'in batch sorption experiments

terminated at'varying'times. In column experiments-,-the kinetic effect is

manifested by a significant:'fraction of the input'activity passing through

the column with the solvent front. :In batch-experiments, the kinetic'effect

restlts'in very marked increases in thei'sorption ratio (activity'on the rock

versus activity in the water)'as' contact times are'extended' from'hours to

days to weeks. '-It'is 'not clear whether the:kinetic effect-is'due'to. ')

speciation changes in-the dissolved actinide", colloidal'transport,' time

dependence of the sorption process itself,- or some other phenomenon. It is

important that the underlying cause of this kinetic effect be discovered if

we are to predict the extent of actinide transport from an underground

nuclear waste- repository." ' - '

A'pirogram to" numerically invert autocorrelated photon'spectroscopy data

was'developed. Th'e code, which uses regularization and a positivity

constraint,. will"fenable a detailed study of:partikle size' distributions.

This advance will gr'eatly enhance 'the ability'of NNWSI to address the'

question of colloid or particulate transport. - '

Two additional 2-m'ncrushed-tuff columns have been prepared each'-

containing WellUSW G-2-339 tuff,'a-montmorillonite-containing tuff, for use

in anioii'excltision 'studie's and actinide transport studies. -These long

columns will provide long residence times to access actinide adsorption

kinetics in a dynamic system.

5



I

The fractured tuff columns are continuing to be eluted with cationic

tracers, and the results are in the process of being interpreted with matrix

diffusion models. Nei; solid rock core columns are being prepared in an-

effort to find cores permeable enough to enable transport experiments in a,

reasonable time frame.

Retardation Sensitivity Analysis

Investigation of colloid transport is proceeding on several fronts.

(1) Examination of field studies that involved radiocolloid migration. Two

field studies of heavy element radionuclide migration carried out at Los

Alamos have been identified and assessed for relevance to the NNWSI

project.

(2) Analysis of lab measurements of colloids. Personnel in INC Division are

using a laser system to measure colloid size distributions. We are

assisting in theanalysis. Inverse mathematical techniques are being

adapted to-analyze the particle size distributions. The Fredholm

integral equation of the first kind that represents the laser scattering

process can be solved using the Tihonov regularization method.

(3) Modeling of colloid transport. To verify the colloid transport model in

TRACR3D, a simple, one-dimensional calculation has been made to compare

with an analytic solution.

Applied Diffusion

Three analytical techniques were evaluated for measuring low concentra-

tions of bromide: ions in groundwater on a routine basis for use in the

diffusion field experiment and for monitoring tagged water in the Exploratory

Shaft mining operations. The three techniques were ion chromatography with .

an ultraviolet detector, ion chromatography with a potentiostatic detector,

and neutron activation analysis. Ion chromatography-with an ultraviolet

detector appears to be the most suitable analysis technique for bromide

concentrations as low as 50 ug/l, which are likely to be encountered if

bromide is usedas'a tracer in measurements of diffusivity under field

conditions.

6



Mineralogy-Petrology

Data' on petrographic'stratigraphy within the'Topopah Spring Member

reveal several features that'may provide stratigraphic subdivisi6ng'within

this otherwise very homogeneous rock-unit. "The importance'of being able-to

determine stratigraphic positi6n within the'Topopah'Spring Member arises

because of the need'to identify-whichilevel of the Topopah'Spring-is being

wobrked during''repository 'construction. -A knowledge -of variabilityiwithin-the

Topopah is also important-for extrapolation of eiiperimental-results from the

exploratory shaft to other parts'ofthe 5cploration block at--Yucca'Mointain.

Using the broader' subdivisions'of upper'lithophysal, middle nonlitho--

physal, lower lithophysal-, and-lowei'nonlithophysal, researchers'have fotind

that petrographic criteria allow distinctions between the two lithophysal and

between the nonlithophysal zones. These criteria include the abundance of

xenoliths and quartz phenocrysts in the lower nonlithophysal zone-and the .

greater'abundance of silica-filled-microvesicles in the upper lithophysal

zone. Of greater importance for internai-stratigraphy, it has'been'found

that th'e abundanice of cryptocrystallihe'groundmass-'texture',is a measure of

proximity to thea'base'within either-nonlithophysal'zone.- '

Other petrologic studies'during'this'qu'arter have Jndicated alteration

temperaures of 9i-to '950C for the' original formation'of quartz,' heulandite,

and smectite-above the'basal vitrophyre of the Topopah Spring Member." The

possibility of acid sulfate alteration'within the Topopah was also'investi-'

gated, and the low total sulfur' contents (46 to''137 ppm) suggest that'this

possibility is remote. Studies of zeolite''formations''sho' that despite local

and regional variability in exchangeable cation composition (calcium,'sodium,

and potassium), the silicon-to-aluminum ratios of Yucca Mountain

clinoptilolites remain fairly uniform and, therefore, suggest relative

uniformity of sorptive behavior.

Tectonics and Volcanism

Field work was completed of the geology and tectonic setting of sites of

Quaternary volcanism in southern Death Valley. Major and trace element data

are entered into a data base system on the VAX 11/780'for all basaltic rocks

of the Nevada Test Site (NTS). A manuscript entitled "Volcanic Hazard

Assessment for Disposal of High-Level Radioactive Waste" was accepted by the

National Research Council for publication in a special symposium volume.

7



Tuff Laboratory Properties

Long-term creep deformation experiments have been completed on Calico

Hills zeolitized tuff samples and have just been initiated on samples of

welded devitrified tuff of the Topopah Spring Member. Analysis of the Calico

Hills data shows that hydration/dehydration strains are large and strongly

time-dependent. Compressive stresses (hydration) of 20 to 60 MPa are

attainable, and tensile stresses (dehydration) can exceed the strength-of any

rock within the thermal field of a repository. Creep deformation of

zeolitized samples is-characterized by "steady state" strain rate, which

offers hope thatpredictive models of mechanical strength can be formulated

that will be valid over the long time extrapolations required for performance

assessment.

Sealing Materials Evaluation

Cement samples which are high in silica have been tested. These

compositions were selected to maximize formation of the silicate minerals

tobermorite and gyrolite resulting i#n a less porous, less permeable material.

Samples of this material have been subjected to elevated pressure,

temperature conditions in the presence of water for extended periods of time.

Reaction at 2000C showed extensive development of tobermorite with lesser

gyrolite. Reactions at 150 and 90'C showed development of calcite and lesser

tobermorite. The fluid compositions in these experiments have also been

determined and will be used to make estimates of the probable dissolution

rates of fault seals at Yucca Mountain.

8



I. INTRODUCTION

-This report.summarizes some of.the technical contributions from the Los

Alamos National Laboratory to the NNWSI project managed by the Nevada

Operations Office of the US DOE during the period April 1 through June 30,

1984. The report is not a detailed technical document but does indicate the

status of the investigations being performed at Los Alamos. -

II. GEOCHEMISTRY

A. Groundwater Chemistry (A. E. Ogard, J. Kerrisk, and L. E. Hersman)

1. Redox State of Water from Well UE-25b#1 Pumping Test. The,

oxidation-reduction potential'(Eh) is one of the more important properties of

groundwater because of its effect on speciation and solubility.. The lower

the Eh of a solution the lower the oxidation state and solubilities of waste

elements tend to be.

During the Well UE-25b#1 pumping test five different kinds of measure-

ments--were made that relate-to the-redox state of: the water: potentials of

platinum electrode (Eh) and sulfide electrode (Es), dissolved oxygen content,

total N0 and N0 content, total iron content, and total mangan&se content.
03 2

All five measurements gave the same qualitative indication, that after the

second day of the test the water became more oxidizing as pumping continued.

However, the five different measurements gave different quantitative indica-

tions of the redox state of the water. The lack-of equilibrium among various

redox couples in natural waters is common.2'3 Although it may'never be

possible to characterize the redox state of Yucca Mountain water by a single

value of Eh, this work is aimed at characterizing the redox state of those

couples that.may-influence. the redox-state of dissolved~radionuclides.. The

following-paragraphs-discuss the results from the-five.redox-related measure-

ments made-during the Well UE-25b#1 pumping test.

Platinum electrode and sulfide electrode potentials (Eh and Es) measured

during the.test were similar,' starting.at about -20 mV on day 2 and -

increasing monotonically,.to about 170 mV on day-28 (see-Fig. 1). Under.

equilibrium conditions.values-of.Eh in this range would.indicate reducing

conditions, possibly controlled by the 'Fe3;/Fe2+ redox couple, with no

measurable dissolved oxygen. . . . -.

.9.... . .. ;....
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E I 1k0

0 . 5 10. 15 20 25 30

T iME (DAYS)

Fig. 1. The Eh and dissolved O^ from Well UE-25bS1 pumping test (from
LA-9577-PR).

Dissolved oxygen was below the detection limit (0.1 mg/Z) from days 2

through 19 of the pumping test except for indications at the detection limit

on days 15 and 16 (see Fig. I) From days 20 through 28 the dissolved oxygen

content increased ftrom the detection limit to the range of 2 to 3 mg/L. Ainy

level of dissolved oxygen above the detection limit would indicate an

equilibrium Eh of -'7003 mV. Values of Eh measured with a platinum electrode

in natural waters with dissolved oxygen present are normally below the-

equilibrium level, being in the 300 to 500 mV range.4 This range of Eh (300

to 700 mV) is well above the values of Eh measured in Well UE-25bffl water

when dissolved oxygen was present (80 to 170 my).

10



-Measured values'of total NO and NO allow a value of Eh associated with
3 2-

the NO3/N02 redox couple to be calculated. Both NO3 and NO2 were detected

from days 1-through 19 (see Fig. 2); the Eh associated with the measured

concentrations was -400 mV. From day 20 through the end of the pumping test

the NO2 content was below the detection limit (0.1 mg/1); only NO; was

detected. An Eh can no longer be calculated from only one concentration;

however, the presence of only NO indicates that the water became more
3

oxidizing.

Only total iron content of the water was measured so an Eh associated

with the Fe3+/Fe2+ couple cannot be calculated. However, at the pH of
2+Well UE-25b#1 water essentially all dissolved iron would exist as Fe or its

complexes.4 The total iron content of the water decreased from -1 mg/Z at

day 2 to less than 0.1 mg/Z at day 28 (see Fig. 3). This decrease was most
2+ 3-i-likely associated with oxidation of Fe to Fe and precipitation of some

solid containing ferric iron. Because both the decreasing total iron content

and the increasing Eh of-the waterdduring the pumping test were signs of

oxidation, an attempt was made to relate the two variables. Figure 4 shows a

plot of logl'(total iron) as'a function of Eh.' Although there is consider-

able scatter, a straight line (the solid line) can be drawn through the data.

Two other lines, describing the solubility of iron as controlled by amorphous

Fe(OH) 3 and siderite (FeCO3 in this water are also shown; the' EQ3 chemical

equilibrium computer program was used to calculate these solubilities.

Solubilities of other iron oxides such as goethite [FeO(OH)] and magnetite
2+ 34-

(Fe304) are much lower. If Fe is being oxidized to Fe3, which

precipitates, an equation (unbalanced) of the form

Fe2+ - ne - ferric iron'solid'

Fe2+ -

can be written for the reaction. The Eh and Fe concentration'for this

reaction are related as

Eh E' - (2A5 9 )log1 [Fe ]

n 10~ ~ ~ ~~~~~~~~~~~1
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where ES incorporates terms involving E 0 for the reaction, pH, and activity
2+

coefficients. If the Fe concentration is assumed equal to the total

dissolved iron content of the water, this equation defines a straight line

between log 10(total iron) and Eh, as shown in Fig. 4. From the slope of the

solid line in Fig. 4, the value of n can be calculated as 1/3. Unfortu-

nately, a value:offl/3,for.-n does.not correspond to a known iron oxide. If

the solid oxide were Fe(OH)3 or hemetite (Fe203), n would be 1; if the oxide

were magnetite (Fe304), n would be 2/3. Thus, there does not appear to be

an equilibrium relation between the iron content of the water and the

measured Eh.

13
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The source of dissolved ferrous iron in the water from the Well UE-25b*1

pumping test is also uncertain. The packed-off section of the hole (853 to
1914 m depth) is within a zone where solid iron compounds were observed to be

5highly oxidized. Reduced iron solids and sulfides were observed deeper in

this hole (1036 to 1219 m depth). Some of the water sampled in this test may

have come from the zone containing reduced iron solids. However, essentially

no decrease in pH and no increase in sulfaEe content were seen during the

test. These changes would be expected if significant oxidation of iron
2~sulfides were occurring. The higher levels of dissolved total iron are

approximately in equilibrium with amorphous Fe(OH)3 if the measured Eh is

used in the calculation (see Fig. 4). An Eh of -100 mV or less would have to

control the iron redox-couple to relate the total dissolved iron content to

iron oxide (hemetite or magnetite) solubility. However, in this range of Eh,

sulfide concentrations would be high enough to make pyrite the limiting solid

phase with a very low solubility.

Only the total manganese content of the water from the Well UE-25b#1l

pumping test was measured. Although an Eh cannot .be calculated for the
4+ 2+

Mn /Mn redox couple, manganese, like iron, exists predominantly in the

reduced state in solution.4 The total manganese content decreased from -0.4

mg/. on day 2 to less than 0.1 mg/Z on day 28 (see Fig. 3). There was a

perturbation between days 12 and 13 that seemed to divide the data into two

sections. It came at about the same time as a sharp increase in Eh (see

Fig. 1). An attempt was also made to relate the decreasing total manganese

content of the water with the increasing Eh. Figure 5 shows a plot of log1o

(total manganese) as a function of Eh. The solid lines through the two
2+

groups of data have the same slope. If Mn is being oxidized and precipi-

tates, an equation (unbalanced) of the form

- 2+ -

Mn - me - manganese solid

2+
can be written, and the Eh of this reaction can be related to the Mn ..con-

centration as

0.059 lg[n2+
Eh E"- (g [n .

m 10

14
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Fig. 5.' 'Plot of total manganese content as a function-of Eh for water from
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The variable E'.incorporates E'.for the reaction,:pH,%and activity. coeffi-

cients. .If.-the Mn 2+ concentration is assumed equal to the total~dissolved,-

manganese contentl'the~slope of the'-solid lines In Fig.. 5 can be used to

determine m.!A'A-value of.'about 1/3 is obtained form in this. manner. As, with

iron,'this does-not 'correspond to-al'reaction forming any known-manganese.

oxide. For example, if the solid 'oxide were hausmannite (Mn3O) m would be

:2/3; if the,..solid were pyrolosite (14nO 2 ), m'would be.~2.. Thus, the -total

manganese 'content,.of-the water does not jappear to be in equilibrium with the

measured.Eh. '~ .' ' ~

..-anganese solubility would be -limited in this water by.-the solid-

-rhodochrosite (MnCO ). However, the calculated solubility,(from an EQ3

calculation) would be about an order of magnitude greater than thelargest-

:15
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manganese content observed. Solubility with respect to manganese oxides is

even greater if the measured Eh is employed in the calculation. An Eh of 200

to 400 mV.would have to control the manganese redox couple to relate the

observed manganese content to manganese oxide solubility. Thus, manganese

appears to be undersaturated in this water.

Although neither total iron nor manganese contents of Well UE-25b#1 water

appear to be in equilibrium with the measured Eh, it is possible that iron and

manganese redox behavior are controlled by the same variable. Figure 6 shows

a plot of log10 (total iron) as a function of log10 (total manganese). From

the equations defining the relation between Eh and total concentration for

iron and manganese, the Eh can be eliminated to give

log10[ (Fe ( )og 10 (Mn ] + C,

where C is a constant. The slope of the line through the data in Fig. 6 is
n .1 value
(m) " 1.5. This value for.the ratio is constant with n = 1 [total iron

controlled by the solubility of Fe(OH)3 or Fe203 1 and m - 2/3 (total

manganese controlled by the solubility of hausmannite). Thus, it is possible

that both iron and manganese are being oxidized by the same process, a

process that does not appear to be in equilibrium with the measured Eh.

In summary, the various measures of the redox state of the water from

the Well UE-25b#1 pumping test give conflicting quantitative information.

However, they all indicate that the water, after initially being reduced,

became more oxidizing as the test progressed. A possible mechanism for this

result is that the test actually sampled water from more than one zone, that

is, water with different redox characteristics. Mixing different waters

during pumping could result in kinetic control of the concentrations of

species involved in redox reactions. Equilibrium considerations would only

control the extent to which reactions would occur. The oxidizing agent had

to be strong enough to oxidize Fe2+, Mn2f+, and NO Dissolved oxygen, which

was observed during the latter third of the test, is the most likely

candidate. The possibility also exists that biodegradation of drilling

fluids in the near vicinity of the well resulted in depletion of the oxygen

content of the water4 Continued pumping then brought fresh, oxygenated water

to the pump.
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Calculations similar to these.will be done with-,the-compositional

results of waters from Well USW:H-3 'and-from the soon-to-be-pumped Well USW.

H-6. By 'so -doing, we-'hope-to get,.some -insight-into the controlling.reactions

of-the oxidation-reduction potential (Eh) of therwater. , ,

*2. Biodegradation of Drilling Fluids.-The-purpose.of this research is

to determine if.'microbial- activity can.'changethe groundwater-compositionand

consequently influence the mobility;of waste',elements,..especially multivalent

*elements suh 8as.plutonium.; We-are- interested in thosermicroorganisms

*capable of utilizing.drilling.fluids as -growth substrates:-because-,drilling. ,

fluids are used:.extensively in the drilling of wellsand geology holes.for

characterization of'Yucca:Mountain atrthe+Nevada Test Site. : -,

A long-term experiment-investigating-viscosity changes of-two of the

drilling fluids, ASP-700 and Turco 5622, was recently completed. Five

,17
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bacterial species were grown individually in the ASP-700 medium, while two

species were cu'ltured'in the Turco 5622 medium. -For each unknown, 180 mt of

medium was innoculated with 18 mt of a 2-day old culture. These flasks were

mixed at 60 rpm for 25 days at 220C. Twenty-five mZ of media were withdrawn

on days 0, 3, 7, 12, 18, and 25 for viscosity measurements. To measure the

viscosity of the ASP-700 medium, a small glass bead (2.9 mm diam., 0.0303 g)

was dropped through a glass tube (11.4-mm i.d. by 20 cm) containing the

medium. The fall of the bead through the 20-cm distance was timed, and any

change in travel time was assumed to be indicative of a change in viscosity

relative to an uninnoculated control. For the Turco 5622 medium, the rate of

rise of air bubbles in the medium was used to measure viscosity. Air bubbles

were injected into the medium using a 10-pz, precision syringe, and as with

the ASP-700 medium, the travel distance was 20 cm. The results of this

experiment are expressed in Table I. Any increase, over time, in the values

reported can be interpreted as a relative increase in the viscosity of the

medium. Conversely, as the numbers decreased with time, one can assume that

the viscosity of the r2edium was decreasing.

Apparently, as the bacteria grew, the viscosity of the ASP-700 medium

decreased. This was true for all five species tested, and these results
6contradict those results reported. At this time, no explanation can be

given to account for this discrepancy. Following an initial decrease; the

viscosity of the Turco 5622 medium tended to increase with time until'day 25

where the values were similar to day 0. These results suggest that more than

one constituent of the Turco 5622 medium was being acted upon by the micro-

organisms, which in turn, had varying effects on viscosity.

Experiments are now being conducted to determine if these drilling

fluids are available for anaerobic biodegradation. One sample of the Turco

5622 medium was placed in a 1.O-, serum bottle fitted with a one-way glass

valve. Prior to autoclaving, the medium was reduced by boiling it in an

oxygen-free environment and by adding cysteine as a reducing agent. The -

media was then autoclaved, cooled under'an atmosphere of oxygen-free gas, and

innoculated with 10'mZ of an anaerobic culture. The bottles were then sealed

and will be incubated at room temperature for approximately 3 months. Gasi

production will be monitored periodically by connecting the serum bottles to

Warburg manometers and measuring the displacement of manometric fluid.

18



-TABLE I

THE EFFECTS OF BACTERIAL GROWTH ON THE RELATIVE VISCOSITY

OF ASP-700 AND ,TURCO 5622 MEDIUMa

--_ Species Number
ASP-700 - Turco 5622

ka 9.A.2.b 9.A.3 9-.A.5 11.A.2.a 11.A.2.b -. A- -6.A

O 0.93 0.93 0.91 - 0.92 0.90 1.32 1.24

3 0.94 0.99 0.96 0.94 0.95 1.01 0.98

7 0.91 0.98 0.92 0.91 0.92 -- 1.25

12 0.92 0.99 0.95 0.90 0.90 1.33 1.19

18 0.72 0.75 0.74 0.71 0.70 1.51 1.75

25 0.80 0.84 0.86 0.75 0.75 1.33 1.21

aResults are expressed as a ratio of the unknown value divided by the

control value.

B. Natural Isotope Chemistry (K. Wolfsberg, A. E. Norris,

H. W. Bentley, and S. K. Gifford)

Water infiltration at Yucca Mountain during the past 25 years can be

traced by measuring the penetration of 36Cl that occurred as global fallout

from high-yield nuclear tests in the Pacific Ocean area. Soil samples were

collected in February from four locations on or adjacent to Yucca Mountain.

These samples have been analyzed for chloride concentrations to help

determine the sites and the sampling protocols that will be used to obtain
the ~~~~~~~36 -

the material required for the Cl analyses.

The four sites sampled in February were the crest of Yucca Mountain (36°

52'N, 1160 28'W), a bulldozer trench in Coyote Wash (360 51'N, 1160 27'W), a

trench in Yucca Wash (YW-6, 360 52'N, 1160 25'W), and a trench in Fortymile

Canyon (FW-3, 360 49'N, 1160 24'W). The latitude and longitude co-ordinates

are approximate. The chloride contents of the soil samples are listed in

Table II and are plotted in Figs. 7 through 10. The ordinate values of the

chloride concentrations are plotted on a linear scale in the first two

figures, but on a logarithmic scale in the last two.
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CHLORIDE

FROM

TABLE II

CONCENTRATION IN SOIL SAMPLES

YUCCA MOUNTAIN LOCATIONS

aSample Identification

YC-1

YC-2

YC-3

YC-4

CW-13

CW-12

CW-11

CW-1o

CW-9

Cw-8

CW-7

CW-6

CW-5

C'e-4

CW-3

CW-2

CW-1

Depth
(meters below land surface)

0.0000-0.1016

0.1016-0.2032

0.2032-0.2540

0.3048-0.4572

0.0000-0.1270

0.1524-0.3048

0.3556-0.4318

0.4572-0.5588

0.6096-0.7112

0.9144-1.0668

1.2446-1.4224

1.6002-1.7526

2.1336-2.2860

2.5908-2.7432

3.0480-3.2004

3.3528-3.5052

3.8100-3.9624

0.0000-0.1524

0.1778-0.2540

0.2032-0.3048

0.3556-0.4318

0.4318-0.4826

0.5080-0.6350

0.5334-0.6858

0.7620-0.9144

0.9906-1.0922

45.3

20.6

5.3

4.2

5.6

2.0

6.2

14.1

46.1

6.8

8.1

24.9

5.4

mg Cl /kg soil

9.5i

17.64

10.49

24.6

YW6-13

YW6-12

YW6-11

YW6-10

Y146-9

YW6-8

YW6-7

YW6-6

YW6-5

3.5

416.2

152.0

25.0

156.9

92.9

159.4

46.5

62.4
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-I ---TABLE-lII (cont)I

- ~~Depth
Sample Identification '(meters below land surface) -mg Cl /kg soil

YW6-4 1.2192-1.3716 :. 1457.9

YW6-3 1.3716-1--5240. 1865.3

YW6-2 1.6510-1.8288 781.4

YW6-1 2.1336-2.2352' 1378.8

FW3-7 0.0000-0.1524 2.6

FW3-6 0.54-0.2286 2.6

FW3-5 0.3048-0.4572 2.7

FW3-4 .0 .6096-0.7620 - 11.3

FW3-3 0.9144-1.1176 161.0

FIW3-2 1.2954-1.4478 187.3

FW3-1 1.5240-1.6764 140.4

Tetwo-letter codes designate the-following:

YC = crest of Yucca Mountain

CW - Coyote Wash bulldozer trench

YW -Yucca Wash trench

FW - Fortymile Canyon trench

Both the low chloride concen~trations in the samples taken from the crest

of Yucca Mcuntain and the maximum' chloride concentration for th~is data set,

which occurs at the bedrock surf arc, are what one would expect from -recent

leaching.' The shallow depth to bedrock (0.46 m) is such 'that even a moderate

precipitation event could flush the section. The low chlor'ide content at the

bedrock surface indicates that a di3ain~exists for infiltrating water.

The chloride data from the Coyote 1Wash-saple ca' interpreted in

terms of active',but not recent, -flushing bf chlorides.: There may be a

significant horizontal component to-recharge at the location sampled, which

is not unexpected for a wash such as this one. The 'relatively high

chloride concentrations at the surface may be attributable to surface

vegetation, which-holds rainfall infiltration within the shallow root zone.
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The soil unit boundary at 2.5 m, shown in Fig. 8, may help to limit the

downward leaching of chloride. However, the low chloride concentrations at

the bottom of the bulldozer cut indicate that chloride leaching is not

stopped at that point.

The highest chloride concentrations were observed in soil samples from

the Yucca Wash 6 trench. Recent leaching appears to have moved the chloride

down from the surface about 0.16 m, but subsequent leaching appears to be

very slow.

The data from the Fortymile Canyon trench can be interpreted in terms

of chloride leaching within the past 20 years that has decreased the concen-

trations of chloride in the top 0.8 a of the trench. This postulated

flushing may have resulted from water flowing in the flood plain that

includes the FW-3 trench site.

The chloride analysis results just discussed are part of the data being

used to select appropriate sites to measure, by the 36Cl technique, rainfall

infiltration during the past 25 years. Of the four sites that were sampled,

Yucca Wash 6 appears to be the only one where the 36Cl infiltration should be

undisturbed by water flow on the surface, which is a desirable character-

istic. However, the Yucca Wash 6 trench is four kilometers from the

Exploratory Shaft location. Another field trip will be conducted to see if

a site can be selected closer to the Exploratory Shaft location. An

additional goal of the next field trip will be to investigate whether the
36Cl technique might permit measurement of rainfall infiltration into the

fractured tuffs of Yucca Mountain, if a suitable sampling site for that

purpose can be located.

C. Hydrothermal Geochemistry

1. Thermodynariics of Zeolites (C. J. Duffy). A thermodynamic model

has been constructed for analcime in order for us to begin to understand the

controls upon its stability. Analcime is neither the most abundant nor the

the most sorptive zeolite at Yucca Mountain. It is, however, the most

studied. Modeling analcime stability leads to insights about the parameters

that affect the stability of other zeolites, the probable relative importance

of kinetics versus chemical equilibrium, and the best approaches to studying

the other zeolites.
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Analcime does not have a fixed composition .but-rather-is a solid

solution. We have considered only that part of the solution between the end

m mbers,NaA1~ H ad S0 .. 1.H 0. Less silica-rich analcimes exist,
296 20 n i3O6 i5 2 .-

but they have not been considered because the way in which H0 Ois involved in

the solid solution may be different,,and these low silica analcimes appear to

only be in equilibrium with silica activities below quartz saturation. This

makes them unimportant at Yucca Mountain. The compositions in the solid
.57

solution are based upon the observations of Saha. The relationship among

sodium, Alumium, and silicon in the solid solutioh is almost certainly

correct because it is constrained by charge balance. The amount of water

present, however,,is not constrained by charge balance and is, *theref ore,

more uncertain. Other investigators8 have suggested som~ewhat different water

contents..

An ideal solution model has .been adopted to describe the analcime solid

solution., In order to develop such a model, the sources of configurational

entropy must be identified and evaluated. The first source of entropy is the

mixing..of the two end members. This mixing.apparently takes place by the

subtittio~ofa, 2a 2 H0unit for a Si 2H 0unit. This substitution
leads to the observed compositional variation and seems to be~jrystallo-

graphically reasonable because removal of a pair of sodium atoms makes room

for an additional 2O0. Assuming that these units are randomly mixed in

analcime, the configurational entropy froim this source, S c is given by

Sci = 0.5R~xlnx + (1 -x)ln(l -x)J

where R is the gas constant, T is the temperature in kelvin, and x is the

mole fraction of NaklSi O6.H 0 (Ref. 9).

Additional configuration entropy is also present due to mixing of

aluminum and silicon on the tetrahedral sites and mixing of sodium and

vacancies on the sodium sites. We have adopted the basic tetragonal

structure for analcime suggested by Mazzi and Galli. 10In this structure all

of the aluminum is found in the Ti sites with none in the T2 sites. However,

a maximum of only*on'e-half of the Ti sites is occupied .by aluminum so that

there Is a configurationall entropy from mixing of aluminum and silicon on

these sites. The statistical analogu e for entropy is given by
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S = -kEPt lnPi

where S is the configurational entropy, k is Boltzmann's constant, Pi is the
C

probability of the ith quantum state, and the summation over all accessible

quantum states can be used to evaluate the entropy of aluminum-silicon

mixing.

We assume that aluminum avoidance is observed in analcime; that is, no

two adjacent tetrahedral sites both contain aluminum. The configurational

entropy of silicon-aluminum mixing can be calculated for a unit of analcime

containing four Ti sites and two T2 sites. We will choose this unit such

that the T1 sites are present as a four-membered ring. This ring can contain

either zero, one, or two aluminum atoms. Because of aluminum avoidance, more

than two aluminums cannot be present, and there are only two ways in which

two aluminums can be placed in the four-membered ring. There are four ways

in which one aluminum can be placed in the ring, and'one way in which no

aluminums can be placed in the ring. The probability of a quantum state with

two aluminums present is x /2, with one aluminum present is x(l - x)/2, and
2

with no aluminum present is (I - x)2. The entropy of silicon aluminum mixing

(S ) is then given by
cl

Sca kE(x2 - 2x)ln2 + 2xlnx + (2 - 2x)ln(l - x)]

or for a mole of analcime

S 0.5R[(x2 - 2x)1n2 + 2xlnx + (2 - 2x)ln(1 - x)].

The entropy of sodium vacancy mixing has been-similarly evaluated

assuming a tetragonal symmetry for analcime. The probability of occupancy of

the two Nal sites has been assumed to be equal. lie have also assumed that

Pi ' xP~ ,

where P is the probability of a sodium being on site I of an analcime-

containing mole fraction x of NaAlSi206.H20, and Po corresponds to x - 1.

' 26



The resultant configurational entropy.for the mixing of sodium and vacancies

(S ) is then given by.- - - : - . -, , -
c3

S3 0.5R[(2xP - 2)ln(1 - xP).- (-1 - 2x +2xP)ln(l - 2x

- 2xPln(xP) + (2xP - 2x)ln(2x - 2xP)]

for a mole of analcime where P .= Pi.

In .order to calculate the stability:of analcime, we must

chemical potentials of -the sodium and silicon end members

respectively. To do -this we note that . -

+ 2xP) .

obtain the .

and -Si' '- '.

=,a GS + (1 - X) 9

and

G- x-~- .,

where G is the free energy of the solid solution given by . .

G- = x~j + (I - x)si - T(Sci + SC2 4+ C3 ' '

where.the p° are the chemical.potentials-of the end members exclusive of the

contributions from.configurational entropy. The resulting chemical

potentials of the end members are

:si-- t + 0.5RT[51nx,+ (2x -,2P - x2)ln(2) + (2-.- 2P)ln(l - xP)

, -+-(2p.- 1)ln(1 --2x*.+2xP) + 2(1.,- P)ln(1-- P) + 2Pln(P)]

VSi= y +jO.5RT[31n(1 - x),- x2ln(2).+ 21n(1 -,xP) +,ln(l - 2x

and

:The -,'s in these~equations-arerfunctions- of temperature and pressure.

They are being evaluated-,using.a combination of..calorimetricand crystal-..,

lographic data-in combination with information from-laboratory. hydrothermal.,

experiments and field observations. Attempts to evaluate the u01s'have shown
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that-many of the data are consistent with this model for the free energy of

analcime; however, few if any of the data are completely unambiguous.

2. Natural Analogues (R. M. Vidale, G. K. Bayhurst, and D. L. Bish).

Construction of a repository for high-level radioactive waste has been

proposed at Yucca Mountain in the southwest corner of the Nevada Test Site

(NTS). Yucca Mountain was chosen because-it consists of a sequence of felsic

volcanic tuffs ranging from devitrified to nonwelded and zeolitized. The

proposed host rock, the Topopah Spring Member of the Paintbrush Tuff, is a

particularly good candidate for isolation of waste because it is in the

unsaturated zone, it contains the stable minerals quartz, cristobalite, and

alkali feldspar, and it is underlain by significant quantities of a

clinoptilolite- and mordenite-bearing tuff that sorbs many cationic

radioactive waste elements.

The presence of stored nuclear waste will produce a heat pulse in the

near-field environment of the repository. Placing a-heat source, such as a

repository, in the tuff may accelerate and change the alteration process. In

addition, groundwater moving in that temperature gradient can leach, '

transport, and deposit material over long periods- of time. C. A. Morrow,

D. E. Morre, and J. D.. Byerlee 13 have studied in the laboratory the

changes that may take place in Topopah Spring Member tuff with a fluid

flowing through it'in the presence of a temperature gradient. Warm spring

systems are possible'natural analogues for these processes and can be used to

study their effects over the hundreds of years that may be required for

isolation of waste in the presence of the thermal pulse.

a. Hot Spring Data; To find localities with rock compositions similar

to those at Yucca Mountain, we chose hot spring localities in Nevada and New

Mexico with a high probability of appropriate mineral alteration after

studying a geothermal map of Nevada,14 other geologic maps,15 17 and

published reports.16-19 Nine localities in central Nevada and New Mexico

were examined for bedrock exposure and mineral alteration caused by hot

springs. Water and rock from the three most promising localities were

sampled to study the long-term natural alteration of felsic rock in contact

with'groundwater'.'-The similarity of the water compositions to that of water

near Yucca Mountain was a large part of the basis for selection. The

composition of pore-water in the unsaturated zone chosen for the repository
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site is not known. The~procedures for collection of..waters and analytical

methods are described at the end of this contribution.

The first site sampled was Bailey Hot Spring in Beatty, Nevada.148

The spring is about 15 miles west of Yucca Mountain and emerges from a tuff

unit that is very similar to the felsic tuffs of Yucca Mountain. The spring

currently produces.-a bicarbonate water (Tabie III) that is more saline than

the groundwater from Well J-13 near Yucca Mountain. The Beatty water is

higher in sodium and chloride and high in sulfate. The least-altered tuff

near the spring contains 50 to 60% alkali feldspar' 15 to 20% quartz, ifid

10 to 20% kaolinite and poorly crystallized silica. The altered tuff

contains abundant quartz and alunite, traces of kaolinite and gypsum, a few

per cent calcite, and a more poorly crystallized silica than that from the

least-al_ tered rock (Table' IV).'
16202

The second site was Steamboat Springs', Nevada. .62,1The hot spring

system underlying Steamboat Springs includes both a saturated zone with

flowing hot water (Table ItI) and an acidic, unsaturated zone that is

dominated by'water vapor and gases. The older rocks are'metam'orphosed

sediments that have been intruded by granodiorite. (Granodiorite is similar

in bulk chemical composition to felsic tuff; it contains the high-temperature

mineral phase assemblage found in'tuff, but none of the glass.) The hot

spring system has been active,. possibly- ;intermittently, for over 2.5 Myr and

has intensely altered the granodaiorite. Analyses of ,the water samples

obtained at Steamboat Springs are listed in Table III. The water is very'

hot, very saline, and alkaline. The water is depositing silica sinter as it

emerges at the surface and is not now in contact with the granodiorite at the

surface. The least-altered g'ranodiorite sampled near Steamboat Springs

consists of 55 ±1 10%:alkali feldspar, 34± 5% quartz, and 11 ± 5% smectite.

The most-altered granodiorite contains 30± 10% alkali feldspar, 30± 10%

quartz, 30 ± 10% natroalunite, and 10 ± 5% kaolinite (Table IV).

The third site sampled was Sou Hot Springs (also .known. as'Seven Devils

Hot Springs and Gilbert-s Hot Sprin~gs)," noiihea'st, of Re-no- in Dixie'Valley,

Nevada (Tables III and IV). There are nine pools that range from 1.5 to 6 m

in diameter and'frbrn 21 to 580C. The locality was chosen because the springs

rise through the Fish Creek rhyolitic tuff. Unfortunately, no tuff outcrop

could be found within the present pools. Fish Creek rhyolite that appeared
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TABLE. III

PRESENT WATER CONOSITIONS OF WELL J-13 AND

SIX HOT SPRINGS

Element Bailey Sou San

or Well J-13 Hot Hot Steamboat Spence McCauley Antonio

Compound NTSa b Springsc Springc S tnb,c S b Sprine

Concentration

(PPm)

Na 50 143 148 670 36 1S 15

K 5 7 27 80 2 1 2

Ca 14 20 80 5 6 9 2

Si 38 27 30 145 30 26 35

Mg 2 0.5 24 0.2 2 5 0.3

Mn 0.01 0.006 0.03 N.D.d <0.02 <0.02 0.02

Fe 0.04 0.06 0.03 N.D. <0.04 <0.04 0.07

Sr 0.04 0.2 15 1 0.1 0.02 0.1

Ba 0.004 0.01 0.07 0.1 N.D. <0.03 <0.03

HC03 127 244. N.D. N.D. 144 86 - 56

so2- 13 148 420 110 13 7 7
S4-
C1 6 42 95 950 4.5 6 1.0

F 2 7 7 4 0.3 1 1

pit 8.3e 8.0 7.5 8.8 6.7 6.2 6.8

Temp. 25 38 48 95 45 31 42

(C)

Ref. 22.

bAnaly:ed by F. Goff, Los Alanos National Laboratory.

Analyzed or checked by G. Bayhurst, Los Alamos National Laboratory.

tNot determined.

Not measured at the site.
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.TABLE-IV

MINERAL ASSEMBLAGES IN WATER FROM

SIX-HOT SPRINGS

Original Phases A . Alteration PhasesLocality and Sample

Bailey Hot'Spring,
Beatty, Nevada

BT-6-7-1
least-altered
rock

BT-6-7-2
most-altered
rock

40 to 60% alkali feldspar,
15 to 25% quartz-- -:

10
10

to 20% kaolinite,
to 30% opal

30 to 50% quartz ;. -_ :30.to 50% quartz,
. 30 to.50% alunite,

10 to 30% opal,
1 to 5% calcite,
trace gypsum, ,
trace kaolinite

Steamboat Springs,
Nevada

205C least-
altered
granodiorite

205B altered
granodiorite

205A altered
granodiorite

205D white
material

34 ± 5% quartz, -
55 ± 10% alkali feldspar

30 ± 10% quartz,--
30 ± 10% alkali-feldspar

50 + 20% quartz

......... .

11 t 5% sme~tite

30 t 10%,natroalunite,
10 t 5% kaolinite

50 ± 20% quartz,
50 t 20% amorphous silica

.1; Ip .p . . s

100% amorphous silica

205E sinter

Sou Hot Springs,
Dixie Valley, Nevada

204A altered
Fish Creek Tuff
(white)

204B altered
Fish Creek Tuff
(white)

69
30

75
20

±-10%'alkali feldspar,
t 5%,quaftz'.

± 10% alkali feldspar,
± 5% quartz ;

20 ± 10% quartz,
80 +-20%.amorphous silica

3 ± 2%.kaolinite,
-1% smectite

3 ± 2% gypsum,'
3 ± 1% calcite
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TABLE IV (cont)

Locality and Sample Original Phases Alteration Phases

204D altered
Fish Creek Tuff
(red)

204C altered
Fish Creek Tuff
(white)

204E natural
cement in
Fish Creek Tuff

204F Fish Creek
Tuff breccia

70 ± 10% alkali
26 + 5% quartz,
-1% mica

42 + 10% alkali
16 ± 5% quartz

25 + 10% alkali
11 ± 5% quartz,
-1% mica

45 ± 10% alkali
3 + 1% quartz,

-1% mica

feldspar,

feldspar,

feldspar,

feldspar,.

2 i 1% calcite,
-1% smectite

40 ± 5% calcite,
3 ± 2% smectite

58 + 5% calcite,
4 t 2% smectite

48 ± 5% calcite,
3 + 2% smectite

Spence Spring, Jemez
Mountains, New Mexico

I06 freshest
rhyolite
from area

107 freshest
obsidian
from area

70
30
2
2

70
10
5
5
5
4

±

±

±

10% alkali feldspar,
5% cristobalite,
1% amphibole,
1% mica

10% glass,
5% alkali feldspar,
3% quartz,
3% cristobalite,
3% amphibole,
2% mica

101 rhyolite
near water
source in main
pool

70 ± 10% alkali feldspar,
30 ± 5% cristobalite,
-1% mica,
'1% amphibole

102A rhyolite
near water
source in main
pool

68 + 10% alkali feldspar,
30 + 5% cristobalite,
2 4 1% mica,
-1% amphibole

105 rhyolite
from pool to
east

70
30
2

±
10% alkali feldspar,
5% cristobalite,
1% amphibole

103 obsidian
from main-pool

60 L 20% glass,
30 ± 10% alkali feldspar,
4 + 2% cristobalite,
-1% amphibole
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TABLE IV (cont)

Locality and Sample

104 rhyolitic-
pumice from
pool to north -

Original Phases
.: teration Phases
Alteration Phases

: 60
20
; 6
2
6
'4'

+ 20% glass,.
+ 10% alkali feldspar,
± 3% cristobalite',
±.1% .-amphibole -

+ 3% quartz,
+ 2% mica

McCauley Spring,
Jemez Mountains,
New Mexico

*108 rhyolitic '-60
pumice --. 30

4
.4
2
3

±-20% glass, -'''
±*10% alkali-feldspar,
± 2% cristobalite,
± 2% quartz, -' t
±-1%-mica,- . . -
± 2% amphibole

109 rhyolitic -60 ± 20% -glass,
pumice 30.± 10% alkali feldspar,

5 ± 2% cristobalite,
5 ± 2% quartz, '.yf
4 ±2% mica,
2 + 1% amphibole

San Antonio Spring,
Jemez Mountains, '-'- -

New Mexico . : ,

113 least- 70 i 10% alkali feldspar,' -

*altered.rock .20 ± 5%-cristobalite, . . .
. 10 ±4% quartz,

5 + 2%'mica -

: ........ - . .. . .-. , , . -- ., ................ ,>.,............

110 rhyolite 60 + 10% alkali feldspar, -1% smectite
fromi pool - ''20' ±5%Vciiistobalite,'

-.--; -, - 15-+ 4% quartz,-. - ; . -. *- -

3 +2%'mica

lll-rhyolite ' --70; ±10% alkali.feldspar,-. .
from pool 20 ± 5% cristobalite,

. 10 - ±4% quarEz'
4.. - 2%; mica r - -<' r:-

trace amphibole
_ '. . .; . .

.- I _ ,
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to have been exposed to earlier springs was sampled upslope, 6 to 60 m north

of the present pools. The water at Sou Hot Springs is significantly more

saline than that of Well J-13 at the NTS, and it contains a much higher

concentration of sulfate than any of the other waters tested. The minerals

in the altered rock samples are mostly the original volcanic phases

(Table IV). Minor amounts of calcite and gypsum are noted. One sample

contains a few per cent of kaolinite alteration.

Three hot springs (Spence, McCauley, and San Antonio) in the ring

fracture zone of the Valles Caldera in the Jemez Mountains of New Mexico were

sampled (Tables III and IV). The water composition from warm springs in the
23ring fracture zone is very similar to that of Well J-13 at NTS, and the

chemical composition of the rhyolitic rock is close to that of the Yucca

Mounitain tuff. The water temperatures of the three springs ranged from 31 to

420C. These waters are dilute and contain predominantly sodium and calcium

bicarbonate. One sample of the unaltered rock from the ring fracture zone

contains 70 ± 10% alkali feldspar, 30 ± 5% cristobalite, and 2 ± 1% mica (see

sample 106, Table IV). Altered rock from the San Antonio Spring appears more

porous and friable, but it has the same mineralogic composition as rock from

Spence Spring (see samples 101, 102A, and 105, Table IV). Loose material was

collected from the rock surrounding Spence Spring and San Antonio Spring; the

material was sampled approximately 0.3 m "upstream" from within the bedrock

crevices where contributions from local soil, plant, or human debris would be

minimized. The fine fraction of the loose material was separated by centri-

fugation and analyzed by x-ray diffraction (Table V). The mineral phases

observed were the original phases: quartz, alkali feldspar, cristobalite,

and mica and the alteration phases: smectite, kaolinite, and clinoptilolite.

b. Discussion. Mineral assemblages that include alunite (or natro-

alunite) and kaolinite were observed in the rock samples from Bailey Hot

Spring and Steamboat Springs. Alunite- and kaolinite-bearing assemblages are
'24considered indicators of an acid environment and are characteristic of the

vapor-dominated upper parts of active hot spring systems.25'26 It is

believed that oxygen-bearing air circulates down into warm rock that is not

water saturated. Hydrogen sulfide in the hydrothermal fluid is oxidized by

the reaction:

H S + 20 =So0 +21 . (1)
2 2 4
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The reaction between the acid.-.that is produced by-reaction (1) and the rock is

responsible for the alunite-kaolinite.alteration assemblage. For.example:..

NaAlSi3 08 (albite) + 11 + 9/2H20 - Na. + 2Si(OH)4 +

1/2A12Si205(OH)4 (kaolinite)

Development of acid conditions in a repository.environment would be a matter

for concern because of the possibility.of altering both metal components and

rock.-..Hot springs commonly develop extremely acidic pore waters.(pH =

1 to 3)21)24 in vapor-dominated zones when hydrogen sulfide oxidizes and,

produces sulfuric acid.- A heated unsaturated zone in tuff may.be analogous to

the vapor-dominated zone of.a hot spring.in.-that at least some oxygen can

* .- : TABLE V

FINE-GRAINED SAMPLES CONCENTRATED BY CENTRIFUGE . .

Locality.and Sample-

Spence Spring, -.
Jemez Mountains, ,
New Mexico `

#1 fine fraction,
Iloose sample

from bottom 'of

.: - Original Phases

% r. t z . -. . . . ..

<5Y. quartz
, .I

*Alteration Phases.

-80%'smectite,
'10 to 20% calcite"

Sar
Jeu
Ne;

main pool . -

#2 fine fraction . 30 to 50% quartz, small amount of smectitE
of loose material - 20 to.40% alkali feldspar,
from 0.3 ri up - -5% cristobalite, :
source crevice -2%. amphibole,

-' ' -2% mica

n Antonio Spring, - . .; . . . - . .
iez Mountains, .-

i'Mexico' ~ ' ~ ' ' ' ' ' '

#3 fine fraction, 40 to 60% alkali feldspar, 10 to 20% smectite,-
loose materiai' '5 to 10%Zcristobalite,- -2 to 10% kaolinite,::
from source crevice :.:-.5 to-15% quartz, .- 1 to 3%.clinoptilolite

2 to 5% mica

e
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be supplied from the'atm'osphere. However, in the absence of hydrogen

sulfide, the acid phase should not occur; the minor amounts of pyrite in

Yucca Mountain tuffs should not produce significant quantities of acid even

if they were totally oxidized.

Furthermore, hot springs do not develop acid conditions in all cases.

This is illustrated by the three hot springs in the ring fracture zone of the

Valles Caldera. It -appears that the increased temperature, due to heat from'

the nuclear waste, will not result in acid conditions at the repository.

c. Analytical Procedures. Temperatures were recorded with mercury

thermometers, and field'pH was determined' using a pH meter. (Laboratory

values of pH are not considered 'reliable because most waters gain or lose CO2

gas after sampling and before laboratory analysis. This loss alters the

concentration of carbonic acid, which in turn changes the pH.) Two slightly

different procedures were used for collecting and analysis of the water.

Procedure A was used by F. Goff of Los Alamos and Procedure B by G. Bayhurst

of Los Alamos. These procedures, whose results are shown in Table III, gave

comparable results.

1. Procedure A. Samples of water for chemical analysis were filtered

using.a large'syringe attached to a filter holder that contained 0.8-pm

filter paper. The filtered water was stored brimful in polyethylene bottles

with Polyseal caps. Three types of samples were collected: (1) a 500-mz

bottle of filtered, unacidified water for anions, (2) a 250-mt bottle of

filtered, acidified water for cations, and (3) a 125-mZ bottle of filtered,

diluted water for silica. Dilute HCl was added by drops to the acidified

sample until the pH was less than 2. The bottles used for silica analyses

contained 90 mt of deionized water'before 10 mn of sample was added. The

dilution prevented polymerization of monomeric silica in more concentrated

water samples before analysis.

Laboratory analyses were performed by the following methods: SiO2 by a

calorimetric method using a yellow molybdate complex; iron, manganese,

calcium, magnesium, sodium, potassium, and lithium by atomic absorption spec-

troscopy; bicarbonate by sulfuric acid titration; sulfate and chloride by ion

chromatography; Eluoride by either selective ion electrode or ion

chromatography; and boron by colorimetry using azomethine-H. Analyses of

silver, barium, cadmium, chromium, copper, molybdenum, nickel, lead,
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strontium- and zinc were performed by -atomic absorption -spectroscopy with.

either a-graphite furnace or flame excitation. :'

- 2. Procedure B. Samples of water for chemical analysis- were filtered

using-a large syringe-attached to a filter holder that contained 0.8-pm

filter paper. The filtered water was stored brimful in polyethylene bottles

with Polyseal caps...-.Two samples were collected: :(1) a 25-m. bottle -of

filtered, unacidified water for anions and (2) a 25-ml-bottle of -filtered,

acidified water for cations. Dilute -HCl was added by drops-to the acidified

sample until the pH was less than 2. -The -laboratory analysis for all- cations

was performed using-Spectrametric's Spectraspan III arc-emission spectrom-

eter. -The elements routinely analyzed rare-silicon, -sodium, potassium, -

calcium, lithium, :boron, arsenic,- copper,-beryllium, zinc,-strontium, nickel,

magnesium, manganese, cobalt, aluminum, thallium, antimony, cadmium, bismuth,

molybdenum, mercury, titanium, lead, tungsten, rubidium, vanadium, gold,-tin,

iron, and barium.. The analysis for -the anions F:, Cl ,.N02, P ,Br, NO3,
2- P04 ',3and S04 was performed with a Dionex -ion chromatograph. ;

-d.: X-Ray Powder,-Diffraction Analysis of the Rock. -Several grams of,-

sample were:crushed in a shatterbox-tozhomogenize -the material, and -

approximately 100-mg of-powder was crushed to -325 mesh with mortar and

pestle. This powder was mounted in a cavity in a glass slide. All samples

were-examined with -an automated Siemens D-500 x-ray powder diffractometer.

Data reduction was'performed with Siemens software, and semi-quantitative-
27data were obtained-using the ''matrix flushing" technique of Chung. Phases

were identified:using-the-Mineral Powder Diffraction-File of the Joint-

Committee on Powder Diffraction Standards. ---

D. -Solubility Determinations (D. E. Hobart, T. W. Newton, P. Palmer,

V. L.-Rundberg, and-J. F. Kerrisk) A-

1. Waste-Element Solubilities., The solubilities of six waste elements

(uranium, plutonium,camericium,: strontium, radium, and- technetium) in waters

from three-wells from-the vicinity of--Yucca Mountain have .been calculated -

with the--EQ3 chemical~equilibrium computerprogram and-the current- thermo-.

dynamic data base. This report consolidates a previous discussion-of--

solubilities of some of these elements in water from two of the wells with,-

more recent results. Table VI lists the compositions of the waters from

Wells J-13, UE-25p#1 (1298 to 1792 m depth), and USW H-3 that were used in
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the calculations. These three wells were chosen because they cover the range

of compositions found in water from the tuffaceous aquifer under washes and

canyons near Yucca Mountain (Well J-13), from the tuffaceous aquifer under

Yucca Mountain (Well USW H-3), and from the carbonate aquifer (Well UE-25p#1

(1298 to 1792 m depth)).

EQ3/6 thermodynamic data files for technetium and-ruthenium were

recently received from Lawrence Livermore National Laboratory. The techne-

tium data were'added to the EQ3/6 data base for these calculations.

Table VII lists the solubility, the identity of the solid controlling

solubility, and the primary aqueous species for the six waste elements in the

three waters. The features of the water most affecting these quantities are

the pH and Eh of the water, and the availability of aqueous species to

complex with the waste 'element. Carbonate, sulfate, and fluoride are the most

important complexing anions in addition to hydroxyl.

Uranium is primarily in the VI oxidation state in water from Wells J-13

and UE-25p1'1. The change in the solid controlling solubility from Well

UE-25p#lto Well J-13 is caused by the increased carbonate content of Well

UE-25p#1 water. The low Eh of water from Well USW H-3 results in both IV and

VI oxidation states and much lower solubility than in water from the other

wells.

Plutonium is primarily in the V and Vt oxidation states in water from

Well J-13; in water from the other two wells it is primarily in the IV

oxidation state. The hydrous plutonium oxide used to control plutonium

solubility results in higher solubilities than would be calculated with

crystalline plutonium oxide. However, crystalline plutonium oxide may never

precipitate from solution and thus may not exist as a control on solubility.

The increase in solubility in water from Well USW H-3 compared to Well

UE-25p#1 is caused by the higher pH of Well USW H-3 water; this results in

more complex formation with the hydroxyl anion.

Americium is only in the IIt oxidation state for conditions found in

natural waters. The solubility is controlled mainly by the availability of

complexing anions (including hydroxyt) and anions participating in the

solid-forming reactions.
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I ~TABLE VI

WATER COM1POSITIONS USED FOR WASTE-ELEMENT SOLUBILITY CALCULATIONS

aSpecies
Well UE-25p#l

Well J-13 .- (1298 ~to 1792 in). Well USW H-3

Na

2+

Ca 2

M2+

Al3

'SiO2 (aq)

Total carbonate (mol1/j)

Cl
2--

S4
F

Total phosphate (mol/1)

NO 3

45.-2 - -.

5.47

11.5

0.26 -.

64.*2

2.81 x 10O3

6.4

18. 1

2.1

1.0 x 1 .1

10. 1 I

110

+ 13.4

-.. i 87.8

.. 31.9 .

+ 0.14

37.2

1.61 x 1-

37.0

* .. 129

0 1, 3.5

124

* 1.49

.0.77

-,0.06

0.51

36.2

4.04 'x 10-3

8.3

31.*2:

.5.4

1.0 x 10r

0.20.5

7 .0 i "

pH

Eh (mV) 700

6.7

360

9.2

-143

aConcentrations are in mngl/1unless otherwise noted.

.Both strontium and-r~adium are particularly simple; they exist in only

one oxidation state and form few complexes. -Their'solubility is controlled

by the availability of anions that participate in the solid-forming

reactions.

The solubility of technetium is controlled primarily by the redox

-conditions of the water. Under oxidizing conditions (Wells J-13 and

UE-25p#l), technetium is very soluble. Below an Eh of about 0 mVy, lower

oxidation states of technetium start to become important. In Well USW H1-3

water, technetium is only slightly soluble.
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TABLE VII

WAST!-ELEMENT SOLUBILITIES IN WATER FROM THREE YUCCA MOUNTAIN WELLS

Uranium
Solubility (a/I)

Solid

Primary aqueous species

Plutonium
Solubility (=/Z)

Solid

Primary aqueous species

Aiericium
Solubility (m/I)

Solid

Primary aqueous species

Well J-13

- 3
3.65 s 10

Schoepitea

(UO2 )2 Co 3 (OH)3 (98%)

2 32-U02 (C0 3 )2 (1%)

1.79 x 10 6

Pu(OH) d

PuO2+ (71:)

PuO2F3 (20X)

Pu(OH); (3Z)

PUO2 (CO 3 ) 2 (2Z)
2-3

Pu0 2 F4 (2%)

9.87 x 10 9

AM(OH)CO 3

AMCO1 (80:)

AnOH2+ (8%)

AP2+ %AnF (42)

.3+ )AmC (3%)

Ain(C0 3 ); (3:)

Well UE-25pf1
(1298 to 1792 a)

1.74 x 10 .

Rutherfordineb

U02 (CO 3)22 (54%)

(UO 2 )2 Co 3 (OH) 3 (31%)

U0 2(CO) 3 (13%)

Uo2 co; (2%)

3.11 x IO 8

Pu(OH) 4d

Pu(OH) 5 (94%)

Pu(OH)? (6%)

2.16 x IO 8

A(OH)C03

AmCO (83%)

Am(C0 3 )2 (6%)

AF2+ (4%)

AmSO+ (2%)

AmOH2 + (2%)

Am (2Z)

Well H-3

4.05 x IO8

UraniniteC

U02 (CO3 )43 (86%)

U(OH) 5 (8%)

U02 (CO3 )2 (7%)

1.33 x 105

Pu(OH)4

Pu(OH)5 (100%)

6.85 x 1010

Am(OH)CO3

Am(C0 3 )2 (46%)

Am(OH); (36Z)

Am(OH)+ (12%)

AmC03 (5%)
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TABLE VII (coit)

Strontium
Solubility (=/t)

Solid

Primary aqueous species

Radium
Solubility (M/u)

Solid

Primary aqueous species

Technetium.
Solubility (muL)

Solid

Primary aqueous species

Schoepite is U02(0H)2 H2 0.

bRutherfordine is U02 C0 3 .

2 -

!: UWell UE-25pS1

Well J-13 , (1298 to 1792 i)

8.04 x 104. 5.27 x 10,4

strontianitef Strontianitef .

2+ 2
Sr. (96U). -Sr 2+ (86%)

SrS04 (4%) , , ,SrSo: (14%)

3.39 x 10

RaSO4

9.29 z10

RaSO4

- Well H-3

3.28 x 10 6

Strontianitef

Sr 2+ (94%)

SrS0Z (6%)

2.94 x 10

RaSO4

'Rs 2+ (992)'

'2.06tx 1012

Tc304

TcO4 (91g)

TcO(OH)2 (9%)

Ra (99%) R,2 (99%)

- ' I ' LargeR.Large -

. TcO4 (100%)
4

TcO4 (1002)
... . . 4

- r . .-: .:

Also known as hydrous PuO2 ; crystalline PuO 2 would give a much lower solubility-but may not control
solubility.

AM2(Co3)3 is less soluble under these conditions but the thermodynamic data for this solid are
uncertain. ; R. ,. ; ,, ;. - - - ,;

fStrontianiteis SrCO0. ., -

gTechnetium would-be very soluble (>I m/) underthese conditions.

= . . , .. - . .

- - I -
- ... *4�� 4 * . . . -

* . - -. . 4-.

I! . , I - ' :

.. . . . . .. .V . 1.,
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2. Zeolite Formation from Water with High Calcium and Magnesium

Content. Recent analyses of water from wells other than Well J-13 have shown

that water with higher calcium and magnesium contents is available near Yucca

Mountain. This is particularly true of water from the carbonate aquifer that

was sampled by Well U_-25pi1 (1298 to 1792 m depth). Calculations of zeolite

formation from volcanic glass dissolution have been done in which it was

assumed that all of the alkali metal and alkaline earth cations came from
28

glass dissolution. These calculations have been extended to include cases

where the water that originally reacts with the glass contains dissolved

calcium and magnesium carbonate. The calculations simulate dissolution of

the volcanic glass in water from the carbonate aquifer.

The calculations were done using the reaction-path capabilities of the

EQ3/6 chemical equilibrium computer programs.29 THe details of the

calculation method have been reported elsewhere 28 For these calculations,

various concentrations of calcium and magnesium (up to 3 mmol/Z) were assumed

to be present in the water that reacts with the glass. Iron was considered

as one of the glass constituents in the original calculations. Iron was not

considered in this analysis because its disposition was not important.28

Except for iron, the same pH-dependent glass dissolution rates were used in
28this work. Quartz and chalcedony were not allowed to precipitate during

the calculations; this restriction makes cristobalite the most stable solid

silica phase and keeps the aqueous silica activity in the range observed in

water from wells near Yucca Mountain.

The results from the original calculations indicated that cristobalite,

zeolites (clinoptilolite and mordenite), and smectite clays were the primary

products of glass dissolution. Water tended to increase in sodium,

potassium, calcium, and magnesium early in the dissolution process, but

potassium, calcium, and magnesium contents dropped when precipitation of the

zeolites and clays started. Clinoptilolite, with sodium, potassium, calcium,

and magnesium end members in its solid solution, precipitated before

mordenite, which was assumed to have only sodium and potassium end members.

Clinoptilolite was originally rich in calcium and potassium, but tended to

become sodium rich as dissolution proceeded. The overall zeolite composition

(clinoptilolite plus mordenite) also tended to become sodium rich as

dissolution proceeded.
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When calcium and magnesium were present':in the ,;water that originally.

reacted with the&-glass, the general trends of the results were the same as

noted above. The' extra magnesium precipitated 'in the clays and the extra-

calcium precipitated in clinoptilolite.' Larger quantities of calcium present

'in'the original 'water led to calcium-rich .clinoptilolite during more of the ^

dissolution process and-to delays in the start of mordenite precipitation.

Thus,-the net-result of calcium in!the'original water-was to prolong the

presence 'of-calcium-rich 'zeolites. -However, :the trend toward sodium-rich

zeolite -with -increased'glass dissolution was still present. -

'Recent-'studies of zeolite c'ompositions-from drill holes'UE-25b#1 and

UE-25p#1 have shown that the clinoptilolite from-these holes tends-to remain

calcium-rich'where ever'it is found, rather than varying from calcium rich at
6'

shallower depths to so'dium'rich at greater'depths..; This observation :could

be'an indication that these zeolites formed from dissolution of glass in-..

calcium- and magnesium-rich water.'The water-from these wells is higher in.

calcium-and magnesium than waterrfrom most-other wells near Yucca'Mountain,-

particularly the water from-Well-UE-25p#1,.'which draws from the-carbonate.-

aquifer.' Thus, these;zeolites may-have been-associated with water:-from the

carbonate aquifer-rather than water that was recharged directly'into the

tuffaceous aquifer.' -' ': ' : -

- 3' Effect of Aqueous Complexes on Sorption Behavior.- Sorption is.,.

expected,-to provide one-of-the primary retardation-mechanisms for radio-

nuclide transport at Yucca Mountain. zOne question that is just beginning to

be addressed experimentally.is the effect-of varying water chemistry on

sorption and 'radionuclide transport'(see -Section II.E.).' This question is

also'being addressed through a-modeling effort.: Achemical transport-

computer program-called CHEMTRN-.- has been-used to model-a very-simple

case of ion-exchange sorption ifi'which the sorbing -species was also allowed

to form aqueous complexes. 'The effect of the strength of the complexes on

sorption'behavior was determiniedK from a series of these transport - -

calculations--';-:'*':A Yu e ! ' '-.--

-CHEMTRN solves the one'dimensional convection,'diffusion', and'dispersion

equations for'flow in a porous media. .The effects of-aqueous-complex

formation, precipitation, sorption by ion exchange, and sorption by surface

complexation are also considered. A simple problem in which strontium was

sorbed by ion exchange from water containing sodium (10 mmol/2), calcium

43



I

(2 mmbl/1), carbonate (10 mmol/k), chloride (3 mmol/O), and sulfate (1

mmolh) was used to assess the effect of complex formation on sorption. The

water was assumed to contain 0.001 mmol/Z of natural strontium. At the start

of the calculation, a boundary condition supplying radioactive strontium at a

concentration of 0.001 mmol/k was imposed at x = 0. Water flow at a velocity

of 0.01 m/yr carried the radioactive strontium over the sorbing medium. The
3

solid sorbing material-was assumed to have a density of 2.5 g/cm and a

porosity of 20%. CHEMTRN does not have the capability to account for

radioactive decay; this approximation is conservative because in reality, the

amount of radioactive strontium will always be less than calculated here.

Calculations with the EQ3 chemical equilibrium program and data base

have indicated that strontium forms significant quantities of aqueous

complexes with only one anion, sulfate, in water from Yucca Mountain. The

largest amount of strontium that was complexed was seen with water from Well

UE-25pIl, where 14% of the aqueous strontium existed as the sulfate complex;

the remainder of the aqueous strontium was as the uncomplex Sr ion. For

the CHEMITRN calculations, strontium was assumed to complex with only sulfate.

The formation constant of the strontium-sulfate complex was varied during the

series of calculations to produce different amounts of strontium in the

complexed state, up to 25% of the aqueous strontium. Only uncomplexed

strontium was assumed to sorb; this assumption is conservative because it

should show the maximum effect of complexs formation on sorption. In addition

to the strength of the strontium-sulfate complex, the cation exchange

capacity (CEC),'the strontium sorption coefficient (K d), and the run time

were also varied. Values of CEC from 0.001 to 1.0 meq/g and of Kd from 1.5

to 1500 mfig were used. Most calculations were run for a 30-yr time, with a

few run to 160 yr.- Figure'll shows the results of one set of three

calculations with CEC of 0.1 meq/g, K d of 150 mzfig, and run time of 30 yr.

The location of the radioactive strontium front with 25% strontium complexed

is at most about 15% ahead of the front with no strontium complexes; the

location of the radioactive strontium front with 11% strontium complexed is

at most about 7% ahead of the front with no complexes. Calculations under

other conditions gave similar results.
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Fig. 11. Radioactive strontium concentration as a function of distance-
from the source at 30 yr; CEC -'1.0 meq/g, Kd,-150 mg/g, water
velocity 0.01 m/g.

1 - -'.. ..- ,

The primary result of this analysis is' that changes in' aqueous complexa-

tion should not'ha~ve significant effect-on strontium-transport. -This same

conclusion should hold for radium and cesium' because these elements only

form a few weak complexes. The effect of reducing CEC or Kd was to increase

the'distance that i-adizactive str'ontiuim'migrated in a given time.; However,

the difference' between the'loc'tion of the migration front bf'complexed'

strontium and"'stro'ntium without'complex formation was'still in the same

relative range indicated above.
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4. Actinide Chemistry in Near-Neutral Solutions. The chemistry of

actinides in the near-neutral waters found in the vicinity of Yucca Mountain

will have a significant- impact on actinide solubility and transport in water

that interacts with nuclear waste stored there. Three aspects of actinide

chemistry have been examined during the past quarter. They are

o complex formation between Pu(IV) and carbonate,

o2solubility product of PuO2 nH20 (solid or colloidal sol), and

* complex formation between Am(Tll) and carbonate.

The two areas dealing with plutonium are a continuation of previous work.

The americium work is a new effort.

a. Complex Formation Between Pu(IV) and Carbonate. We have continued

our investigation of ?u(IV)-carbonate complexes using spectrophotometry to

study the competition between citrate and carbonate ions for Pu(IV). Sets of

solutions containing citrate but no carbonate, both citrate and carbonate,

and carbonate alone, have been examined. In all of the experiments,

significant spectral changes were observed when pH and/or ligand

concentration was varied. To fix the activity of Co2 and H2C03, all the

carbonate-containing solutions were swept with definite C02-argon mixtures.

Several tentative conclusions are drawn from the current experiments.

* The effect of pH on Pu(IV)-citrate mixtures indicates three complexes,

which are probably Pu(Cit) +, Pu(Cit)2 , and Pu(Cit) . "Cie" stands for
3-23

[C3H50(CO2)3]

• Experiments at constant total citrate concentration but varying pH and

Co2 pressure suggest the formation of a mixed citrate-carbonate complex

as well as one or more carbonate complexes.

* Experiments in the absence of citrate but with varying total carbonate

and pH indicate the presence of at least three different complexes.

A computer program has been written for calculating the composition of

solutions containing given concentrations of Pu(IV) and total citrate, pH and

Co2 pressure,. and for given values for the association quotients. This is

being coupled to a least-squares program so that we can determine the best

speciation scheme and the values for the associated equilibrium quotients.
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'b. Solubility Product;ofPuO *nH 0. The reaction - -
_ _ _ _ _ _ _ __ _ .2 2

PuO ~~~~~~~~~ ~~2+ '2Pu +(2
PuO (solid or colloid) + PuO2 =PuOt

2 2 2-)

is important because its equilibriui quotient is 'directly related to-'the-- '

solubility product of PuO2 and because it typifies'the solubility reactions _

that occur under mildly oxidizing' conditions'where Pu(Vis the principal '

soluble species. For these reactions we are continuing our study of reaction

(2).

A measure of the'extent of reaction'(2) is the quantity Q' -

[Pu(VI)]/[Pu(V)]2* 'If the'-reaction -reaches equilibrium', Q'-will be the

equilibrium quotient and will be-independent of concentrations,'independent-

of how the'mixture was prepared,"'and independent'of'the Eh and the pH, for

values of the'pH less than'about 3,'where neither Pu0 nor PuO2 hydrolyze
22

appreciably.

We have studied reaction'(2)'by-preparing'mixtures of Pu(IV) colloid,'

Pu(V), and Pu(VI) in a variety 'of ways'shown below and by following 'the

concentrations of Pu(V)'and Pu(VI) s'pectrophotometrically.

(1) Allowing Pu(V) to disproportion'ate in solutions initially containing

only that oxidation state. ' ' -'

(2) Mixing 'colloidal'Pu(IV) with Pu(V) and/or-Pu(VI). -- - :'

(3) Allowing-colloidal sols'of-Pu(lV)'to-stand long enough for Pu(V) and

Pu(VI)"to form by oxidation (prob'ably,'alpha induced).

Mixtures made by disproportionation of Pu(V) gave log'Q' values 'close to

2.3 after standing'at room temperature 'for 3 months. The'se mixtures were at

unit ionic strength (LiClOQ, pH values' 1.4 'to 1.8, 'and the total''Pu was (1
-2 -. ., -- ."'. - -- -

to 4) x 10 M. Similarl'y,' log 'Q'was'found t0 be' about 2.'7 in an experiment

in which Pu(V) 'was added 'to colloidal Pu(IV) 'to givea 'total' Pu concentration

of 1.6x103 M ; - :"'' ' .' M..

However, when eattempts wenre ''m'de to7stablish-equilibrium starting with

colloidal Pu(IV)'without Pu(V) present'initiaily, 'verj'much higher log Qa

values were ob'tiined.- When' the initial collo'id conc'entration 'was 6' x 10 'M,
~~~~~~-,._. t.:ew* ' _ -!r't ~~ '

log Q' was found to be'about 4.8 after'6months. In a'similar experiment
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using 0.014 M colloid, log Qu was'about 5.2 after three months. In these

experiments the average oxidation state increased by about 0.14 ± 0.07% per

day.

At present it is not at all clear why observed values for log Q' are far

smaller when colloidal Pu(IV) is formed from Pu(V) than when Pu(V) and Pu(VI)

are formed by oxidation.. It should be noted, however, that the relative

amounts of colloid are much greater in the latter experiments. The

conclusions to be drawn at present are that further work will be required

before the system is understood and that solubility products determined from,

experiments such astthese must all be viewed with caution.

c. Complex Formation Between Am(III) and Carbonate. A recent review

of thermodynamic data for americium has indicated that there is considerable

uncertainty in the identity and formation constants of Am(III) with
32

carbonate. Because americium is an important waste element, this informa-

tion will be needed to calculate americium solubility in water from Yucca

Mountain. We.have found that the citrate and carbonate ligands compete

effectively in. complexing Am(III). The solution-absorption spectrum of

Am(III) containing equal molar concentrations of citrate and carbonate was

observed'to be quite different from the spectra of solutions containing the

individual ligands. Further study should yield the carbonate complexation

quotients for Am(EII) and indicate if mixed species are present.

5. Determination of Solubilities and Complexation of Waste Radio-

nuclides Pertinent to Geologic Disoosal at the Nevada Test Site (H. Nitsche

and N. Edelstein). Work continued on the measurement of the solubilities of
237 + 237 2+ 242 4+ 242po+ 242 2+ 243 3+

Np0 2, NpO 2 , Pu , U 2' PuO2 , and Am , individually, in

groundwater from the Nevada site and in aqueous NaClO4, solutions of similar
33 2+ + 3+pH and ionic strength. The NpO2 , NpO2, and Am solutions have reached

equilibrium. The actinide concentration in the supernates was determined

with a solid-state x-ray counting system utilizing the 29.4-keV decay line

for 237Np and 74.7-keV energy peak for Am.3 4 Oxidation state distribution

analysis of these solutions was performed as adsorption spectrophotometry on

a Cary 17 double beam recording spectrophotometer with 1-cm cuvettes and

0.1 H NaClO4 at pH',7 as reference solution. Separation of solid and solution

phases was made by centrifugal filtration with Centricon Microconcentrators

(Amicon Corporation), molecular weight cutoff 30 000, pore size approximately

2 nm. Possible absorption of soluble material on the filters was minimized
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by first filtering an aliquot of the sample and discarding the filtrate

before filtering a second sample'for analysis. Table VIII lists the

analytical results.

No absorption band was found at 1223 nm that would indicate the presence
2+ eof NP 2 . The initially hexavalent neptunium solution underwent complete

conversion to NpO2, whereas no change in oxidation state occurred for the
+ 3+

NpO and Am solutions. The slight difference in concentration for the

Am 3 solution between the results for gamma pulse height analysis (T-PIIA) and

absorption spectroscopy can be attributed to variation in molar absorptivity.

The value used (e - 378 M cm ') has been determined in 0.1 M HC104 solution

and not at pH 7, where a hydrolysis contribution might change the value.35

4+ + 2+ - . I - -
The Pu , PuOI, and Pu 2 solutions are'near steady state; approximate

numbers for supernate concentration determined by a-liquid scintillation

counting -are given in'Table IX.''Characterization of-the solids by X-ray

powder diffraction is currently being'performed'.

Because the'presence'of plutonium polymer can be expected in the super-

nates of these plutonium'solutions, we wanted to familiarize ourselves with

its solution'properties.

'TABLE VIII

ANALYTICAL RESULTS OF SOLUTIONS IN EQUILIBRIUM WITH THEIR

SOLID PHASE (SUPERSATURATED STARTING CONDITIONS)'

IN 0.1 M NaClO4 AT pH 7.0 ± 0.1, 25 ± 10C, AFTER 78 DAYS
-'''!1 4

Initial Concentration- Concentration' Final'
Species - (mol/Qt)a - (mol/t) Species

NpO2 3.41 x 1O '3.47x-10 4 NpOp2 2 .
+ -, -*'-*4' +

NpO2 4.35 x 10 - 4.49 x 10 NpO2

-3Am 2.90 x-10 4; : - 2.35 x 10 4 3+Am3 2.0x0 4 2.35 x10 Am

1

2

3

a . -

Absorptionspectrophotometry'-

NpO + 980 nm, e 395 M- cm
..Am3~ :. 503.C n = 378 M 1-1 c .

Am 503'nm,~ c= 378 cM

. - I - -. - - I .

I 1 . . . _.
, ., . - . . - .I
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TABLE IX

PLUTONIEM CONCENTRATIONS IN EQUILIBRIUM WITH A SOLID PHASE

Initial - Time
Species M0ol/Z (Days)

4 Pu4 -2 x108 69

5 PuO2+ -8 x 10 8 62

6 Pu2+ -3 x 10 9 616 PuO~2

The Pu(IV) polymer was prepared from 24PU stock by hydroxide precipi-

tation and redissolution of the precipitate in a small amount of concentrated
-3HC1. Dilution with C02-free H2 0 gave a solution with 1.9 x 10 N total

plutonium concentration and 0.05 M [H I]. All manipulations were done in a

inert box. After 7 days, approximately 28% of the plutonium was converted to

Pu(IV) polymer; The plutonium polymer concentration was determined by

absorption spectrophotometry utilizing the band at 613 nm. The remaining

plutonium in solution was PuO (-50%) and Pu3+ (-22%). A part of this

solution underwent a cation-exchange column separation on Dowex AG 50 x 8

resin (200 to 400 mesh) in order to obtain pure Pu(IV) polymer. The

absorption spectra of the polymer agreed well with published data, although

our molar absorptivity value of 11 to 12 N1 cm-' for the 613-nm line was

lower than reported.36

After 7, 21, and 27 days, no change was noticeable in oxidation-state

distribution for both the polymer mixture before the ion exchange and the

Pu(IV)-polymer solution. The fate of the oxidation-state distribution in

these solutions will continue to be monitored. Separations of the Pu(IV)

polymer with an Eppendorf Microcentrifuge (12 000 x g, -100 nm sizing) and

with an Amicon Microconcentrator (sizing -2 nm) showed that 65.5% of the

polymer had a size of <100 nm, and 0.4% a size of <2 nm, respectively.

The rather low concentrations of our plutonium supernate solutions

require also a different method than absorption spectrophotometry for the

determination of oxidation-state distribution of solution species. The most

commonly used method utilizes a combination of coprecipitation with rare

earth fluorides and both thenoyltrifluoroacetone (TTA) and hexone (methyl
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37 -eetvt o
.isobutyl ketone)eextractions. The methods~used and'theirselectivity for

specific oxidation-states are given in-Table X. .

...The TTA-extraction method was tested individually on Pu , Pu -Pu
4+ ,2+ --- -.and Pu -PuO mixtures of known concentration at the 10§ M level in air.

-- -92 ̂- .. t x . . . . -. .

Oxidation-state distribution was verified by absorption spectrophotometry.
4&- 3+ --

.,.Extraction of Pu 4-Pu mixtures was performed in 0.5 M TTA/xylene in

acetate buffered solution at pH.4; 92 ± 2% of total plutonium was recovered.
--4+

TTA-extractions at pH O always yielded,98 ± 2Z Pu, . Several hexone
4+ 2+ 2+ 4+~

extractions on Pu -Pu02 led to irreproducible results; PuO +-Pu ,recovery
2 ~~~~~~~~~~~2

-was between 60 and-100%. -This can.be due to. the fact that the phase

boundaries are not very distinct since they are formed by two colorless

solutions. , . .

Our study also showed that the plutonium-state measurements are more

reliable and reproducible if fewer extraction steps are involved. For
4+ -

example, a TTA-extraction of the.Pu at pH 0 followed by an additional

TTA-extraction of.the Pu .at pH,4 gave an erroneous value'for the Pu 3

whereas the determination as the difference of the results for the two
- i 2 @ < ; o o 3+ I

extractions performedseparately agreed well with the Pu value determined

*by spectrophotometry. - - - -

* , * , * * * - -, ; * ; ¶ - ;. , - C . .

TABLE-X . . .

,, OXIDATION STATE.DISTRIBUTION.

Method Organic Phase . Aqueous Phase

-TTA-extraction3 8 - ^ IV - -;:-, -III, V. VI, polymer

at pH 0 .. . - -

'TTA-extraction 3 8 ' 3 9 - I andrI . .V, VI,rpolymer
at pH,4 - , ,. . . ,. .

Hexone-extraction' - IV.:and.VI-: - . -III, V,-polymer.

LaF -precipitation 'II I, , polymer V' Y' in supernate
method with holding-: -in precipitate -
oxidant - .

, _,

.51
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3+ 4+ 2+
Finally, Pu , Pu , Pu(IV) polymer, and PuO mixtures were analyzed by

the above-described methods at the 10 4 M and 10 7M levels in an argon-
4+ 2+

atmosphere glove box. First, the concentrations of the Pu -PuO mixture
42

and Pu(IV)-polymer were determined by spectrophotometry at 10 4M and 10 3 ,

respectively. Second, the two solutions were mixed to yield a total pluto-

nium concentration of 1.844 x 10 M4. And third, this solution was diluted
-8

with 1 M HCl to a total plutonium concentration of 9.67 x 10 M. Then both

solutions underwent the oxidation-state analysis. Each extraction and

coprecipitation was done in parallel at both concentrations to exclude

possible changes of the solution composition with time. Results are given in

Table XI.

All samples were assayed by a-liquid scintillation counting and

corrected for background. Quenching effects in the TTA-samples were

considered by setting the energy window of the Packard A 460C Scintillation

Counter appropriately. A modification of the instrument enables us to

monitor the a-liquid-scintillation spectrum on a multichannel analyzer.
242 241

Because the Pu test solutions contain a small amount of Pu,

corrections for the daughter nuclide Am of the liquid scintillation

counting results were also made. All samples were analyzed by counting the

59.5 keV 2 Am y-ray with a solid-state x-ray counting system.

The values for the 104 It starting concentration agree to within ±5%

with the findings by absorption spectroscopy. Agreement between 10 8 M and
-4 3+ + 2+

10 M4 mixtures is within ±5% for Pu and the sum of PuO2 and PuO2

However, for Pu4+ the value is 20% higher at the lower concentration, and no

Pu(IV) polymer was recovered.

One could conclude that either the polymer extracted into TTA at pH - 0

at low concentration or that the 10 7 M plutonium-stock solution was
4+

depolymerized withI 1H HUl solution to yield Pu . Therefore, we repeated

the TTA extraction at pH 0 as a function of time. Extractions were performed

15, 45, 90, and 180 minutes after preparation of a 10 8 M solution by

dilution. The results showed that no polymer extracted into the TTA phase;

however,not all of the polymer could be found in the aqueous phase.

Experiments are being considered to ascertain the source of this discrepancy.
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TABLE XI

RESULTS OF OXIDATION-STATE DISTRIBUTION'DETERMINATION ON PLUTONIUM OXIDATION-STATE MIXTURES

25 ± 19C, ARGON ATMOSPHERE

Method

TAA, pli - 0

(direct)

-Oxidation
State -

4+

. Total
Pu 1.844 x 10

Concentration (M)'
(X Total)
., .. -5

9.45 x 10 (53.3)

* Total -8
Pu 9.67 x 10

Concentration (M)
(% Total)

-87.65 x 10. (74.4)

* Total
Pu 1.844 x 10 4

Concentration (M)
(X Total)

-5
8.69 x 10 (47.1)

' .'I

TTT, pit -

(indirect'

4.
)

Pu3+ ;., I . 1.77 x 105 (9.8)

LaF .
3'0

pcpt. ;;

(indirect)

I

* polymer

* , tPuO +,
2'

: 2+
- - PuO(

. . . . 2

,, .

10 5 (23.8)

1.53 xc10 8 (14.9)
8 . .1 (9

8 ;e' 10 ~(O.9),I -4.30 x

.~~ ~ ~~~~~~ , .

below detection'
.. .. .. ;

5.6 x

. IIt

-, 5 !
10 . (30.4)

.I .. i.

La F3,', . ,
3'

supernate-

(direct)

-52.54 x 10

,_ , I

-4
1 . . .

(14.-1)

. I

.9

(97.9)

i.02 x 10 8 (9.9)

--71'.028 x.10 (106.3),

1.23 x 10 S(6.'7j

2+
(only PuO2 )

PuO, below detection
O2

-4
1.552 x 10 4 (84.2)Total Yield !-

Results from-absorption spectroscopy.
. I
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E. Sorption and Precipitation

1. Batch SorptLon Experiments of Uranium, Tin, and Thorium (B. P.

Bayhurst, S. D. Knight, and K. W. Thomas). Batch desorption measurements

have been completed for uranium and tin with water from Tfell J-13 on tuff

samples described in the last quarterly report40 and are reported in

Table XII. The uranium desorption values'measured do not follow the trend

observed previously where desorption values had been up to 2.5 times higher

than sorption values. However, there may be very large errors in the experi-

ments due to the very small degree of uranium sorption initially, and these

results are not disturbing. The tin desorption ratios were as expected.

Although not specifically listed by the Environmental Protection Agency

(EPA) in 4OCFRI91 as a primary hazardous waste element, thorium is important

because 230Th is the long-lived parent of 226Ra, which is considered a

hazardous nuclide. Because of the long half-life of 230Th (t1/2 - 7.5 x

10 yr), radium may be transported in the form of the parent thorium isotope.

Therefore, it is important to characterize the sorption properties of thorium

as well as radium. Initial studies of thorium solubility and sorption were

described previously.;l Table XIII lists sorption ratios measured this

quarter on four tuff samples. USW G-1-129*2 and USW G-1-2233 are described by

Daniels et al.; USW G-1-2289 contains 37% mordenite, 5% clinoptilolite, 7%

quartz, 4% cristobalite, and 45% alkali feldspar; USW G-1-2363 contains 33%

quartz and 62% alkali feldspar.

The thorium sorption ratios do not correlate with either pH or

mineralogy. The thorium tracer feed solution was adjusted to pH 5.6 to 5.8

with NH4OH prior to filtering, yet the yield through the 0.5-Im filter was

only 12 to 24%. Previous experiments had shown thorium solubility to be much

higher at this pH. It is suspected that the neutralization process might

have caused some precipitation of thorium prior to filtering. Once the

sorption experiments were under way, the pH was measured every other day. At

12 days the pH reached 7, the experiments were halted and the sorption ratios

measured. Experiments are just beginning in the controlled CO atmosphere
2

box to be compared with these ambient atmosphere conditions.

2. Long-Term Sorption Experiments on Technetium and Neptunium

(S. D. Knight, F. 0. Lawrence, M. R. Cisneros, and K. W. Thomas). The long-

term sorption experiments for technetium and neptunium were started 9 months

ago to determine whether the measured sorption ratios for these two elements
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DESORP'

Corea

G-1-1982

G-1-2233

'G-1-2698

G-1-2840

G-1-3116

GU-3-1937

G-1-2840

G-1-2901

GU-3-1301

G-4-1502

I Elemeni

Uraniui

Uraniut

UraniUT

Uraniur

' Uraniur

Uraniur

Tin

Tin

Tin

Tin

TABLE XII

TION RATIOS FOR URANIUM AND

Traced Traced Feed
Feed Concentration

t-- pR (H)

m 8.72 2.7 x 10o 6

m 8.72 2.7 x 106

m 8.62 2.7 x 10 6

m 8.59 2.7 x 10 6

n 8.78 2.7 x 10o6

m 8.68 2.7 x 106

8.41 2 x 10 8

8.38 1 x 10O7

8.47 2 x 108:

8.48 3 x 10 8

TIN IN

Desorption Ratiosb

Experimental Value'
(pH) AverageC

0 4.1 2.1(1.4)d
(8.05) (8.06)

9.1 6.6 7 . 9 ( 0 . 9 )d
(8.28)' (8.27)

1.'3 1.7 ' .5(0.1)d
(8.13) (8.10)

O 0 od
(8.23), (8.39). -

- 1.4 1.9 1 . 7 ( 0 . 2 )d
(8.31) (8.33)

d
7.2- 9.8 - 8.5(0.8Y

(8.31) .-(8.31)

910 650 780(130)

30 100 45 700 38 000(8000)

1100 1460 1280(180)
(8.52) (8.45)

503,, 492 500(8)

I ,-

J-13 GROUNDWATER

aFraction size is 75 to 500 Jm. --

bAll desorption times were 6 weeks.'

'Numbers in parentheses are standard dev'iations of the-

Desorption measurements are subject'to larger errors than sorption measure-
ments when the initial 'sorpti6n ratios-are'low.

. ....

f -; v --.-, -h- -* ; * 55
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TABLE XIII

SORPTION RATIOS FOR THORIUM IN J-13 GROUNDWATER

Corea

USW G-1-1292

Traced
Feed
.6.pH

5.61

Traced Feed
Concentration

(M)

5.39 X 10 8

Sorption
Time
(days) _

12

Sorption Ratios
tmI/g)

Experimental Value b
(pH) Average_

566

(7.52)

389

(7.52)

478(63)

USW G-1-2233

USW G-1-2289

5.75 1.07 x 10

-5.76 5.86 x 10 8

12

12

266

(7.00)

140

(6.89)

421

(6.93)

146

(6.86)

344(55)

143(2)

USW G-1-2363

aFraction size

5.60 6.52 x 10 8

was 75 to 500 Um.

12 940

(6.83)

1484

(6.82)

1213(193)

bNumbers in parentheses are standard deviations of the mean.

change over long-time periods. As seen from the data in Table XIV, there

have been no changes in the measured sorption ratios for these two elements

over a 9-month period. The studies will be completed after 15 months. The

tuff samples being investigated are described in Bryant and Vaniman.4 1

3. Neptunium Sorption Isotherm Measurements (F. 0. Lawrence,

M. R. Cisneros, and K. W. Thomas). An investigation is under way to

determine the effect of radionuclide concentration on the measured sorption

ratio. Such studies are referred to as isotherm measurements. Isotherm

measurements are nearly complete for neptunium on tuff sample USW G-4-1608, a

zeolitized tuff. The data are given in Table XV. These experiments were

performed in a C02-controlled atmosphere box in order to maintain the pH

close to 7, the general pH value for groundwaters found at Yucca Mountain.
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. TABLE XIV.-

LONG-TERM NEPTUNIUM AND TECHNETIUM SORPTION

RATIOS IN Well J-1I GROUNDWATER

' aCore Element
Traced Feed
_' pH

*Traced Feed'
Concentration

(H)

6 x 10-11

Sorption
I Time

6 weeks

Experimental Values
(pH) ' '. '

Sorption Ratios
(Mtlg)

GU-3-916 Neptunium Not avail-

able

3 months

6 months

9 months

4.8

(8.76)

5.1

(8.69)

5.6

(8.48)

5.1

(8.24)

4.9

(8.65)

5.4

(8.68)

5.2

(8.54)

5.1

(8.08)

Average

4.8(1)

5.3(1)

5.4(1)

5.1(1)

Technetium. 8.57 6 x 10 10 6 weeks 0.50 0.94

0.72(0.2)

(8.51) ' (8.57)

13 weeks 0.33 1.3

0.81(0.5)

(8.75) (8.70)

6 months 0.81 0.44

0.62(0.2)

(8.61) (8.66)

9 months 0.14

0.13(0.02)

(8.81)

0.11

(8.83)
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TABLE XIV (cont)

Sorption Ratios
(M;/g)

Traced Feed
Traced Feed Concentration

__ _ (H)Corea Element

GU-3-1301 Neptunium

Sorption Experimental Values
Time (pH) Averaged

8.4 2 x 10 11 6 weeks

3 months8.6 6 x 10 11

3 months

6 months

9 months

1.8

(8.53)

2.3

(8.63)

2.1

(8.65)

2.2

(8.55)

1.9

(8.46)

1.7

(8.54)

2.1

(3.65)

1.9

(8.67)

2.3

(8.62)

1.8

(8.47)

1.7(1)

2.2(1)

2.0(1)

2.2(1)

1.9(1)

Technetium 8. 67 7 x 10- 10 6 weeks 0.058

(8.41)

0.022

(8.47)

0.04(0.02)

13 weeks 0.065

(8.63)

6 months -0.003

(8.60)

9 months 0.013

(8.70)

0.002

(8.69)

0.004

(8.61)

0.031

(8.72)

0.03(0.03)

0

0.02(0.01)
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; . - . ' , , TABLE XIV (cont)-

. . .

Traced Feed
Core Element - pH

G-4-1502 ' Neptunium 8.72

Sorption Ratios

Traced Feed
Concentration Sorption Experimental Values- b
- (X) 'Time -. , (pH) Average

' 1x lo30 6-weeks i'4.6 3.5 ; 4.0(1)

(8.33) (8.32)

3 months 5.1.

(8.66)

3.4

(8.70)

4.3(1)

- I., - .1 ... I .

6 months' 4.7

I 'I.- .- , . (8.44)

. . . . .~~~~~~~~~

5.0

; (8.49)

A4.8(i)

<- - - 9 months 5.2

(8.37)

5.0 - -5.1(1)

(8.53)

, I . .

Technetium 8.74
. I .. ..

-i ^10 '-t. '_-
. , . , .8 x 10 6 w~eeks 0.042-

(8.60)
- .: , _: ' 1 . r. '

-0.003( .6 0
(8.60)

0.02(0.02)

13 weeks' 0.06 - -0.038 0.01(0.05)

- :(9.00) (8.81)

- .- . .. - 6 months -0.085 -0.09. 0

.. : 4 ,-,. ,......... ,, .. ,i;,!-; ,,, ;.,,n 8.6,5? (8.65),,

9 months -0.06 -0.05 0

(8.71) (8.75)
' . . i . . * ' ' . . . t . , * ! , _

- ' . ~ . ;~ S !: . t , . , -- - . : ' r - ' - . ; ,

aFraction size is 75 to 500 :m.

Numbers in parentheses ,are-standard deviations -of. the mean. .Z.

:~~~~~' -; -- - -, .1!

s J_ - -
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The measured sorption ratios are independent of the neptunium concentra-

tion at concentrations less than 10 5 H and show little variation at greater

concentrations. Comparisons of sorption ratios measured in a CO -controlled
2

atmosphere and under ambient conditions are shown in Table XVI. With the

exception of tuff USW GU-3-433, the ratios are unaffected by the atmospheric

conditions studied. The USW GU-3-433 experiment will be repeated. Data were
233 237

also obtained for ?a, the daughter nuclide of the tracer, Np. These are

reported in Table XVII.

-4. Effect of Goundwater Composition on the Sorptive Properties of Tuff

(S. D. Knight, and K. W. Thomas). Because groundwater composition may vary

between the repository and the accessible environment, studies are being

conducted to determine what effect various groundwater compositions have on

the measured sorption ratio. Comparisons are being made between sorption

measurements performed using water from Well J-13 and those using water from

the 1298- to 1782-m zone of Well UE-25p#1. Well UE-25p#1 water has a much

higher concentration of calcium, magnesium, strontium, barium, sodium,

bicarbonate, and sulfate than does Well J-13 water. The detailed

compositions of these two waters are discussed in the previous quarterly
34

report.

Table XVIII gives the results obtained for tin using Well UE-25p#1

water, and Table XIX compares results of sorption in Well J-13 groundwater

with sorption in this water. In general, tin sorption ratios are higher for

Well UE-25pll water than for Well J-13 water, the same effect observed for

europium previously. It is suspected that precipitation of tin occurs in the

higher ionic strength water. While the sorption ratios measured cover a wide

range, none of the ratios was less than 100 mt/g. The sorption ratios for

tin do not appear to be related to mineralogic composition of the tuff.

However, USW G-1-2901, a devitrified tuff with a small amount of calcite, had

very high sorption and desorption ratios in both groundwaters. The highly

zeolized tuff, USW G-4-1502, had low sorption ratios in both groundwaters;

thus tin sorption ratios seem to be independent of zeolitic content. This is

not unexpected for a tetravalent species.

These studies continue to show that groundwater composition can have a

significant effect on the sorptive behavior of elements. Future work will

include additional tuff samples and water from Well USW H-3.
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TABLE XV

NEPTUNIUM ISOTHERM SORPTION RATIOS UNDER

Co -CONTROLLED ATMOSPHERIC CONDITIONS a. 2

Traced
Feed

Concentration
(M)

6 x 10

-43 x 10

7 x 10

3 x-10-5

8 x 10 6

63 x 10

77 x 10 7

2 4 x7 10. .

2 x 10- 1

Traced
Feed
pH

7.0

7.2

7.3

7.2

7.3

7.3

7.3

7.3

7.2

Sorption Ratios
(mz/g) ; -

&64S .Sti ta. V ~al~uesIsotope(s) of
_Np Present

*237 235'
Np, Np

237 235Np, Np.

237Np, 235Np

Np, Np237 Np235 N

Np, Np

237 N,235 N

Np,- Np
237 N,235 N

Np, Np

237 Np235

2 35Np

- (pH)

2.0
(6.4)

.. 0..
- 1.3-
(6.4)

3.5
* (6.7)

3.4 -
(6.7)

4.7

_ (6.7)

4.5
(6.7)

5.2
(6.7)

4.4
(6.7)

5.2
(6.7)

2.7
(6.3)

0.57
(6.5)

3.2
(6.7)

* 3.1
(6.7)

: 5.1
(6.7) -

* 5.4
(6.7)

4.7 .

-(6.7)

5.9
(6.7)

5.6 _-
(6.8)

b
:Average Value

2.4(1)

0.94(1)

3.4(1)

3.3(1)

I4.9tl)

5.0(1)

5.0(1)

5.2(1)

5.4(1)

a -

Core was G-4-1608, 75 to 500 pm. Atmosphere was enriched in CO to -5%.
Sorption was for 6 weeks. 2

bNumbers in parentheses are standard deviations of the mean.
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TABILE XVL

COMPARISO0N OF NEYMNIJ4lU SORMTON RATIOS uNi)ER A?~i8eur

AND cowraOLuED ATHOSPIUER1C CONDITIONS

Corea

GU3-433

Atmospheric 8

Conditions

Ambient

Co2

Traced
Feed

pli

8.6

6.8

Traced Feed
Concentration

(H)

3 x 10 1

8 x 10- 12

Sorptionc
or

Desorption

Sorption Ratio

(mag)
Experimental Value

(p11) A

Sorption 13

(8.4)

Sorption 0.82

(6.6)

14

(8.4)

0.68

(6.7)

,erage Value

13.5(1)

0.75(l)

CU3-1203 Ambient

CO2

8.6 3 x 10 1

7.1 6 x IU

Sorption U.5

(8.4)

Sorption 0.36

(6.8)

0.49

(8.5)

0.35

(6.8)

0.49(1)

0.35(1)

CU3-1301 Ambient 2 x 10i

Co2

C4-1608 Ambient

Co2

-- 2.5 x 10k'

8.7 3.5 x 10U

Sorption 1.8

(8.53)

Desorption la

Sorption 2.1

(6.65)

Deuorption 31

(6.15)

Sorption 6.1

(8.3)

Sorption 5.2

(6.7)

1.7

(8.54)

18

(8.42)

2.1

(6.63)

26

(6.14)

6.6

(8.4)

5.6

(6.8)

1.7(1)

18(1)

2.1(1)

29(3)

6.3(1)

5.4(1)7.2 2 x 1011

aFraction site was 75 to 500 pm.
b
Co -atmosphere was controlled to be enrtched to -5Z in Co .

CSorption and desorption times were 6 weeks.

Numbers in parentheses are standard deviations of the mean.
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; TABLE XVII

PROTACTINIUM-ISOTHERM SORPTION RATIOS UNDER

Co2-CONTROLLED ATMOSPHERIC CONDITIONSa

- . Traced Feed
Concentration.-

(M) _

'' 1 x 10- 11 '

'- Traced

Feed
7: pH

.7.60

.Experimental Value-,.

3. 53.
3(.4 5.3 )

(6.4). t6-3)

I .

Average Value -:

4.4(1)

5 x 10~-12 7.2 5.0

(6.4)

5.0

(6.5)

5.0(1)

1 x 10 2

5 -13

7.3 -3.8 '

(6.7)

7.2 5.3

. (6.7)

4.1

(6.7)

10.1

(6.7)

8.0

(6.7)'

*4.0(1)

7.7(2.4)

8.2(1)1 X 1o-13 7.3 8.4

(6.7)

5 X 10-14 :7. 3.. , ,. ;.,,. I
3.3

(6.7)

4.1

(6.7)

3.7(1)

aCore was G-4-1608, 75 to
-5%. Sorption was for 6 v

- . I .& . '. :' i~ _- :-- :- -, - 7 -. * r

500 pm. Atmosphere was enriched in Co2 to -
reeks.

bNumbers in parentheses are standard deviations of the mean.. --
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TABLE XVIII
aTIN SORPTION RATI0S IN WELL UE-25p#1 GROUNDWATER

Sorption Ratios
(mz/g)

coreb

G1-2840

Traced
Feed

8.86

Traced Feed
Concentration

(M)

6 x 10 8

SorptionC or
Desorption

Sorption

Experimental Values
(pH)

18 000

(8.84)

25 300

(9.00)

22 700

(8.89)

11 600

(9.02)

Average Valued

20 000(2700)

18 400(6900)Desorption

GU3-1301 8.88 9 x 10*8 Sorption

Desorption

Sorption

3480

(8.99)

x

706

(9.05)

428

(9.16)

4420

(8.99)

6750

(9.10)

910

(9.06)

182

(9.18)

4000(520)

6750

800(110)

300(130)

G4-1502 9.01 7 x 10 8

Desorption

G1-2901 8.75 I x 10i7 Sorption 35 000

(8.82)

Desorption 54 400

(8.97)

36 700

(8.94)

50 700

(8.98)

35 800(900)

52 500(1900)

a~ater taken from a depth of 1298 to 1792 m.

bFraition size was 75 to 500 j=.

CSorption and desorption times were 6 weeks.

dNunbers in parentheses are standard deviations of the mean.

64



- TABLE XIX

COMPARISON OF TIN SORPTION RATIOS IN J-13 AND UE-25#1a GROUNDWATERS.

Sorption Ratios - Desorption Ratios
Core (my.g) (mig)

Well-J-13 WellVUE-25#1 -Well J-13 Well UE-25#1-

USW G-1-2840 283 20 000 780 18 400 _

USW GU-3-1301 168 4000 1280 6750

USW G-4-1502 215 800 500 300

USW G-1-2901 22 000 35 800 38 000 52 500

aWater from depth 1298 to 1792 m.

F.. Dynamic Transport Processes .

A Kinetic Effect in Actinide Sorption (J. L. Thompson, P. Q. Oliver,
42

W. R. Daniels, and R. S. Rundberg). In a previous report we have described

a kinetic effect for plutonium and americium sorption on crushed tuff columns

run at moderate flow rates (about 100 m/yr). Our purpose in writing this

section is to summarize the experimental data relative to this kinetic effect

which, to our knowledge, has not been discussed in the literature. While we
. . . .: .: -.3i. . .. . .. .

have not identified the underlying causes for the slow sorption of the

actinides studied to date, we believe this to be related to the sorption

process itself, and not to be an artifact of the experimental design or mode

of construction and operation of the columns. Furthermore, the kinetic effect

appears to be present for a variety off sorption substrates and may prove to

be a significant factor in modeling actinide retardation.

The columns with which the kinetic studies have been performed are
*-? >. ,-' - . 3

constructed from acrylic tubing. They are 5 cm long, about 1 cm in volume,

and fitted with polyethylene frits and polypropylene Leur fittings. Typical
- . . : . . ' . o. '-: . : . . A: . . .- : A ' .. ' , ~~- . ' - ' . !

column parameters for a filled column are column density (p) 1.7 I mL,.. . .) . .,. . . . gi ..,

column porosity (c) -0.6, and free column volume of 0.5 mt. The experiments

are carried out at constant flow rate and constant feed concentration.
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The volume at which the solvent (water) from the feed solution first appears

in the effluent is determined using tritium. When an actinide is present in

the feed solution, the volume at which the actinide first appears in the

effluent is compared to the volume at which the solvent first appears. This

ratio is called the retention factor, Rf.. It can be related to the sorption

ratio, Rd. by Rf -I1 + (p/C)Rd (Ref. 43). 'The conventional formulation is

Rf - 1 + (p /E_)Rd, where Kd is the distribution coefficient. In the

geochemical research conducted at Los Alamos in support of the NNWSI, the

term "sorption ratio" is used rather than "distribution coefficient" to

emphasize the fact that equilibrium conditions have not necessarily been

obtained. 44 The tuffs with which we have been working typically have

sorption ratios of a hundred or greater for plutonium and americium, so it

was anticipated that a column with the parameters given above-would yield Rf

values of at least several hundred. This was found to be in sharp contrast

with our observation that a portion of the activity moved through the column

with the solvent front (that is, Rf approximately = 1). The tuffs studied to

date in our flow column experiments with plutonium and americium are

specified in Table XX, along with Rd values as determined by the batch

technique and as calculated from the column Rf values. Also included are

some preliminary data on neptunium sorption. Here the contrast is not quite

so striking, since neptunium has rather low sorption ratios. Nevertheless,

the Rd values as calculated from the column elutions are significantly lower

than those determined by batch techniques. Note that in both batch and

column experiments the amounts of actinide involved are small. Solutions are

generally about 108 It in the actinide; sorbed actinides on the crushed tuff

are about 10 ppb. Because the elution pattern of the actinides from these

columns was so different from what was expected on the basis of the batch Rd

values, numerous experiments were performed to check the column behavior. It

was found that similar replicate results were obtained from duplicate

columns and from the same columns on repeat runs. Also, column elutions of

tritiated water and of 85Sr indicated that the column performance was normal.

Slowing the flow rate of feed solution from 0.15 mZ/h to 0.025 mz/h made only

a slight difference in the volume at which the activity broke through. We

came to the conclusion that for these columns 10 to 50% of the input

radionuclide concentration activity will appear with the solvent front, or

quite close to it. We then did an experiment using our usual batch
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TABLE XX. -

KINETIC STUDIES OF.SORPTION COLUM.NS

Experiment

Plutonium

..Tuff

JA-37

.*..-.- -.. . .R Values

-Type --- Constituents- Batch Column

Welded- -. Glass, feldspar, . .- 4 E2 . 4

cristobolite

Partially : . ..

welded . .
YM-49

USW G-1-1883 Partially -.Feldspar,.quartz, .. -

welded cristobolite
8 El ,0.3

I :.'U12G

' USW G-l

Americium a USW G-1

Zeolitized- zClinoptilolite,
feldspar

.3.E2 0.5

1-1292 Welded -- .- Glass, feldspar,-
-. -. ,cristobolite

.-1292. Welded, . Glass, feldspar,
-. -. . .. cristobolite

.. 6E2a .<l.

a
3 E4 _<1

.. . . USW G-1-143

USW GU-3-13

16 Zeolitized ..Clinoptilolite,
quartz, cristobolite,
'feldspar

101 Vitric Glass, feldspar,
cristobolite,' quartz'

Welded Glass, feldspar,
' cristobolite ^

..2 E3 <1.

c _<l

Neptunium JA-37
. 7 . 2 El 4

. YM-49
. I I 7'

. : ,. .-I,,7 . , f.

..-. USW; G-1
a.siated. valu. ..

a Estimated value. ..

Partially Glass, feldspar,
welded. ' ciinoptilolite

-1883 Partially Feldspar, quartz,
welded cristobolite'

8 EO
: ...

2

6 EO 0.5

' ... . . . :-.1.1k ". - ;-, --I .

I-.,I, ,,~ " _ . , - I 1 ., . .. A,

. .. . < ... * , * 4 _ j 4 . . -. . . . ; -
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methodology, but for short contact times. We used USW GU-3-1301 tuff, which

had previously yielded Rd values of 1500 to 2000 mt/g for 6-week contact

periods. Our results for contact times of 6 hours, 24 hours, and 8 days were

54, 84, and 2000 mZ/g, respectively. A number of experiments are now under

way which will yield data on short term versus long term Rd values for

plutonium and americium with a variety of tuffs.

Several explanations may be advanced to account for the appearance of

actinides in the effluent with the solvent front. (1) A contact time longer

than a few hours may be required for sorption of all the input species to

occur. (2) The species originally present in the feed solution may not sorb

completely, but may change slowly (in a period of days) to a more sorbable

species. (3) The activity appearing with the solvent front may be due to

colloid-sized particles (carrying sorbed radioactivity) that have washed from

the column.

The idea that our observed kinetic effect is due to speciation changes

has some appeal. The feed solutions are prepared by our standard method,

which involves air drying an acid solution of the actinide, taking the

residue up in groundwater, and filtering through a 0.05-um Nuclepore filter.

In the case of plutonium', we have experimental evidence that suggests that

several oxidation states are represented in the final solution. These might

well have differing sorption properties, so that some plutionium would be

sorbed while some passed through the column with the solvent. Also, in a

matter of a few days, equilibria conditions might lead to conversion of

nearly all of the plutonium to a strongly sorbed species, thus accounting for

the long-term batch experiment results. However, these arguments become very

tenuous when applied to americium, which presumably exists in only one'

oxidation state. Furthermore, in one experiment some of the americium feed

solution was held in a polycarbonate tube for 7 days prior to being used.

This fraction of the solution gave the same elution pattern as the portion

used immediately after preparation. Thus, while an explanation invoking

speciation may seem useful when applied to the plutonium data, it appears

inadequate as an aid to rationalizing the americium data.

The idea that colloidal material could cause the observed activity

breakthrough was discredited by the following experiment. Duplicate columns

of tuff were prepared and washed with special care to remove as many of the

fine particulates as possible. One column was run with the feed solution
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filtered through a 0.05-um Nuclepore filter,-as 'us'a; -the other-column, with

a feed solution of groundwater that had only been centrifuged enough to"

remove larger, visible particulates. Both columns showed similar elution

behavior, with somewhat less activity being eluted from the column having

colloidal material in the feed solution. We conclude from this 'that because

flooding a column with colloids does not appreciably affect its elution

behavior, the presence of relatively small amounts of colloidal material'

could not cause the breakthrough of any large fraction of the input activity.

The evidence accumulated so far, then, leads us to believe that the

sorption process itself must involve one or more time-dependent steps.' It

may be, for example, that some sorption must be preceeded by diffusion and

that a few hours' contact time is insufficient for enough diffusion to take

place to allow all the feed material to reach sorption sites. Obviously,

more experimental work should be directed toward resolving the uncertainties

surronding this interesting kinetic effect. We believe this kinetic effect

may have significance for waste management. For example, models of actinide

transport may have to be modified to account for the observation that the

source material can move over short time periods much farther thatn would be

predicted on the basis of Rd values determined by long-range batch

measurements.

A program to numerically invert autocorrelated photon spectroscopy'data

was developed. The code, which uses regularization and a positivity

constraint, will enable a detailed study of particle size distributions.'

This advance will greatly enhance the ability of NNWSI to address the

question of colloid or particulate transport. '

Two additional 2-m crushed-tuff columns have been prepared each

containing USW G-2-339 tuff, a montmorillonite-containing tuff, for use in

anion exclusion studies and actinide transport studies. These long columns

will provide long residence times to access actinide adsorption'kinetics in a

dynamic system.

The fractured tuff columns are continuing'to be eluted with cationic

tracers, and the results are in the process of being interpreted with matrix

diffusion models. New solid rock core columns are being prepared in an

effort to find cores permeable enough to-enable transport experiments in a

reasonable time frame.
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G. Retardation Sensitivity Analysis (B. J. Travis, S. Hodson, E. Nutall,

and L. Brown)

1. Field Studies. We summarize the details of two field studies of

heavy element radionuclide migration and assess their relevance to the NNWSI

project. One of these studies is described in the draft report by Polzer et

al.46 That report investigates the mobiLity of plutonium and americium

species in Mortandad Canyon. -Treated waste effluents from the Central Waste

Treatment Plant, TA-50, at the Los Alamos National Laboratory have been

released to the environment in Mortandad Canyon since 1963. Analysis of

water and sediment samples as well as deeper well water samples provided

information on the mobility of the discharged plutonium and americium

nuclides. Water samples were collected from as far as 3400 m downstream of

the effluent, from the channel, and from access wells at depths of 2 to 20 m

below the channel surface. The desert canyon stream has rather complex

hydrology with episodic recharge from spring snow melt and from summer rains.

Analysis of samples indicated that 99% of the released radioactivity

associated with the runoff was captured by suspended sediments of 0.45 Um and

greater. The nature and location of the remaining 1% radioactivity-was the

focus of that report. Reported maximum concentrations of plutonium and

americium were about 15 pCi/!. There was indication that colloid size may be

important to nuclide mobility. The exact chemical nature of the colloids was

not fully investigated nor was the source of the colloids identified; that

is, did the colloids originate with the effluent or were they pseudocolloids

and if so what was their composition.

In summary, that report and the associated investigations at Mortandad

Canyon clearly indicate the presence and enhanced migration of radiocolloids;

however, the experiments were not controlled as in a laboratory environment

and, therefore, the data are quite limited in terms of their usefulness in

system modeling. The study is not suitable for code or model verification.

However, an analysis of the data and system could identify the types of data

needed for modeling and perhaps add to our general understanding of colloid

migration.
46

The second field study involves radionuclide migration from four

gravel/cobble rock liquid waste disposal beds located at Los Alamos in

Area T. These disposal beds, which received radioactive liquid wastes

discharged from the DP? West plutonium purification and liquid waste treatment
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facility,-were completed in 1945. Liquid waste inwvarying amounts and types
'241-

was discharged into these beds-between-1945 and 1967.' Plutonium and Am

were the primary radionuclides.- This site has been extensively studied (over

17.reports) beginning with a study .of soil samples taken from the site in

1946 and.continuing to the present with the most recent report.. This is a

highly studied and well-characterized site.

The most recent report/paper by Nyhan et al. provides a well

documented history of the-site and presents study.findings that include the

analysis of about 800 tuff samples taken from drill cores. Sampling holes

were drilled to a depth of 30 m below two of the disposal beds.

The significant implications for nuclear waste management are that
241 %plutonium and Am migrated (at'this site):much faster and farther than

indicated by earlier laboratory experiments. Plutonium was measured at

depths of 30 m below the disposal beds while laboratory column/core studies

reported in 1959 showed essentially complete adsorption and retention of-

plutonium in the top few millimeters of the tested cores'.

The DP West site and the proposed Yucca Mountain sit~ehave' many' similar

charateristics that could aid in the evaluiation 'of Yu'cca Mountain. These'

similarities are (a) welded volcanic tuff, (b).fractured flow regions,''''

(c) 'partially saturated flow, (d) episodic recharge, and (e)'migration in a

vertically downward direction. There are important differences also. The

tuff at DP site is not the same as found at Yucca Mountain.' Also,'the

recharge was considerably greater than expected at the NTS. There is a
,f i $ > . ., f if- .

strong posibility that the accelerated transport observed at the DP West site

was due to presence and migration of radionuclides down'fractures in'the-

Bandelier tuff and/or to dependence of sorption on pH.'
. I o i . ; .r

We are currently' enhancing the TRACR3D transport code toeinclude

radiocolloid migration. The new version of TRACR3D can quarititatively

analyze the experimental data and test various flow and transport scenarios

that may have contributed to the rapid migration--2f-4plutonium'and- -Am.
- .. fi _! .. . . - . .. . - if : ^if .^.~ if;. - -.,.-a

2. Analysis of Laboratory Measurements of'Colloids. A sophis'ticated

laser system is being used to study colloid size distributions' under

laboratory conditions. The laser scattering process can be described i i ' '

mathematically as a Fredholm integral equation of the-first kind: ''

b
g(t) f K(x 0a) f(a) do, f(a) )O - - (3)

a
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where K(xa) is called a kernel function and represents the physical process,

g(t) represents the observations and f(a) is the unknown particle size

distribution. Strictly speaking, the true f(a) cannot be recovered uniquely

because of the presence of error in measurements. The effect of error must

be "smoothed" out.

Equation (3) does not have a unique classical solution. One solution to

this difficulty is to convert Eq. 3 to a Fredholm integral equation of the

second kind that is well-behaved mathematically. This is done by adding a

small smoothing term to give

d b d
f K(t,a)g(t)dt f f K(t,a)K(t,z) f(z)dzdt + a f(a), f(a)'>O . (4)
c a c

Here a is a small parameter that is related to the size of the error in the

data. When a is small, Eq. (4) is close in a sense to Eq. (3).

Stated simply, the only way to get a solution to Eq. (3) is-to add

assumptions such as a certain degree of smoothness in the distribution

functions. The degree of resolution that can be obtained in f(a) depends on

the amount of data, the magnitude of error in the data, the nature of the

kernel function, and the accuracy of the numerical integration.

A computer code called INVPOS has been written that solves Eq. (4) for

the general case. An example of how the model works can be found in J. R.
al48 49

Britten et al. Figures 12 and 13 are from Britten et al. and show how

well the code can retrieve a bimodal distribution when data error is

extremely small and when data error is 1%, respectively. The model is being

adapted to the colloid-laser scattering system and is just about operational

for application. It will allow us to extract colloid size distributions from

the laser &observations.

3. Comparisons of TRACR3D With Analytic Solutions. An analytic

solution is available for one-dimensional transport of natural colloids in a

steady flow field. The colloids can have a log normal size distribution.

The colloids are inert except for filtration effects. In this case, the

concentration of the colloids is given by

c(x) = C f f(x)e dX (5)
0
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and the concentration of filtered colloids

;O ~ -
a(x) = UC0 f Xf(X)e (t - =/u)dX

0
(6)

where U is flow rate, f(X) is particle size distribution, x is position from

the source, C is source concentration, w is porosity, and t is time.

Equations (5) and (6) were applied to data on americium percolation through

glauconitic sands.49 Figure 14 compares the data with the solution of Eq.

(5) and with a TRACR3D calculation. Comparison is good.
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H. 'Applied Diffiusion'(A:'E. Norris, P. L. Wanek, arid K.' Wolf sberg)

The purpose of this task is-'to measure diffusiv'ity under.field condi-

tions at Yucca Mlountain.to-ensure-that 1the':diffusivity values determined in

laboratory experiments 'are"reliable-when used to calculate the'retardation of

nonsorbing radioactive wastes in water'that might flow~ -through 'the.repository.

block.- The work this quarter involved the'development of-analytical tech---

niquesdfor the detection'of low'levels of'br 6midezions-'in groundwaterrand.the

use of bromide as a tracer-'o'n'acrushed'ttuff column in-experiments to

demonstrate-that bromide''can be`used as a-nonsorbing tracer. The development

of bromide analysis techniques will be:important,' too,'.if bromide is chosen-.

as the water tracer for'the Exploratory Shaft mining-operations.. !, <

Three analytical techniques' have-been investigated for'use in-routine.-

analyses-of low-level bromide' ion concentrations in groundwater. -Two.of --

these techniques"'used ion'chr6matography columns'to'separate bromide ions:

from other' anions'i'n' the'water. Detection-of bromide with-an.ultraviolet

detector'at 205'nm'resulted in'consistently'reproducible data.with a-

sensitivity of 50 jjg/z. The use of an anion chromatography.column and a

potentiostatic detection system' with'a-silver'working electrode andla.silver-,

chloride reference electrode'permitted-the detection-of bromide ions at lower

concentrations i than with' the ultraviolet'detector. -However, the potentio-.

static detecto'r yielded poor peak shapes,'.which-made'quantitative analyses..-

difficult.':The'third 'technique' investigated'for routine use;in bromide . '

determinations was neutron activation analysis. Five-minute irradiations of'

a flx of3.4 ~~i 12 2 82aqueous samples in of 3.4 0 neutrons/cm s showed'that 82Br

Ct1,2 - 35- ih) 'could be detected w'ith'200 minutes of counting in a-

Ge(Li) system when the bromide''conceritition was' i00 jig/. - A' 20-minute count

was 'insufficient 'to detect :the 8 2Br activ'ity."' Well-'J-13;water was irradiated

and counteid for200 'minutes'-' but' no". 2Br activity could'be detected. .The

bromide concentration 'in'Well ;J-13 water -must be less than -100 .yg/Q..

We coni~clude '_thatt:bromide''analyses on -a :routine basis 'appear 'to be most

convenient i~ith -an'iorichroma'tography' technicue .that .uses -an ultraviolet -

detector. ' - '

Oneiexprime'nit -was' performe'd'-to'':meas'tie the-extent of bromide retention

on a column of'crushed Topopah'Spring'tuff.' Dilution of the bromide-tracer

was less than anticipated.-:'Additional'experiments will be 'performed to

measure'bromide migration''relative to-tritium.
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III. MINERALOGY-PETROLOGY OF TUFF (D. L. Bish, D. E. Broxton, F. M. Byers,

Jr., B. A. Carlos, S. !;. Levy, and D. T. Vaniman).

A. Petrographic-Stracigrahy of the Topopah Spring Member

During this quarter, the petrographic stratigraphy of the Topopah Spring

Member from hole USTI G-4, near the proposed exploratory shaft, has been

extensively studied. These studies combined petrographic modal counts,

electron microprobe analysis, and scanning electron microscope analysis.

Comparison of the petrographic microstratigraphy within the Topopah Spring

Member is being extended to.drill hole USW GU-3 to the south and will be,.

extended to other cored drill holes within the proposed repository block,-as

well to drill hole USTI G-2 in which the internal Topopah Spring strati-

graphy consists largely:of one thick lithophysal zone.50 Our work on

petrographic stratigraphy is guided by the stratigraphic framework provided

by R. W. Spengler and R. B. Scott of the US Geological Survey.

The importance of being able to determine stratigraphic position within

the Topopah Spring Member arises because of the need to identify which level

of the Topopah Spring is being worked during repository construction. For

example, if a fault is crossed during construction, should the drift be

driven in a new direction.in order to stay within the most favorable rock

type? 'The data on petrographic stratigraphy obtained during this quarter

reveal several features that-may provide new stratigraphic subdivisions of

the lower Topopah Spring Member in rock that previously seemed very

homogeneous.

Figure 15-illustrates the petrography of different stratigraphic levels

within the Topopah Spring Member in drill hole USW G-4. For cross-reference,

the lithologic zones in drill hole USW G-4 outlined by R. W. Spengler

(written communication, May 1983) of the US Geological Survey are shown in

the stratigraphic column at the left. The elongate bar graphs in the central

part of Fig. 15 compare coarse to fine textures between the different

stratigraphic levels, starting with the coarsest.(crystals and lithic

fragments) at the left and ranging to the finest (cryptocrystalline, glass,

and voids) at the right. The granophyric intergrowths (alkali feldspars and

silica minerals) and the silica-filled microvesicles (cristobalite and/or

tridymite) both range from.0.05 mm to approximately 0.5 mm and are most

abundant in the lithophysal zones where crystallization may have been en-

hanced by a vapor phase. Feldspar-silica intergrowths may also produce a

76



DEPTH -DEPTH
(FT.) 0A (ETERS)

4W~~~
COARSE INFINE-GRAINED . .

ft a a C a R A..

o S - CAYST S V ELOSPAR AND0 £MYCOUUSI SPP14NULITIC AGOAORITE (R,4Y0U71 P94YLITI U .
LA- . .. 8 - s POR91 COI1OUWOAIS OnC CUA.ATZ IAIE LS . U~~ W~~~ CRVSTALS Z **0,*WMRAL****.p

IC, .- M 14;L -.. 44

m225- i 30 Zo go g i s

~ i ... W~f6WELD1 $Oa so so 70 5. 0 40 t0o0 -" I. '044
g-- K y (tcCOUARTZ LATrIT - BPOW% CRYPTOCNY*TALLIHE) PULY* 1O

239 : - '241 -7 --

961
g250- -T'
9265. .Ar (EXPANHOE SCALE IN UPPERMOST PART) so

4. I. . .

PHASE

300 -~~~~~~~~~~~~~~~~~~~~~~~~~~~

-100

wmo.YuTE1 (CIUARTZ LATITE)

400.4' u-pn jQ . 410 -.*'*** .A. . . 2125.0

LITHO -

zood-0l .--" . .U- -. . (OUARITZ -

PUTHC E O-b o.-_ .-

63-.- .

Iso UTWO - - RPIYOUTZ3~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~W4OL )- 0

28014S?- - 744 .+' 4...227.3

800.1DL

UTHO- 4

PMYSAM -

UX Lr* a - 34. 7 .~.... . * . .... 254.7 -

,. .. ~~-300
- - 102 6 - . ... .... . ..- . . . . . * 312.7

.~~~~~~~~~~~~~~4.

1200 O

33.5 FUR ..... ---- - 379.2

PARTLYCA
7

V Z.
1

~ s~

131. 13 11 .

1348. bITROPIIYR5T" 133 V IM. J405.7

1406.

'Fig. 15. 'Petrographic textural percentages ofiselected matrix samples,.

Topopah Spring Member, Drill Hole .USW G-4. Lithology and~

stratigraphy were provided by R. W..7 Spengler" US Geologica'l'Su'rvey-'

(May 1983). Further subdivision of some minerals'(for example, the

upper lithophysal zone) may be required in future studies, but the

divisions shown are current.
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microlitic or spherulitic aggregate in which it is difficult to identify

-individual minerals. Spherulitic crystals are elongate, radiate from a

common center, and in some rocks may attain several millimeters in length.

However, nearly all spherulite-associated crystals in the Topopah Spring

matrix are less than 0.5 mm in length and less than 0.005 mm in width.

Finer-grained groundmass textures, in which the individual crystals are less

than 0.005 mM in size, are referred to as cryptocrystalline. In crypto-

crystalline groundmass the individual crystals can not.be seen; XRD studies

indicate that in addition to alkali feldspars and silica minerals the crypto-

crystalline aggregates may include smectite and other hydrated secondary

minerals above the basal Topopah Spring vitrophyre. In appearance, thin

sections of the cryptocrystalline aggregates are semitranslucent to nearly

opaque. The cryptocrystalline aggregates represent quickly chilled rock in

the first stage of devitrification.

Figure 16 shows the percentages of phenocrysts or crystals that crystal-

lized from the Topopah Spring magma at depth (intratelluric) prior to-

eruption. The Topopah Spring magma was compositionally zoned within the

magma chamber from high-silica rhyolite (approximately 77% SiO2) downward to

quartz latite (approximately 70% SiO2) or even less silicic compositions at

greater depth. This sequence was inverted during eruption, such that the

lower part of the Topopah Spring ash-flow sequence is high-silica rhyolite,

with its sparse crystal assemblages, followed upward by less silicic magma

with changing phenocryst assemblages, culminating in the uppermost crystal-
51

rich quartz latite caprock. The changing, upward-increasing phenocryst

assemblage may then be a guide to stratigraphic position within the Topopah

Spring Member. One difficulty is the fact that the lower two-thirds of the

Topopah Spring is high-silica rhyolite with commonly less than one per cent

crystals, yielding-poor data on crystal abundances. This difficulty is being

overcome by counting phenocrysts separately on 0.5-mm traverses and by

relying on additional thin sections provided by the US Geological Survey for

drill holes USW G-1 and USW GU-3.

From Figs. 15 and 16, based on study of drill hole USW G-4, the

following preliminary conclusions on petrographic stratigraphy within the

Topopah Spring Member are suggested.
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(I) The lower nonlithophysal zone (candidate host rock) can be distinguished

from'the middle nonlithophysal zone by two criteria. First, the lower

nonlithophysal zone contains 1.5 to 17% foreign ltthic fragments

(xenoliths).whereas the middle nonlithophysal zone has virtually none.

This is understandable, because the earlier pulse of the Topopah Spring

eruption would be expected to contain more foreign fragments from both

the vent walls'and the ground surface over-which it traveled. Second,

quartz microphenocrysts are common in the lower nonlithophysal zone but

are absent or nearly absent in the middle nohlithophysal zone.

(2) The similarity in cryptocrystalline texture of the middle nonlithophysal

zone to that of the lower suggests that the middle nonlithophysal zone

also formed by chilliing, probably due to a brief hiatus between eruption

pulses. This brief hiatus allowed the lower lithophysal zone to form by

vapor phase-action, which cooled the upper surface on which the next

eruptive pulse (represented by the middle nonlithophysal zone) was

deposited. The middle nonlithophysal zone was'chilled, as indicated by

the increased cryptociystallinity toward the lower contact (Fig. 15) but

was not strongly chilled'by a sufficiently high-temperature gradient to

form a medial vitrophyre, as may be found in some thick ash-flow tuffs.

(3) The upper lithophysal zone can be distinguished from the lower litho-

physal zone petrographically. The petrographic data indicate only

one-third to one-half the abundance of silica-filled microvesicles in

the lower lithophysal zo-ne compared with the upper lithophysal. These

data corroborate R. W. Spengler's observations that significantly fewer

voids occur in the lower- lithophysal zone than in the upper (information

provided by R.- W. Spengler, May 1983).

(4) Stratigraphic position within the two lithophysal zones is not well

indicated by-any petrographic trends observed to'date. However, strati-

graphic position within the upper lithophysal zone can be partially

determined from the increase of total phenocrysts and alkali feldspar

upward in the upper half of the zone (Figs. 15 and 16) and by the

occurrence of chilled cryptocrystalline quartz-latite lenticles in the

upper one-fifth of the upper lithophysal zone (Fig. 15).

These modal petrographic distinctions are being supplemented by electron

microprobe data on feldspar phenocrysts, on oxide minerals, and on bulk rock
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groundmasses in samples`,having glassy or cryptocrystalline' texture. Visual

recognition of differences between cryptocrystalline groundmass areas,

that is, high-silica rhyolite (about 77% SiO 2) or quartz. latite ,(about 70%

Sio2), has been confirmed by bulk-rock electron microprobe,~analyses using a

20-micron raster. During these analyses, .it was found that slight chemical

differences occur between the 'cryptocrystalline groundmass near the base, of

the middle nonlithophysal zone and that near the base of the -lower,

nonlithophysal zone just above the basal vitrophyre...- Part of ,the crypto-

crystalline groundmass above the lbasal .vitrophyre has .lost'-potassium and.

contains-smectite and zeolite secondary minerals that are.probably..

attributable to the increased water abundance due to devitrification of

former vitrophyre. ~These minerals are' not ~found ~at the .base of the middle

nonlithophysal zone where no-vitrophyre is present-and where none probably-.

ever -formed, owing to the much smaller thermal gradient within the -,

Topopah Spring compound cooling unit..

-Differing chemical compositions of feldspar phenocrysts-and of secondary

granophyric alkali feldspars-may provide-a further -means of subdividing the-

petrographic stratigraphy of the Topopah Spring Member. Over one thousand

microprobe-'analyses of feldspars-from drill ~hole USW .G-4-thin'sections--at 16,

different stratigraphic levels have been done.- All ,oxide minerals Jin,-eight

of these-thin sections have:also been analyzed for-the same-purpose.,--These'.

data are currently being analyzed. Whether or not-these -data will provide an

additional description:'of stratigraphic position-within..dominantly rhyolitic-

portions of the7Topopah Spring Member-remains-to.-.be-seen.

B. Studies'of Natural-Alteration-at Yucca-Mountain - - **-

.-Continuing, studies of. therlower Topopah-Spring vitrophyre- are furnishing

further evidence that hydrous mineralslin this: interval--heulandite. and,

smectite--are -alteration products-related ,to-late-stage-devitrification in:,"

the'upper part of the vitrophy're.. The'temperature~of-formation-has not-been

determined'.directly for the' hydrous-:minerals,,-but oxygen isotope. geothe~rmome-

try of'a contemporary quartz fracture'.filling gives'a~temperature-of about 91

to 950C.' The water that promoted alteration and deposited'quartz,:r'--

heulandite, and smectite was meteoriclwater.:presumably heated-during passage

through still-hot'-portions-of the-Topopah-Spring Member tuff. -Recognition of

this alteration episode' provides an opportunity to-study the effects of hot,
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water percolating through the glassy rock immediately below the candidate

host rock. In particular, differences in style and intensity of alteration

can be studied in relation to fracture abundance and its influence on the

movement of water through the host rock.

C. Sulfur Analyses within the Topopah Spring Member

The report on the use of hot spring systems as natural analogues to a

repository in tuff was completed this quarter (Section II.C.2). Apparent

increases in permeability were noted at several localities, and evidence for

the development of acid sulfate systems in some springs was seen. To

determine the possibility for development of an acid sulfate system in the

unsaturated zone in Yucca Mountain, we have analyzed ten samples of Topopah

Spring tuff from drill holes USW GU-3 and G-4 for total sulfur (using x-ray

fluorescence). Total sulfur in the samples ranged from 46 to 137 ppm with a

mean value of 66 ppm. Work next quarter will place limits and bounds on the

total amount of H 2S04' 'that can be produced in the repository environment,

assuming that all of the sulfur is present as sulfide.

D. Mineralogy/Petrology along Transport Pathways'away from the Host Rock

Petrologic data on rock types both within and away from the repository

block are needed to evaluate the retardation along transport pathways, since

the'degree of retardation is in part a function of rock type. During this

quarter, x-ray diffraction studies of samples from drill holes USW WT-1,

WT-2, and Well'J-12 were completed to add to our understanding of the diverse

vitric, devitrified, and zeolitized rock zones within the exploration block

at Yucca Mountain and along potential pathways away from the exploration

block. These data will be summarized in a forthcoming report, but some of

the preliminary findings can be summarized here. Drill hole USW WT-2 is

within the southeastern' margin of the exploration block at a location between

one drill hole where-the Calico Hills tuff is thoroughly zeolitized (USW H-4)

and'another drill hole where the Calico Hills tuff is nonzeolitized (USW

GU-3). Samples'from drill hole USW WT-2 bridge the gap between these two

very different drill boles: the zeolitized Calico section in drill hole

US1W WT-2 contains about' 40 m of clinoptilolite and is at an appropriate -

elevation to be intermediate between Well USW H-4 (about 100 m of clinoptilo-

lite) and USW H-3 (no clinoptilolite in this interval). These new data will
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allow a more accurate mapping of the zeolitized intervals below the explora-

tion block at Yucca Mounstain. Drill hole USW WT-1, just southeast of the

exploration block at Yucca Mfountain, is unique among the drill hole 'samples

so far studied in that alteration near the water table here has been so

complete that the basal vitrophyre of the.Topopah Spring Member is completely

altered. In the USW WT-1 samples, none of the vitrophyre glass remains, and

the vitrophyre interval now consists mostly of clinoptilolite. Drill hole,

J-12 is about nine kilometers from the exploration block :and provides our

most distant samples along the possible flor 'path's beneath Fortymile Canyon.

Although this core did not penetrate far'below''the water; table, the sample's

studied indicate that the zeolitization of the lower Top6pah Spring Member

and upper Calico Hills tuff is comparable to the other drill holes examined

closer, to the eastern margin of the exploration block.

Study of zeolite compositions within drill hole USW %G-4 was also

-completed this quarter, showing that alkalic zeolites occur in the major:

zeolitized interval fr-om 436 to 537 m depth, but calcium-rich zeolites-begin

to appear at 650 m' in a compositidnal series similar to the ~calc'ium-rich-

zeo~lites that occur throughout the zeolitized intervals, to the east in

Well UE-25p#1. There is a major difference in calcium, sodium,.and potassium

contents between'those clinoptilolites beneath the Yucca iMountain crest

(alkalic clinoptilolites) and those to the east_(calcic clinoptilolites).- As

part of our studies, the silicon-to-aluminum ratios of zeolites from these

two areas have been compiled for comparison with the new !data from drill hole

USW G-4 (Fig. 17). -This ratio can significantly affect zeolite ion exchange

capacities and selectivities, and it is important, to compare this property

within the major zeolite intervals that ma~,be~have-as. sorptive barriers

beneath Yucca Mountain. Figure 17 shows that the silicon-to-aluminum ratios

for clinoptilolites throughout Yucca Mountain are generally similar.

Howeveir, the silicon-to-aluminum ratios of the eastern group of clinoptilo-

lites are bimodal with a main population having ratios falling between 4.0

and 5.2 and a second, smaller population with ratios between 2.8 and 3.6.

The smaller population of low silicon-to-aluminum ratios is confined to the

deepest, most calcic clinoptilolites in Wells UE-25b#1 and UE-25p111. As

shown in-Fig. 17,.no silicon-to-aluminum ratios less than 4.2-were found'in

any of te clnoptilolites'from1 drill'ho-le.'USW G--4.' Therefore, in general,,

this parameter of clinoptilolite composition does-not varIysignificanitly
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throughout Yucca Mountain except for a few samples'well below the water table

and along the eastern margin of the-exploration block. Future work will

summarize 'the more variable'exchangeable cation compositions of .the Yucca

Mountain clinoptilolites. : ' -

During this quarter,-work was also initiated with-the Statistical

Analysis Division at Los Alamos to determine what level of sampling is,

necessary to'predict:the lateral extent of the various vitric,-devitrified,'.

and Zeolitized tuffs that occur both within and away from the exploration

block at Yucca Mountain. -

: .. : . , . . - . . . .: - ,- . . - .

E. Reports - - - - -

-'Fracture-lining -minerals within-tuff 'may be very different from minerals

in the surrounding rock matrix. Waste[transport studies must be concerned.

with the differences between fracture and'matrix-transport, particularly in-

rocks where-fracture permeability may greatly-exceed matrix permeability. In

order to. develop an-'understanding of how-fracture mineralogy varies within -

the TopopahSpring Member-and-underlying rocks, wefhave studied fracture.

samples'from drill-hole USW G-4. ':The usaturated-zone-part-of-:this-study.was

completed this 'quarter,' and 'a technical- report 'is in first-draft stage. We.-

will study fractuires'in-the saturated zone'down to the transmissive interval -

in the Tram Member of the Crater Flat'Tuff,-next quarter.' Future'studies

will be extended'to other cores in'the-vicinity of theiexploration block.

Two other technical reports went to-press this quarter: "Variations'in'

Authigenic Mineralogy and Sorptive'-Zeolite Abundance at Yucca Mountain,',

Nevada, Based on Studies of Drill Cores USW GU-3 and G-3" (LA-9707-MS) and

"Petrology of Samples from Drill Holes USW H-3, H-4, and H-5, Yucca Mountain,

Nevada" (LA-9706-MS). -*- K' ' -

IV. TECTONICS AND VOLCANISM (B. Crowe, D. Curtis,' D.'Vaniman, and N. Bower)

Volcanism'studies are being conducted for the-NNWSI to evaluate the

relative hazards of future volcanism with-respect to'`storage 'of high-level.

radioactive'waste.- Work during the;quarter:.included field studies in

southern Death Valley 'to:investigate the structural setting-of--Quaternary

volcanism and continued refinement of the major and trace-element geochemical

data-base for the NTS region. -
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' Sites of-Quaternary'volcanism in southern Death Valley were examined in

the field as a part of studies of the regional tectonic setting of basaltic

volcanism in the Death Valley-Pancake Range volcanic zone. These sites

include a 0.7 Myr scorLa cone that is offset by the southern branch of the

southern Death Valley fault zone and 1.7 Myr sequence of basaltic andesite

lavas (basaltic andesites of Shoreline Butte) largely buried by alluvial

fill. Local pyroclastic surge deposits mantle older alluvium to the east and

west of the outcrop area of the two Quaternary centers. These deposits could

have been derived from either of the centers. Structurally, the basalt

centers are located at the intersection of the inferred northeast-trending

Windgate Wash fault with the southern Death Valley fault zone.

Additional data entry and editing were completed for the trace element

data base using DATATRIEVE on the VAX 11/780.- Data for 22 elements

encompassing 109 samples from the NTS area have been entered in the data

base. This data-base was cross-checked with the major element data base and

five samples were located which had trace element data but no major element

data. These samples were analyzed by X-Ray Fluorescence (XRF) for their

major-element compositions. Neutron activation data from the automated data

system was cross-calibrated with the more rigorous neutron activation data.

Relatively good agreement was obtained for the rare earth elements and for

uranium, hafnium, vanadium, and scandium.

A manuscript entitled "Volcanic Hazard Assessment for Disposal of

High-Level Radioactive Waste" was accepted by the National Research Council

for publication in a special volume on recent tectonics and their impact on

society.

V. TUFF LABORATORY PROPERTIES (J. D. Blacic)

The purpose of this work is to investigate the time-dependence of

mechanical properties of Yucca Mountain tuffs. Knowledge of how tuff

mechanical properties can be expected to vary over the lifetime of a reposi-

tory is necessary for design and for performance assessment. Laboratory

investigation of physical and chemical processes responsible for time-

dependence of properties is the first step in an at-tempt to quantify and

predict the consequences of slow changes in key engineering properties of the

geologic barrier. The results of laboratory investigations will be used to

formulate preliminary predictive models which will then be used to design

86



Exploratory Shaft and additional laboratory experiments needed t6o-fully

quantify the time-dependent phenomena.

The approach in this investigation is to perform long-term creep

deformation experiments on Calico'Hills and Topopah Spring tuff samples over

a range of temperatures and stresses at simulated repository confining and

pore pressure conditions. This quarter, creep experiments were completed on

Calico Hills' zeolitized'tuff samples-from' drill hole USW G-4, and work was

initiatedon Topopah Spring welded tuff samples from a surface block

collected'at Busted Butte. Analysis of recovered samples and data 'from'

experiments on Calico Hills tuff is continuing, but some preliminary,

conclusions can be-stated at this time for this-tuff type.

a Hydration/dehydration strains are large and strongly time-dependent.'

Hydration-state changes appear capable of generating compressive

stresses of 20 to 60 XPa (hydration) and tensile stresses-in excess of

the tensile strength of anyfrock within the thermal field of a

repository (dehydration).

o Creep deformation of Calico Hills zeolitized tuff appears to be

-characterized by-a -`steady state" 'strain rate component as-'low as 1 xA

10'° s l. This result offers hope that a predictive model''of mecha-

- nical strength can'be formulated that 'will be valid' over'the 'long time

extrapolation required for performance assessment, although the compli-

cated-coupling'of hydration straini, mcr6cracking, and water transport

phenomena needs to be sorted out before the hope can be realized. The

experimental basis for these preliminary conclusions is discussed below.

Test samples aie normally'6oven'dried 'at'750 C in the'process of attaching

strain gauge'sto'th e surfa-es of the sariples.' ConsequeAtly,'experiments '''I

begin'-with a pore-saturation phase beforerfinal test'conditions are':applied

and deformation begins.' 'This' saturati'on-phase-was"found-to req'uire a' much'

longer time than-originally anticipated'varying from"2--to 57weeks-during

which large dilational itrains'were recorded;'-an-'xexampl6 is shbwn in'Fig.O'18.

Volume' strains' upo'ii'saturatiocn'a-erarge aboutt-5'x '10 3, which'together'with-

an average; bulk 'Muodulus of 4'GPa implfa'6elastic' swelling -stress'of about'.20

MPa at room temperature. 'The'long-'saturation times'are the result of-the----

combination of large porosity (about'25.)''and-low-'perieability-(about
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Fig. 18. A portion of the saturation phase for experiment #TC8 shows axial
strain (EZ), circumferential strain (ER), volume strain (EV), and
confining pressure (PC) as a function of time. The externally
controlled water pressure (not shown) was held constant at 100 PSI.
After an initial hydrostatic compression, the sample strongly
dilates until saturation is nominally'complete (about I week in
this case). All tests on Calico Hills tuffs have exhibited a
saturation phase similar to the one shown here.

1 microDarcy). Saturation is assumed to be nominally complete when pore

pressure in the valved-off sample does not fall over a 1-hour time period.

However, this does not mean that the sample is 100% saturated, as will be

discussed below.- After several additional days of saturation during which

the final test pressures and temperature are established, a constant axial

differential stress is applied to the sample, and sample strains are

monitored over -time. At stresses below about 85% of the ultimate failure

stress, samples first exhibit-primary creep at nearly logarithmically

decreasing rates, but then the sense of axial strain reverses, and the

samples elongate against the applied axial stress. This appears to
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be due to very slow swelling resulting from incomplee saturation and

hydration of zeolite.and clay minerals.- The maximum rate of'swelling

coincides with the onset of dilational microcracking in tests in-which the

axial stress is increased in steps (Fig. 19), This implies that.

microcracking produces additionallpathways for water to penetrate the

innermost regions of the sample and produce an'increased rate of hydration

swelling. In other words, brittle microcracking,a water permeation, and

mineral hydration strain are coupled'phenomena in this rock.-

Although it will ultimately belnecessary to separately quantify- the

strain'contribution due to hydration, we-have begkni-to formulate-a constitu-

tive equation to express the time-dependent deformation of Calico Hills tuff.

Primary creep appears to be best represented by a power law of the form:
b

e(t)=- At , where e is axial strain, t is time, and A and b are empirical

constants. A is about 3 x 10 s1 and b is approximately 0.02,-'based on

preliminary test data.- Most tests exhibited a-region of constant, "steady

state" strain rate ranging from about 1-x 10 10 9s1 (which is detection limit

in our experiments) to about 3 x 10 6 s-1, depending on stress level. Test

temperatures have only varied'froTm-3S'to'750C, so it is difficult to quantify

any'thermal activation with certainty -in the presence of large sample

variability. 'Nevertheless, if the raw data 'are taken atface- value, a steady

state activation energy of about 160 kJ/mol is indicated. The most

consistent parameter observed in the experiments isthe strainatthe onset

of tertiary creep failure. Average axial failure strain is-approximately
-3 -3

6 x 10 and volume strain about -1 x 10 3 These values represent good

approximate strain limits for planning and predictive purposes at present.

The phenomena-we have discussed above are of sufficiently large magni-

tude that important consequences for long-term bore hole and tunnel stability

may be involved. It is clear that these phenomena are complexcoupled,

thermal-mechanical-chemical processes that are poorly understood in detail

but warrant further investigation.

* , . ; - ;- . *, -. - * , -. - , ,-. : ..
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Fig. 19. Stepped-stress creep curve for experiment ATC9. Axial strain (EZ),
circumferential strain (ER), and volume strain (EV) are shown as a
function of time. The constant stress level for each creep stress
is shown above the axial creep curve. Note that the maximum rate
of negative axial strain occurs at about 45 to 50 MPa, which is
also the onset of dilational microcracking indicated by the volume
strain curve.

VI. SEALING MATERIALS EVALUATION (D. M. Roy and C. J. Duffy)

A. Objectives

Cementitious materials (grouts, mortars, and concretes) are being

proposed as one major type of potential sealing material for a nuclear waste

repository sited in the felsic tuffs of Yucca Mountain. Introduction of any

sealing materials will, in general, cause reactions between the host rock and

the sealant because of chemical differences and the reactive nature of fine

minerals and glasses in the tuff.

Different concrete-type sealing materials are being evaluated for their

potential chemical compatibility with the tuff chemistry. Two approaches to

sealant/host rock compatibility were examined. The first concrete utilized
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indigeneous sands and gravel in the formulation of the sealant. The second

approach utilized more conventional concrete materials, but controlled the

'bulk' chemical composition of the concrete to make it more closely approach

the tuff composition.

The purpose of this work is to evaluate the chemical stability of

potential sealing materials based upon laboratory studies conducted with a

series of conditions that represent a range ofcredible ,temperature

conditions. These studies are being supplemented by other evaluations based

upon thermodynamic considerations and durable analogues from other sources.

B. Elevated-Temperature Reaction Experiments'

A number of different experimental designs are being used to evaluate

the chemical compatibility of the host tuff with the 'concretes. Current

experimental efforts are being applied to the latter approach in which the

bulk chemical composition of the sealant is adjustedby the addition of

reactive admixtures, largely silica or silica-rich components that are added

in the appropriate proportions to minimize the formation of calcium hydroxide

during the hydration of the cementitious phases. The additions werer--

carefully selected-to provide the maximum formation of the calcium silicate

minerals tobermorite and gyrolite, resulting in a less porous, less permeable

material.

The cementitious mixture 82-22 has been exposed to a potentially

reactive vapor phase and to Well J-13-groundwater:for extended time periods.

The concretes exposed to the vapor phase at 200'C exhibited extensive growth

of euhedral crystals on the surface-of the cementitious matrix. Thetuff

appeared'lightly etched, and the surfaces in-contact with the cementitious

matrix appeared to be altered to a depth of about 500 pm.

The 200'C grout/rock experiments were completed, the solids were

characterized by XRD, and detailed microstructural studies are in-progress.

X-ray diffraction characterization of the surfaces of the"200`C'grout/tuff

discs revealed the dominant presence of tobermori e,:whichdecreasedin

relative quantity with time of exposure to the hydrothermal solution'." Some

gyrolite was also present.

The solutions in contact with the solids were collected and chemical

analyses completed. Solution analyses are given in Table XXI for reactions
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TABLE XXI

ANALYSES OF AQUEOUS PHASE- FROM TREATMENT OF

82-22/TOPOPAH SPRING TUFF DISCS AT 300°C, SATURATED
C O N D I T I O N S F O R 1 T O 4 W E E K S , S T A T I C . C O N D I T I O N~ a

CONDITIONS FOR 1 TO 4 WEEKS, STATIC CONDITIONS

(UMOi o/-Z ),

l wk 2 wk 4 wk

MOgE (PPM)

1 wk 2 wk 4 wk

Al203

CaO

Fe2°3

.K20

* MgO

MnO

Na20

Sbo2

TiO2

F

NO3

so2-
S 4

pH

52

3625

3

177

8

BDLb

1435

964

BDLb

BDLb

225

521

7.14

48

4000

33

277

25

BDLb

2214

5893

BDLb

NAc

BDLb

5521

7.6

41

3750

15

433

25

BDLb

2565

3214

BDLb

NAC

BDLb

5313

7.6

Al

Ca

Fe

K

Mg

Mn

Na

Si

Ti

F

NO3

so 24

1.4

145

0.2

6.9

0.2

<0.05

33

27

<0.05

<0.05

9

50

1.3

160

2.2

10.8

0.6

<0.1

51

165

<0. 1

NAC

<2

530

1.1

150

1.0

16.9

0.6

<0. 1

59

90

<0.1

NAC

<2

510

aSampled at room

.below detection

CNot analyzed.

temperature.

limits.
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at 3000C. A complete evaluation of all of the solution analyses has not yet

been completed, because they have only recently become available from the

analytical laboratory.

Table XXII gives solution-data for rockinrg autoclave' reactions' at 200'C,

contrasting the solutions sampled at temperature with the solutions after

cooling to room temperature. -

C. Intermediate-Temperature Reaction Experiments

Following the 200 and-3000C tests, a :test matrix of samples composed of

Topopah Spring tuff prisms cast into 82-22 mortar cylinders was prepared.

Tests have been made at 150 and 90'C. Fluids in contact with the concrete

specimens are sampled at temperature and pressure in the rocking autoclave

apparatus, at room temperature (after a furnace quench)'in all of the

vessels, and at temperature and ambient pressure in the 90%C experiments.

Analyses of the solutions in contact with the grout/tuff samples are only

completed to the 2-month interval at 150'C and the one-month interval at

900C. The results are presented in Table XXIII.

-Preliminary surface characterization of the solids removed from the

reaction vessels has been completed. X-Ray Diffraction (XRD) examination of

grout/tuff discs showed the presence of poorly developed tobermorite and '

extensive calcite on discs hydrothermally treated at 150 6zid atI90%C.

Scanning Electron Microscope (SEM) characterization of these samples supports

the XRD observations.

D. Discussion

Preliminary observations of the solution data for the saturated disc

experiments at 90, 150, 200, and 3000 C show that a significant difference is
-- 2- -

observed in the concentrations of calcium, S04 , and silicon between samples

that were obtained at temperature and those that were obtained after the

reaction vessel was allowed to equilibrate to room temperature. Solution

concentrations at temperature are more informative because they-appear-to be

unaffected by precipitation or by retrograde solubility. Comparison with the

calcium concentration data for 200'C as a function of time in the hydro-

thermal environment reveals a steadily increasing concentration; in contrast,

the 300'C experiments exhibit a slight decrease in concentration with

increasing time suggesting that equilibrium between the solid and fluid
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TABLE XXII

ANALYSES OF AQUEOUS PHASE FROM TREATMENT OF 82-22/TOPOPAH

SPRING TUFF DISCS AT 200°C, SATURATED CONDITIONS

FOR 1 TO 7.1 MONTHS, ROCKING AUTOCLAVE

( umo1/0)

1 Month

iT_ @RTb

2 Months

@Ta @RTb

4 Months

@Ta @RTb

Al203

CaO

Fe203

K2 0

MgO

MnO

Na2 0

sio2

TiO2

F

N03

s 2-S4

215

1400

388

1359

874

11

3261

2321

BDLC

495

1452

938

1 1

900

7

1924

BDLC

BDLC

3478

2500

BDLC

147

129

2083

278

2375

121

1333

200

.4

5870

6083

. 9

211

177

2500

19

2000

11

871

37

BDLC

6304

6534

BDLC

89

145

2917

BDLC

10 500

BDLC

924

83

BDLC

12 609

1723

BDLC

NAd

BDL

21 875

7

6500

BDLC

398

21

BDLC

7826

1585

BDLC

NAd

65

11 875

7.1 Months

@T RTb

BDL 7

12 250 3500

71 5

1795 375

125 12

BDLC BDLC

7391 7174

1723 1862

BDLC BDLC

NAd NAd

BDLc 48

30 208 7500

CO2

pH

884 925

7.50 8.30

a-
Sampled at 200°C.

bSampled at room temperature.
cBelow detection limits.

Not analyzed.
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TABLE XXXIII,

ANALYSES OF AQUEOUS PHASE FROM TREATMENT OF

82-22/TOPOPAH SPRING TUFF DISCS AT 150 AND 900C,

SATURATED CONDITIONS

(pmol/g)

(150°C)
2 Montha

@TC @RTd

( 9 00 C)b
1 Month

~T_

2 3

CaO

-FeO0
23 .

a K 0.2

MgO

MnO

'NaO0

2

TiO2

NO3

p.. .

pH

19

1875

BDLe

5756 -

553
. I ..
- ---e
BDL

- 7813-

2036

BDLe

97

7604

11.13

7

1625

BDLe

2308'

12

DLe

-_ 5425

789

BDLe

* 161

-5938

-10.42

44

155

BDLe

2051

17

BDLe

3039

2218

BDLe

161

1771

10.04

Rocking autoclave.;

bStatic conditions, 1 atm.

Sampled-at 200'C. - - -

Sampled at room temperature.. -: -

.Below detection limits.
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phases was closely approached and that formation of alteration phases

continued to take place.

Solution concentrations of calcium for the 900C samples are lower, by an

order of magnitude, than for the higher temperature experiments; whereas the

1500C experiment (rocking autoclave) produced a calcium concentration

comparable to the 2000C experiment at a comparable time. The lower calcium

concentrations in the 90'C experiment may be due to the formation of calcite.

The data obtained to date suggest that stable reaction products are

produced by the end of 7 months at 200'C and the solutions reach 'saturation'

or near equilibrium with the mineral phases. These data will be used in

calculations that have been initiated to estimate the dissolution rates of

cementitious plugs and fracture seals.
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