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ABSTRACT

Geochemical information relevant to the retention of radionuclides by
candidate high-level nuclear waste geologic repositories being charac-
terized by Department of Energy (DOE) projects is being evaluated by

Oak Ridge National Laboratory (ORNL) for the Nuclear Regulatory Commission
(NRC). During this report period, emphasis has been given to the experi-
mental evaluation of published sorption and solubility information for
key radionuclides which is relevant to the Hanford Site in the Columbia
River basalts being characterized by the Basalt Waste Isolation Project
(BWIP). "1 work by the BWIP, hydrazine was added to synthetic ground-
water to simulate the reducing redox condition expected by the DOE in the
repository. We believe such laboratory methodology may not adequately
model in situ repository geochemical conditions and are concerned that
the radionuclide sorption values measured by such methodology may be
inappropriate for performance assessment modeling calculations. We have
been employing anoxic redox conditions (established by use of argon-
filled controlled-atmosphere glove boxes) to allow the basalt to estab-
lish the effective redox condition in batch contact sorption experiments.
We believe that sorption of neptunium(V) or technetium(VII) by basalt
from synthetic groundwaters under anoxic redox conditions involves chemi-
sorption reduction reactions on the basalt surface. Our sorption ratio
of 1.7 L/kg for neptunium under oxic redox conditions does not compare
favorably with the value of 10 L/kg published by the BWIP. The published
solubility of technetium under the reducing redox conditions expected by
BWIP at the repository (10~!% mol/L) probably is based on calculations
involving inadequate thermodynamic data. In our experimental work,
apparent concentration limit values of 10~% or 10~® mol/L have been
measured for technetium. Under oxic redox conditions, our uranium sorp-
tion ratio of 1 to 4 L/kg was much lower than values reported by the
BWIP, that is, the published values may be nonconservative. A mineralog-
ical and chemical characterization was completed for the three basalt
samples used in our work. Significant differences were seen in both the
quantity and composition of the mesostasis. Since iron(II) in the
mesostasis may be the active reducing element in basalt, such sample dif-
ferences in reducing element composition could be important in comparing
experimental sorption results for different basalt samples. A potential
deficiency in the information published by the BWIP is the absence of
lithological information as well as mineralogical and. chemical charac-
terization for the basalt samples used in the experiments to measure
sorption information. Our geochemical modeling work suggested that code-
to-code evaluation for geochemical calculations may be less important
than a detailed evaluation of the data bases. We calculated that the
most recent Hanfnrd Site synthetic groundwater formulations were over-
saturated with s.lica phases and fluorite at 25°C, thus these ground-
waters could be unstable in laboratory work at this temperature.
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PREFACE

This document is the fifth in a series of progress reports that are being
issued by the Nuclear Regulatory Commission to describe the current sta-
tus of an experimental program to evaluate the radionuclide geochemical

information developed by the high-level nuclear waste repository site
projects of the Department of Energy.
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l. EXECUTIVE SUMMARY

This project, supported by the Nuclear Regulatory Commission (NRC),
Office of Nuclear Material Safety and Safeguards (NMSS), is being con-
ducted to evaluate the radionuclide geochemical information and data
acquisition methodology that may be employed by Department of Energy
(DOE) high-level nuclear waste repository site projects in performance
assessment calculations to show reasonable assurance of expected com=
pliance with regulatory requirements. The project is focused on para-
meters that are important to the mobility of radionuclides in geologic
media (primarily, sorption behavior on host rock and apparent concen-
tration limits in groundwater) under the anticipated geochemical con-
ditions of the repository. Initial emphasis is on information applicable
to the Hanford Site candidate repository in the Columbia River basalts on
the DOE Hanford Reservation at Richland, Washington, being characterized
by the Basalt Waste Isolation Project (BWIP).

Batch contact methodology was employed by the BWIP to develop the
published radionuclide sorption information for the Hanford Site. Since
the in situ host rock/groundwater system is expected by the DOE to be
strongly reducing, hydrazine was added to the synthetic groundwater (in
work published by BWIP) in order to simulate the expected repository
redox condition in laboratory experiments exposed to air; this was iden-
tified as reducing redox conditions. We have expressed (KELMERS 1984a)
concern as to the applicability of data developed by this methodology for
performance assessment applications and believe that the radionuclide
sorption ratios measured under reducing redox conditions may be non-
conservative in some cases and inappropriate for performance assessment
calculations. We have been measuring radionuclide sorption isotherms for
basalt/groundwater systems under anoxic redox conditions established by
the use of argon-filled controlled-atmosphere glove boxes. This anoxic
condition methodology may permit the effective test redox condition to be
established by the basalt. We have been constructing radionuclide sorp=
tion isotherms rather than reporting sorption information for one radio-
nuclide concentration only, as was done for much of the Hanford Site



information published by the BWIP. Sorption isotherms reveal the depend-
ence of the sorption ratio on radionuclide concentration as well as iden-
tifying the apparent concentration limit. Such information may be
necessary to obtain accurate or conservative estimates of radionuclide
release rates.

Much of our work this year has been with neptunium and technetium — two of
of the key radionuclides for the Hanford Site (i.e., those expected to be
among the major contributors to radioactivity release rates). We now
believe that both neptunium(V) (added in tests to the synthetic ground-
water as NpOg* possibly hydrolyzed or complexed in groundwater to anionic
species) and technetium(VII) (present in groundwater as TcOg’) are
removed from solution by chemisorption reactions on the basalt surface
which involve reduction to neptunium(IV) and technetium(IV) species or
compounds. The reduction may involve reaction with iron(II) in a basalt
phase. In our oxic redox condition experiments (both batch contact and
column chromatographic tests) with neptunium(V), we measured a lower
sorption ratio value (1.7 L/kg) with McCoy canyon basalt than the most
recently reported (SALTER 1983) value of 10 L/kg (measured with Umtanum
basalt) expected under repository conditions. Since the Umtanum is only
one of four candidate repository horizons, differences in neptunium sorp-
tion between different basalt flows could be important to performance
assessment modeling. We have shown that the neptunium sorption ratio
value obtained is sensitive to many experimental parameters, including:
the specific basalt and synthetic groundwater used, radionuclide con-
centration, temperature, and time. It is difficult to rigorously compare
our neptunium results with the summary of published expected and conser-
vative information (SALTER 1983) since the report does not identify
important test parameters.

In our oxic redox condition tests, technetium showed no sorption or
apparent concentration limit. These results are in agreement with infor-
mation published by the BWIP., Under anoxic redox conditions, we obtained
significant removal-from-solution of technetium; sorption ratio values as
high as 53 L/kg were measured in some cases. Steady-state conditions
were not established in tests with technetium lasting up to 50 d; a con-
tinuing removal from solution seems to be occurring. We believe that the
published (SALTER 1983) low solubility value expected for technetium
under repository conditions (~107!% mol/L) probably was calculated based
on inadequate thermodynamic data and may not be defensible.

Our preliminary calculations based on the only data available for
technetium(IV) solution species, as well as preliminary 1aborator{
measurements, suggest that an apparent concentration limit of 1077 or
10°% mol/1 mav be more representative of the solubility under repository
conditions. Additional anoxic redox condition work is under way to
complete sorption isotherms and determine apparent concentration limit
values for neptunium and technetium with Cohassett basalt and synthetic
groundwater GR-4, since the Cohassett formation is now considered to be
the leading candidate horizon.



If spent fuel is the waste form, uranium will likely be a key radionuclide
We have completed some oxic redox condition work with uranium this year.
Sorption isotherms with McCoy Canyon basalt gave low sorption ratio
values of | to 4 L/kg. This value is much lower than the reported
(SALTER 1983) value of 20 L/kg expected under repository conditions.

That report also gave an oxic redox condition value for Umtanum basalt of
6 L/kge In our tests, a uranium(VI) precipitate formed in groundwater
solutions that were initially 10™* mol/L in uranium. Additional work is
under way to identify the nature of this precipitate and to prepare uran-—
ium sorption isctherms for Ccohassett basalt and synthetic groundwater
GR-4 under anoxic redox conditions.

A limited amount of work was done with strontium. Strontium is not a key
radicnuclide, but considerable strontium sorption information has been
published by the BWIP for the Hanford Site. Under oxic redox conditions
in tests with McCoy Canyon basalt, we obtained an average sorption ratio
value of 208 L/kg, which was close to the value of 170 L/kg reported for
Umtanum basalt under oxic conditions (SALTER 1983).

A mineralogical and chemical characterization of the three basalt samples
used in our work (McCoy Canyon, Cohassett, and Umtanum) was completed.
Emphasis was given to quantifying differences between the samples; this
information is useful in interpreting differences in radionuclide sorp-
tion behavior with the three basalts. The proportion of primary phases
was similar for the three basalts, with the exception of the interstitial
or glassy mesostasis; the Umtanum and Cohassett samples had nearly twice
the mesostasis content of the McCoy Canyon. In addition, the total iron
content of the Umtanum and Cohassett mesostasis was 3 to 4 times that of
the McCoy Canyon mesostasis. These values are potentially significant
differences for sorption of radionuclides such as technetium(VII) or
neptunium(V), which are believed to be removed from solution by reduction
reactions involving the basalt surface, since the iron(Il) content of the
mesostasis may be the source of reducing capability of the basalts.
Lithologic information to identify the source as colonnade or entabla-
ture, as well as mineralogical and chemical characterization, has not
been published by the BWIP for the basalt samples used in the Hanford
Site sorption work. This deficiency may be important for performance
assessment considerations since it makes difficult a rational con-
sideration of differences in radionuclide sorption behavior between
various candidate basalt flows, or between ocur results and those
published by the BWIP for the Hanford Site.

Geochemical modeling work this year addressed interpretation of Hanford
Site groundwater chemistry and estimation of solubility-controlled con-
centrations of radionuclides in groundwater. The reported solubilities
(EARLY 1983) of 16 radionuclides in synthetic groundwater GR-3 at an Eh
of =0.3 V were checked by comparison calculations using the computer
codes PHREEQE and MINTEQ. Generally excellent agreement was obtained for
limiting concentrations, limiting solid phases, and dominant aquecus spe-
cies. Calculations using the data base of MINTEQ for uranium, nickel,
and lead illustrated the importance of having a documented, verified, and



internally consistent data base. Code-to-code evaluations for geochemi-
cal calculations may be less important than a detailed evaluation of the
data bases during the analysis of radionuclide release calculations for
performance assessment modeling. The most recent Hanford Site synthetic
groundwater formulations (GR-3 and GR-4) were calculated to be over-
saturated with respect to silica phases and fluorite at 25°C but were
calculated to be undersaturated at 60°C (the in situ temperature). Thus,
these synthetic groundwaters may model in situ groundwaters but may be
unstable and precipitate in laboratory experiments at 25°C.



2. INTRODUCTION

2.1 PROJECT OBJECTIVE AND RELATIONSHIP TO REPCSITORY ANALYSIS

The objective of this project is to support the NRC staff analysis of
geochemical information used by the DOE to predict the performance of
candidate high-level waste geologic repository sites. Under this »sroj-
ect, both experimental and calculational activities are undertaken to
evaluate pertinent geochemical values and the methodology used in the
development of these values. The results of the work conducted under
this project are compared with published information reported by the DOE
site projects or others, and, where appropriate, concerns are expressed
relative to the accuracy, conservatism, or relevance of the information
for the prediction of repository performance.

One of the mure credible scenarios that could result in the release of
radioactivity from emplaced waste in a high-level waste repository to the
accessible environment involves groundwater-intrusion-groundwater-
migration events. Multiple barriers (both natural and engineered) may
exist at a geologic repository which can retard or limit the rate of
release of radionuclides to the biosphere in such events. These poten-
tial barriers include, in sequence of operation:

l. radionuclide inventory in the waste,

2. isolation of the waste form from intruding groundwater by the
waste package,

3. waste form dissolution rate in intruding groundwater,

4. radionuclide apparent concentration limit (radionuclide species
solubility plus concentration of suspended particulate and colloid
forms) in the migrating groundwater,

5. groundwater flux (groundwater volume times flow rate),

6. groundwater travel time to the accessible environment,

7. dilution of the radionuclide concentration in migrating
groundwater by uncontaminated groundwater in the site during travel

to the accessible environment,

8. matrix diffusion of radionuclides in migrating groundwater into
static pore water in the repository host rocks,

9. sorption or radionuclide solution species in migrating
groundwater onto repository host rocks, and

10. filtration of radionuclide particulate and colloidal forms in
migrating groundwater by repository host rocks.

While the DOE site projects have not reported detailed performance



assessment strategies at this time, it is anticipated that these
strategies may be partly based on the assumption that the apparent
concentration limit in groundwater and sorption retardation by site host
rocks will be important natural barriers to radionuclide migration, in
addition to the engineered barriers. Thus, calculation of radionuclide
release rates for indicating the effectiveness of these barriers wiil
require, along with other information, values for the radionuclide
apparent concentration limits and sorption retardation factors. A
considerable body of information has been published by the DOE site
projects for both the Hanford Site and the Yucca Mountain site, and in
ongoing programs the projects are determining additional experimentally
measured and calculated values for radicnuclide solubility and sorption
distribution coefficlents. The NRC staff will need to evaluate these
values in order to assess the DOE Site Characterization Plans and, in the
future, the applications for Construction Authorization. Thus, under
this project we are attempting to evaluate the methodologies employed in
the determination of these values and the accuracy, conservatism, or
relevance of the values reported by the DOE site projects.

This project is primarily a laboratory activity because it is expected
that the DOE will rely principally on experimentally measured radionuclide
apparent concentration limits and sorption distribution coefficients.

The experimental methodologies used by the DOE site projects, the selec-
tion and characterization of site materials used in the DOE experiments,
and the DOE test results are being evaluated. The appropriateness of the
materials selected and the methodology employed to simulate repository
geochemical conditions are considered. The conservatism inherent in the
laboratory approach is being evaluated. In addition, attention is
directed toward geochemical modeling efforts both to support our labora-
tory work and to evaluate the data bases and calculational methodologies
employed in the geochemical modeling used by the DOE. For example, the
DOE site projects may elect to calculate some geochemical values, such as
radionuclide solubility, without supporting laboratory measurements. The
DOE site projects may also use modeling methodology to extrapolate
laboratory information to conditions of temperature and chemistry that
are unexplored experimentally. These and other aspects of the DOE site
project geochemical methodology and values will be examined in light of
the reasonable assurance criteria of the NRC regulation 10 CFR Part 60.

2.2 APPROACH TO HANFORD SITE INFURMATION EVALUATION

2.2.1 Site Description

The Hanford Site candidate repository, being characterized by the Basalt
Waste Isolation Project, is in the Pasco Basin of the Columbia River
basalt formation. The Reference Repository Location (RRL) is on the DOE
Hanford Reservation at Richland, Washington. The Columbia River basalts
were formed by repeated eruptions of magma over millions of years and
cover an extensive area of western Washington, eastern ldaho, northern
Nevada, and eastern Oregon with multiple layers of basalt. In the Pasco
Basin, the basalt depth exceeds 1000 m« Each flow formed a discrete
horizon in the rock stratigraphy and is characterized by a brecclated



flow bottom and flow top that are more permeable and porous to ground-
water than the dense colonnade and entablature center regions of the
basalt flow. In addition, several periods of magmatic inactivity
occurred and a weathered surface developed and extraneous (nonbasaltic)
materials accumulated. These materials were subsequently buried under
later basalt flows. These nonbasaltic strata have been identified as
“"interbed” regions, and some now contain major fresh water aquifers.

The candidate horizon for the location of a mined repository is in the
Grande Ronde Basalt sequence. While a final selection of the repository
horizon has not been identified, it appears that the Cohassett flow now
may be the leading candidate. The Cohassett flow is at a depth of about
850 to 900 m at the RRL. Other Grande Ronde Basalt flows considered for
the repository includes the McCoy Canyon, the Umtanum, and the Rocky
Coulee. Much of the geochemical information published by the BWIP is
descriptive of the Umtanum flow (the earlier leading candidate horizon);
a summary of this information is given in the Site Characterization
Report (SCR 1982).

The geochemical parameters in the Umtanum flow that are identified in
BWIP publications (SALTER 198lc, SCKR 1982) are: temperature, 59°C;
pressure, ll4 bars; groundwater composition, Na*, HCO;™ >> K*, Cai+.
Mg2*, C1™ > Fe?*, 80,2~ > F~, saturated with $10,; pH, 9.6; and, Eh
-0.48 V. With the exception of Eh, these are measured values. The low
Eh value was inferred from knowledge of the minor mineral assemblage.
Measured groundwater Eh values using inert indicating electrode ranged
from <0.2 to +0.35 V. The major basalt primary mineral phases are
laboradorite and augite with lesser amounts of titaniferous magnetite
(SALTER 1981b). The major basalt secondary minerals are smectite clays,
zeolites, and silica phases (SALTER 198la). A significant portion of the
basalt mesostasis exists as a silica-rich glass. Clays, silica, and tuff
are present in interbed materials (BARNEY 1982),

The probable release pathway for groundwater migration from emplaced
waste to the biosphere may be primarily horizontally along the repository
level flowtop, or may follow a stair-step vertical path and transect
multiple basalt flows and interbed strata until reaching a fresh water
aquifer. Thus, a quantified description of radionuclide behavior along
the release pathway may require knowledge of radionuclide geochemical
reactions with basalt primary and secondary minerals, basalt mesostasis,
and interbed materials in groundwater compositions representative of
migration events under relevant geochemical conditions. This comprises a
relatively complex system to be treated in the performance assessment
analysis.

2.2.2 Information to be Evaluated

The Site Characterization Report (SCR 1982) indicates (Chap. 6) that con-
centration limits imposed on all dissolved radionuclides by solubility
constraint and radionuclide precipitation and/or sorption reactions, in
both the near-field and far-field environments, will be important geochem=
ical interactions for a repository in basalt. A considerable body of



information describing radionuclide sorption has been published by the
BWIP (SALTER 198la, SALTER 1981b, BARNEY 1982, SCR 1982) as well as
calculated radionuclide solubility limits (EARLY 1982, SCR 1982). A data
package compiling solubility and distribution coefficient values to be
used for modeling calculations has been issued (SALTER 1983). The
published Hanford Site information on sorption, solubility, and geochemi-
cal conditions has been reviewed and assessed in separate reports pre-
pared by ORNL under another project supported by NRC/NMSS (KELMERS 1984d,
BLENCOE 1985a, BLENCOE 1985b).

Under this project, we are giving emphasis to experimental evaluation of
the radionuclide solubility and sorption information reported for the
Hanford Site. Attention has been directed primarily to three of the
“key" radionuclides, that is, those likely to dominate release calcula-
tions: neptunium, technetium, and uranium. The appropriateness of
laboratory methods of simulating repository geochemical conditions was
considered. Geochemical modeling activities addressed groundwater
composition and radionuclide solubility limits. Progress during the pre-
ceding year has been reported (KELMERS 1984c). Some of the information
contained in this annual progress report for FY 1984 has been described
previously in published quarterly progress reports (KELMERS 1984a,
KELMERS 1984b, KELMERS 1984c).



3. EXPERIMENTAL MATERIALS AND METHODS

3.1 MATERIALS

J.1.1 Basalt Samples

McCoy Canyon basalt was obtained from an outcrop at the same location as
that for the Waste Isolation Safety Analysis Project (WISAP) studies
(SERNE 1982)., In the past, basalt from this outcrop has been designated
as Flow E or Sentinel Gap basalt; it {s currently identified as McCoy
Canyon basalt.

Large chunks of the basalt were broken with a hammer into ~2-cm pieces.
Contact of the basalt with the steel hammer was avoided by wrapping the
basalt in canvas. The 2-cm pieces were hand picked to remove any pleces
with weathered surfaces and also to remove canvas particles. Fines (<0.5
cm) were discarded. The hammer was used again, and the 2-cm pieces were
reduced further to ~0.5 to | ecm« The broken pieces were hand picked to
remove canvas particles, and the fines (<2 mm) were discarded. The
basalt was reduced to ~2 mm to 6 mm with a porcelain mortar and pestle.
Final size reduction was made in a Siebtechnik crusher (an agate-lined
vessel containing two concentric agate rings). The crusher agitates the
vessel so as to sling the agate rings against the sides of the vessel and
crush the basalt. The final fraction, 210 to 45 um (=70/+325 mesh), was
screened thoroughly to remove <45um fines.

For two different batches of McCoy Canyon basalt, the final size reduc~-
tion to 210 to 45 ym was made in an argon atmosphere. The crusher vessel
was loaded with basalt inside a controlled-atmosphere glove box (argon
containing <I ppm 0,), brought outside for crushing, and returned to
the box to open the vessel and screen the crushed basalt. The basalt
was protected from oxygen while it was outside the box by the weight of
the vessel lid pressing on a tightly fitting gasket.

One ~3-kg plece of Cohassett basalt was obtained from Brookhaven National
Laboratory. It was reduced to a 210~ to 45-um particle size by the same
procedure used for the McCoy Canyon basalt samples, except that the
reduction of pieces 0.5 to | em to 2 to 6 mm was made with a laboratory
hydraulic press instead of a mortar and pestle. The basalt was wrapped
in canvas when it was pressed to avold contact with the steel platens.
The final size reduction of the Cohassett basalt to 210- to 45-um
particles was made Iin an argon atmosphere.

A sample of basalt from an outcrop of the Umtanum flow was also obtained.
It was crushed to 0.5 to 2 cm as described above for McCoy Canyon basalt.
Reduction to smaller sizes was made in the air in a porcelain mortar and
pestle and then in an electrically driven agate mortar and pestle.

For column chromatographic investigations, the <45-um-sized fractions of
both McCoy Canyon and Cohassett basalts were dispersed in demineralized
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3.2 METHODS

3.2.1 Batch Contact

N 1% T Oxic Redox Condition

Batch contact tests were conducted in polypropylene tubes at a
solution/solids ratio of 10, Control samples (solution but no basalt)
were included in each series to determine radionuclide sorption by the
tubes (if any). Triplicate test and control samples were run in most
cases. The samples were agitated on an Eberbach shaker at about 65
cycles/min for the technetium, uranium, and strontium experiments, or on
a rtocking table at about 30 cycles/min for the neptunium experiments,
Tests were made at room temperature (24 to 25°C) or in an air thermostat
at 60°C, At the end of the equilibration period, the samples were
centrifuged between 4100 to 5000 ref for 10 to 30 min, and aliquots of the
supernatant solutions were taken for counting. In some cases, portions
of the aliquots were filtered through a 25,000 mol., wt cutoff Amicon
filter to test for the presence of colloidal forms of the radionuclides.

Solvent extraction tests were made with neptunium and technetium to
determine the valence state of the radionuclide remaining in the test
solutions after contact or in the control samples. In the case of
neptunium, the solutions were adjusted to | mol/L in HCl, and the
neptunium(IV) was extracted with | mol/L thenoyltrifluoroacetone (TTA) in
xylene. The aqueous phase was adjusted to 4 mol/L HCl, and neptunium(VI)
was extracted with 10 vol % tri-n-octyl amine (TOA) in xylene; the
unextracted neptunium was reported as neptunium(V) (MOORE 1957, KEDER
1960, KEDER 1962), For technetium valence analysis, the samples were
extracted without pH adjustment with 0,05 mol/L tetraphenylarsonium
chloride in CHCl,., The extracted technetium was reported as technetium(VII)
and the technetium remaining in the aqueous phase was reported as reduced
technetium of unknown valence (TRIBALAT 1953). For the oxic redox con-
dition tests, the valence measurements were usually also made under oxic
redox conditions.

3:2:1,2 Reduclg; Redox Condition

A few reducing redox condition tests were made in which the test solu=

tions were made 0.1 mol/L in hydrazine by the addition of hydrazine

hydrate. These tests were conducted in the presence of air. Although

we consider the use of hydrazine to be unsuitable for simulating low Eh
repository r dox conditions (KELMERS 1984a), these tests were made to
evaluate the published methodology, which included the addition of hydra-
zine and the results obtained under these reducing conditions (SALTER 198la,
SALTER 1981b, BARNEY 1982), Other than the addition of hydrazine, the
procedures for the reducing condition tests were the same as those for

the oxic condition tests.
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Several samples having an edge which appeared to have been altered by
contact with groundwater or exposure to ambient environmental conditions
were selected in order to look for microfracture-filling secondary
minerals. A fracture starting from the weathered surface and extending
~3 mm toward the interior was found in a piece of the Cohassett sample
(Fig. 2A). The fracture was loosely packed with secondary minerals, small
granular (zeolite?) and coated (smectite?) materials (Fig. 2B), and par-
tially altered fragments of primary minerals (Fig. 2C). Unaltered frac-
tures without filling materials were also observed in an interior part of
the sample (Fig. 2D). For the sorption experiments, small pleces of
basalts were selected to avold pieces having a weathered surface before
the final size reduction (as described in Sect. 3). Thus, the material
used in the batch and column experiments should not have significant
amounts of such alteration products.

4.2 COMPARISON WITH PUBLISHED INFORMATION

The mineralogy and petrography of the candidate horizons have been
studied in detail by the BWIP and the findings published in various
reports (BENSON 1979, NOONAN 1980, TEAGUE 1980, LONG 1981, SCR 1982,
BENSON 1982, LONG 1983, ALLEN 1983). The recently published report
that identifies the candidate repository horizons (LONG 1983) concluded
Lhe following:

In spite of the general similarities among Grande Ronde Basalt
flows, there are slight differences among the candidate
horizons. The most significant differences are graln eize,
abundance of glass, mesostasis and interstitial alteration
products, as well as relative abundance of secondary minerals
in fracture fillings. It must be stressed, however, chat all
forr flows (Rocky Coulee, Cohassett, McCoy Canyon, Umtanum) are
more similar mineralogically than they are different, and any
benefit to radionuclide isolation reflecting the differences in
glass, mesostasis, and alteration product abundances is likely
to he small.

In comparison with other factors such as geophysical and geohydrological
parameters, the geochemical and mineralogical factors may play insignifi-
cant roles for selection among the flows for the repository horizon.
However, the significance of mineralogical and geochemical differences
between the flows should not be underestimated for understanding
geochemical processes, including radionuclide retacdation, mineral
weathering, and autogenic Iin the repository near~field and far-field

el «ronments. While effects of the observed morphological, mineralogical,
ana _ompoeitional differences among the samples on the radionuclide
sorption properties have not been directly determined experimentally, one
might expect to have higher sorption values when the ferrous {ron-rich
mesostasis of the Cohassett and Umtanum samples is in contact with redox-
sensitive radionuclides such as neptunfum(V) or technetium(VIl). Therefore,
the mesostasis could be not only a predominant source of solubllized
elements in the groundwater, but also a predominant sorption site for
selected radionuclides which undergo reduction and chemisorption reactions.
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Direct comparison between our results and the published data is difficult
because our results are based on a single sample from each flow. Further-
more, the origins of the samples, in terms of intraflow structures, were
not known. The microscopic analyses indicated that our McCoy Canyon
sample might have been obtained from a colonnade zone, and the Cohassett
and Umtanum may have been obtained from entablature zones. The abundance
of mesostasis and dendritic iron oxide grains observed in the Cohassett
and Umtanum samples are characteristics of entablature material formed
under a high cooling rate (LOFGREN 1980) and suggest that these samples
may have been obtained from entablature zones. The presence of crystal-
line euhedral magnetite and acicular apatite with a lesser amount of
mesostasis suggests that our McCoy Canyon sample may be colonnade
material formed under a slower cooling rate. Similar morphological and
mineralogical differences were observed from a colonnade and entablature
sample with the Umtanum flow (ALLEN 1983).

Modal distributions of primary components in our McCoy Canyon and
Cohassett samples were within the range of the published data for
corresponding textural units in the individual flows; the Umtanum

sample was closer to that of colonnade material rather than entablature
material, although the morphological features suggested that our sample
was a typical entablature (Table 1-2 in LONG 1983). The grain sizes of
the Cohassett and McCoy Canyon samples were coarser than the Umtanum flow
sample, regardless of their interflow positions. The glass has been
suggested as an inherently metastable basaltic phase aad likely to be
most chemically reactive with groundwater (APTED 1982), Furthermore, the
crystalline and amorphous groundmass of the mesostasis can be expected

to play an important role as a sorption medium for radionuclides.
Therefore, it is important to consider the possible impact of differences
in morphology, mineralogy, and chemical composition of the mesostasis
among the basalts on radionuclide sorption or apparent concentration
limit results.

The chemical composition of the bulk and glassy mesostasis of candidate
cepository horizons was reported by LONG (1983). The report concluded
that compositional variations of bulk samples within individual and among
the basalt flows was minor. Significant variations of major oxides in
glass analyses among the flows were noted, but the variations within individ-
ual flows were as great as variations among the flows. Minor differences
were also observed between the bulk chemical compositions of our samples
and the published values. Our values were within the ranges of their
maximum and minimum values despite the absence of Na 0 values for our
data. Comparison of the chemical analysis results for glass is impossible
because our results represent a composition of both microcrystalline and
glass material in the glassy mesostasis while the published results
represent only glass phase.

With respect to the comparison of sorption ratio values measured with the
different basalt samples in our work (KELMERS 1984a, KELMERS 1984b, KELM"RS
1985) as well as results previously published for basalt samples from diifer-
ent flows (SALTER 1981b), the results of this mineralogical characterization
study suggests caution in ascribing differences observed in sorption ratios
with samples from different flows as being characteristic of the flows.
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Rather, it seems equally plausible, at least for radionuclides such as
technetium and neptunium that undergo reduction and chemisorption reactions,
that the observed difference in sorption ratios could result from iatra-

flow variation of colonnade vs entablature composition. In both our recen:
work and that previously published (SALTER 1981bh), the textural unit from
which the basalt samples were obtained was not identified. A significant
shortcoming of the information for site performance assessment may be the
lack of knowledge of intraflow vs interflow differences in sorption behavior.



5. TECHNETIUM

5.1 APPROACH TO HANFORD SITE INFORMATION EVALUATION

Technetium has been identified as one of the key radiocnuclides in a
nuclear waste repository in basalt (BARNEY 1980). This conclusion was
based on the quantity of technetium in the high-level waste, the poten-
tial release from waste and migration through the repository to the
accessible environment, and the biological hazard of technetium. The
published iuformation relative to the Hanford Site on technetium solu-
bility in syathetic groundwaters and sorption onto basalts, secondary
minerals, and interbed materials is summarized in Table 4.

Table 4. Summary of technetium solubility and sorption values
published for the Hanford Site

Redox condition

Oxidizing Reducing Reference
Solubility, mol/L:
——————— 10-12 SALTER 198la
-------- >10=14 EARLY 1982
-------- >10'1;‘ SALTER 1983
—————— 10-9 SALTER 1983
————aee 10-5¢ SALTER 1983
Sorption, L/kg:
Basalt 0 29 SCR 1982
0 to 7 29 SALTER 198lc
Secondary 0 50 SCR 1982
minerals 0 —— SALTER 1981b
Interbed 0 70 SCR 1982
2 to 3 46 to 104 BARNEY 1982

8Calculated solubility for Eh = <0,3 V,
bHighest value calculated from observed repository conditions

multiplied by a factor of 10,

CHighest concentration value observed in sorption or solubility
experiments in synthetic Grande Ronde groundwaters using 0,05 M hydrazine
(published method of trying to simulate repository reducing conditions).
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For oxidizing redox conditions, the various reports, including the Site
Characterization Plan (SCR 1982), provide no estimate of the solubility
limit of technetium, and recommend a sorption distribution coefficient of
0 L/kg (i.e., no sorption) for basalt, secondary minerals, and interbed
materials. The pertechnetate anifon, TcO,”, is the form of technetium in
the +7 valence expected under oxidizing conditions in Grande Ronde ground-
water. All pertechnetate salts are highly soluble in aqueous solutions,
and pertechnetate anions are poorly sorbed onto geologic materials. One
reference (PALMER 1981) has reported low sorption of pertechnetate under
oxic conditions onto basalt. The reported mean distribution coefficient
of 4.7 £ 8.9 L/kg is a typographical error, and the correct value for
that reference should be 1.6 ¢ 0.4 L/kg (MEYER 1985a). Although not
explicitly stated in the Site Characterization Report (SCR 1982), f{t
would appear that no technetium retardation because of limiting solubil-
ity in groundwater or sorption onto repository host rocks is expected
under oxic conditions at the Hanford Site.

According to the published information (SALTER 198la, SALTER 1981b),
pertechnetate dissolved in groundwater is expected to be reduced to
technetium(IV), and the stable solid TcO; is expected to precipitate
under the reducing conditions predicted for groundwater under the reposi-
tory environment. The available thermodynamic data for technetium(IV)
are reported by Early (1982) to be limited and suitable only for esti-
mating a limiting lOlubillt{ of >1071% mol/L, while Salter (198la)
reports a solubility of 107 2 m0l/L. These values of the solubility ware
apparently calculated from the equilibrium between TcO; and TcO,”
(CARTLEDGE 1955) for the Eh values expected under repository conditions
from the expression

Eh = 0,738 + (RT/3F) In ([TcO,~] [H*]"Y),

where [Tc0,”] is the activity of the pertechnetate ion and [H*] is the
activity of the hydrogen ion. Calculation of total solubility from this
equation does not take into account the possibility of any significant
solubility of technetium(IV) species. The pertinent data applicable to
the hydrolysis and solubility of technetium(IV) have been reviewed
recently by several authors (RARD 1983; PAQUETTE 1980; MEYER 1985b).

When soluble technetium(!V) species are considered, one would expect that
the total solubility would be greater than 10712 pol/L because it would
include hydrolytic species of technetium(IV) in equilibrium with solid
TcO;. However, the existing data on hydrolysis of technetium(IV) species
have not been adequately confirmed to allow prediction of total solubility
with confidence. If the data in the literature are used (MEYER 1985b),
then one can calculate an estimated solubility on the order of 10°8 to
10" mol/L of technetium(IV). The calculation is quite sensitive to the
value selected for the solubility product of TcO(OH); — the form of
hydrated TcO; selected for calculation of the solubility product (RARD
1983; MEYER 1985b).

From the published information, it appears that technetium retardation in
the far field at the Hanford Site is expected to result from the low
solubility of reduced technetium calculated under the anticipated site
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redox potential (EARLY 1982). Additional retardation of reduced tech-
netium due to moderate sorption onto basalt, secondary minerals, and

interbed materials also is apparently expected under far-field conditions
(SCR 1982).

5.2 EXPERIMENTAL RESULTS

5.2.1 Batch Results

The most significant set of results during the past year has been the
measurement of technetium sorption onto McCoy Canyon basalt under highly
anoxic redox conditions, and the demonstration that under these experi-
mental conditions small but consistent values of Rs are obtained. We
observed significant sorption only after we took the precaution of evac-
uating the plastic test tubes for three or more days as described above
in the experimental section (Sect. 3.2.1.3). The results of these
experiments are summarized in Table 5.

It appears from these results that the Rs values tend to increase by a
factor of about 2 to 3 as the contact period is increased from 14 to 50 d;
that is, steady state is not attained in 14 d. There appears to be no
effect of increasing the contact temperature.

Table 5. Sorption ratios for technetium onto McCoy Canyon
basalt under anoxic redox conditions@

Initial Rs (L/kg)

concentration

Te (mol/L) l4-d, 60°C 50-d, 27°C 50-d, 60°C
10-12 3.5 £ 0,2 8.3 ¢ 0.1 11.1 ¢ 5.3
10-8 5.5 £ 0.7 12.3 ¢ 1.0 9,9 + 2.3
10-6 4,0 £ 0.4 8.5 ¢ 0,2 3.6 £ 4,3
10=% ~0) ~0) ~)
10-3 ~) ~0 ~0)

4Batch contact tests with synthetic groundwater GR-2 and basalt
ground in argon. Values for Rs of ~0 in the table indicate that the pre-
cision of the 9°mT¢ counting (difference between initial and final con-
centration) was insufficient to determine the extent of sorption. Some
sorption of Tec probably occurred.

Sorption isotherms for these data are shown in Fig. 3. These isotherms
do not indicate an apparent concentration limit. In order to attempt to
determine the shape of the upper portion of the isotherm, we are con-
ducting additional experiments in the range of initial concentrations
10% o 10°* mol/L pertechnetate.
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After each experiment, a portion of the centrifuged solutions was analyzed
for the valence distribution of the technetium. In general, for those
cases where sorption of technetium was observed, we found reduced tech-
netium in the final solution. For the runs that were initially 107
mol/L in pertechnetate, ue found concentrations of reduced technetium on
the order of 1078 to 10~/ mol/L after contact. It is difficult to say
whether these concentraticns are for true solution species of reduced
technetium, but the data were obtained from centrifuged samples which
should preclude the presence at least of larger colloidal material. It
is interesting that these solution concentration values are in the range
of the predicted solubilities of reduced technetium, as noted earlier.

In some earlier batch sorption tests with McCoy Canyon basalt, a greater
sorption of technetium was observed when synthetic groundwater formulation
GR-4 was used instead of GR-2. Results of these experiments are shown in
Table 6 for technetium sorption onto basalt at 27°C using groundwater
GR-4 instead of GR-2. A comparison of the various BWIP groundwater for-
mulations has been reported previously [KELMERS (1985), Table 7].
Compared to GR-2, GR-4 has about 3 times the concentration of chloride
ion and about 18 times less sulfate ion. Carbonate and silica com-
positions of the two are roughly the same. Groundwater GR-4 may be
considered to be 0.0l H NnCl. contatning silica, carbonate ions, and
small amounts of K*, Ca?*, F~, and S0,2~. In order to investigate the
effects of groundwater components, a number of experiments were performed
with solutions in which some of the components of GR-4 had been deleted
(Table 6).

Table 6. Technetium sorption from simulated GR-4 groundwater
and other solutions onto McCoy Canyon basalt?

Reduced Te¢ in
contacted solution

pH Rs Total
GR-4 formulation Initial Final (L/kg) % of total (mol/L)
Complete 9.7 9.3 10.9 * 1.0 7.8 6.9 x 10-1%
No silica 10,2 9.3 13.4 ¢ 2,2 9.6 7.1 x 10-1%
9.7 9.0 27.5 £ 3.5 21.3 9.6 x 10714
NO carbo“ates 1008 9.9 9.9 b 4 105 l3.7 12.2 X 10'1“
9.7 9.1 22,2 £ 2,0 11.4 6.2 x 10-1%
No silica or 9.7 8.6 53.1 ¢+ 8,9 30.9 6.8 x 10~1%
carbonates

3Test conditions: anoxic atmosphere, 27°C, =70/+325 mesh McCoy
Canyon basalt cruohed and stored under argon, l4-d contact period,
initial Tec 10-8 M, centrifuged 30 min at 5000 rcf in argon. About
0.4 g of basalt was used with 4 mL of groundwater. The results were
adjusted for a small loss (2-10%) of Tc onto the test tubes, as
determined by control experiments.
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For all of these groundwater compositions, we observed significant removal
of technetium from solution by the basalt. However, for the solution
that did not contain carbonate and silica, the sorption ratio was about
five times that for GR-4. Smaller increases were noted when only either
carbonate or silica were removed. There also appears to be a correlation
between che final pH and the extent of sorption. Comparing the four
samples (initially at pH 9.9), the value of Rs increased a factor of over
5 for a total pH change of 1.3 (pH 9.9 to 8.6). At this time, we do not
know whether these groundwater composition effects were due to the final
pH or to the absence of certain components of GR-4, Thus, the correla-
tion with final pH could be the result of attack on the basalt
(dissolution of the glass component?) which either released some species
containing ferrous iron into the solution or made ferrous iron access’ble
at the surface of the basalt.

5.2.2 Column Results

A series of column chromatographic experiments were carried out (KELMERS
1984b) to directly measure the technetium retardation factor under oxic
redox conditions and to confirm the sorption ratio measured in our batch
contact experiments. Tests at 25 and 70°C and flow rates of 0.48 and
0.96 mL/min yielded highly symmetric ??Tc elution peaks that coincided
with the tritium peak from HTO; that is the retardation factor was 1,
corresponding to a sorption ratio of 0 L/kg. No evidence for retardation
of pertechnetate by McCoy Canyon basalt was observed in these oxic con-
dition experiments. This result is in good agreement with our batch con-
tact experimental results and with the general conclusion expressed by
others that pertechnetate is not strongly sorbed by geologic materials.

5.3 DISCUSSION AND CONCLUSIONS

The sorption of technetium onto basalt is highly dependent upon a number
of experimental parameters. For oxic redox conditions, there is general
agreement among all investigators that little or no sorption of technetium
is observed. Furthermore, the oxygen has to be removed with great care
from the experimental apparatus in anoxic redox condition experiments

with basalt for any sorption to be observed. (Sorption is referred to
here in the general sense of technetium removal-from-solution by any
process.) As we have shown in the experiments performed during the past
year, when the oxygen was carefully removed to the low levels that our
controlled-atmosphere boxes are capable of maintaining (see Sect, 3.2.1.3),
moderate sorption on basalt was observed.

The link between these observations and the geochemical processes that
produce these observations can best be elucidated by additional research
regarding the mechanism of reduction and sorption of technetium onto
basalt. In work being done under NRC FIN No. B0462, some of these mecha-
nisms are being investigated. In that work (MEYER 1985b), it was concluded
that the reduction of technetium probably is a heterogeneous ceaction
occurring at or on the surface of the basalt, rather than a homogeneous
reaction occurring within the groundwater solution. Such a heterogeneous
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reaction could first require a pertechnetate sorption step and then
electron transfer (reduction) steps from the ferrous ions in the basalt
to the sorbed technetium(VII) species. Berause negative ions are not
generally strongly sorbed by most minerals, the concentration of sorbed
technetium(VII) on the surface is not likely to be high. For reduction
to technetium(IV), a three-electron transfer would be required. If the
basalt is covered by a thin passivating (nonconducting) layer due to oxi-
dation or alteration, then the electron transfer could be hindered. The
low concentration of TcO4~ on the surface, the necessity for a three-
electron reduction, and the presence of a passivating layer — all would
tend to decrease the rate and/or extent of the technetium reduction reac-
tion by basalt. The formation of this hypothetical passivating layer
would likely be greatly influenced by small amounts of oxygen and subtle
changes in groundwater composition. In the experiments with GR-4 (Table
6), we noted that GR-4 without silica or carbonates was essentially
equivalent to a dilute NaCl solution containing small amounts of other
ions. When this solution was used in the batch contact experiments, the
sorption ratio was significantly greater than that for GR-4., 1In experi-
ments done under NRC FIN No. B0462, NaCl solutions were often used in
sorption experiments with both neptunium and technetium; the resulting
sorption ratios were routinely much higher than those obtained in similar
tests with synthetic groundwater formulations. Possibly, aggressive
solution components like NaCl attack a passivating layer and expose
ferrous ions; this behavior could explain the observation that sorption
is much greater or faster from NaCl solutions.

The extent of sorption observed in a given experiment thus depends on a
number of factors. We noted a slow but steady increase in Rs with time,
and therefore the kinetics of the reaction likely is an important para-
meter. The kinetics might simply depend on the rate at which the passi-
vating layers are attacked and the ferrous ions released or exposed.
Experiments presented previously (KELMERS 1984c) showed that heat treat-
ment of basalt in argon and high-temperature treatment with Hy will
significantly increase the sorption rate. Such treatments could elimi-
nate a passivating layer.

The identification of technetium as a key radionuclide, combined with the
uncertainties expressed above in both the calculated solubility values
and the measured sorption values, suggest that additional research may be
needed to clarify those portions of the thermodynamic data and the
general solution chemistry applicable to the proposed geochem cal reac-
tions. The complexity of the chemistry of reduced technetium, coupled
with the very limited number of critical measurements available in the
literature, necessitates that this research effort be experimental in
nature and that apparent concentration limits and sorption values in
addition to thermodynamic solubility products and stability constants are
needed. The emphasis on technetium retardation by reduction at the
Hanford Site to insoluble technetium(IV) species in the Site Characteri-
zation report (SCR 198l) indicates that the greatest concern by NRC
should focus on solubil'ty measurements. Significant concern should be
directed toward confirmation of the postulated reduction reaction of
technetium(VII) to technetium(IV) and to the evaluation of the solubili-
ties of the reduced products.
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5.4 EVALUATION OF PUBLISHED TECHNETIUM INFORMATION FOR THE HANFORD SITE

The current conclusions from our experimental evaluation of the published
information describing either the sorption behavior or apparent con-
centration limit for technetium relevant to the candidate repository site
in the Columbia River basalt are summarized briefly in this section.

If an oxic redox condition is utilized in the site performance assessment
analysis, then all investigators seem to be in agreement on the tech-
netium sorption and solubility value to be employed in the analysis. No
significant technetium(VII) sorption (Rs = 0 L/kg) would be expected, and
no solubility limit would be encountered. Thus, technetium released from
the waste package into the groundwater would likely be modeled as
migrating with the contaminated groundwater front, that is, the retard-
ation factor would be one. Little additional laboratory work under an
oxic redox condition seems warranted for basalt/groundwater systems.

If, on the cther hand, the site performance assessment analysis elects to
invoke a reducing redox condition, we feel that the available information
on technetium is not sufficient at this time to make any defensible ana-
lysis of the technetium retardation to be expected. The published data
for technetium under reducing conditions were obtained with the expec-
tation that use of hydrazine adequately simulated the redox conditions in
the repository. However, as we have described previously, there are many
problems inherent in the use of hydrazine (KELMERS 1984a). Further, the
use of any solution phase reducing agent in groundwater implies that
technetium in the site will be reduced in solution. It is then
apparently assumed that the reduced technetium will subsequently precipi-
tate on the rock surfaces as the cxide or may simply sorb onto the host
rock surface. However, our work to date indicates that the formation of
reduced technetium is probably a heterogeneous reaction occurring on the
surface of the basalt. Thus, the data published for the Hanford Site
using hydrazine to simulate reducing conditions do not appear relevant

to actual repository situations. For this reason, we have emphasized
anoxic redox condition tests, and we feel that values of Rs obtained
under these conditions will be more defensible for performance assessment
modeling purposes.



6. NEPTUNIUM

6.1 APPROACH TO HANFORD SITE INFORMATION EVALUATION

Neptunium-237 has been identified as one of the key radionuclides, that
is, those radionuclides likely to pose the greatest potential hazard
during the storage of waste in a repository in basalt (BARNEY 1980). It
was ranked as third most important in that study. Neptunium-237 is pre-
sent in agpreciable quantities in high~level waste, has a long half-life
(2.2 x 10® y), and has a high biological hazard ranking.

Neptunium may be present in glass waste in the 5% valence state and could
be leached into intruding groundwater as pentavalent species. In ground-
waters typical of the Hanford Site, the neptunium{V) species present (in
the absence of reducing reagents) may be NpO,* and one or more anionic
carbonate complexes such as Np0,CO37, NpOz(C33§;3“ or NpOZ(CO3)35‘ (MAYA
1983; LEMIRE 1984). The Np(V)-saturating solid ~* .-.e may be NpO,(OH)
(BAES 1976). In spent fuel, the neptunium probably exists as Np0O; in
solid solution in the UO; fuel matrix and could be released into
intruding groundwater in the tetravalent state. The species Np(OH)g™ is
calculated to be the dominant neptunium(IV) species in the Hanford Site
groundwaters (EARLY 1982, EARLY 1983). However, the existence of
Np(OH)¢™ is questionable because there are no experimental data con-
cerning its formation constant. If reducing conditions exist in the host
rock/groundwater system as expected for the Hanford Site (SALTER 198lc;
SCR 1982), then neptunium(V) released from glass wa:te also may be
reduced to the tetravalent state and neptunium(IV) species in groundwater.

Neptunium is not expected to be strongly sorbed by host rocks at the
Hanford Site. The Site Characterization Report (SCR 1982) and a more
recent data package (SALTER 1983) contain “conservative best estimate” or
recommended solubility and sorption (Kd) values to be used in modeling
calculations. The expected sorption ratio for neptunium was given as 10
L/kg, while a conservative value of 2 L/kg (expected value arbitrarily
divided by 5) was given in Salter (1983). In the Site Characterization
Report (SCR 1982), "conservative best estimate” values for the neptunium
distribution coefficient were 10 L/kg under oxidizing conditions and 200
L/kg under reducing conditions. The reducing condition values were based
on experiments in which hydrazine was added to try to simulate repository
conditions. The Hanford Site sorption information has been separately
reviewed and assessed (KELMERS 19844d).

The expected solubility for neptunium(IV) (calculated for NpO, as the
saturating solid phase) was reported (SALTER 1983) to be | x 10710 pmo1/L;
however, a conservative value of 1 x 10™° mol/L was recommended since
this concentration had been experimentally observed in reducing condition
sorption tests which contained added hydrazine. Other neptunium solubil-
ity values have also been reported. Values for neptunium solubility of 2
x 107/ mol/L under oxidizing redox conditions and 1 x 10~}® mol/L under
reducing conditions were given in the Site Characterization Report (SCR
1982). Early (1982) and Early (1983) calculated a solubility of 1 x 10-10
mol/L in Grande Ronde reference groundwater. The Hanford Site solubility
information has also been reviewed and assessed (BLENCOE 1985a).
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We have been experimentally evaluating these neptunium sorption values
under oxidizing redox conditions (air present) with McCoy Canyon basalt
and representative synthetic groundwater. Recent work (MEYER 1984a) has
shown that most of the neptunium sorbed onto basalt is reduced to the
tetravalent state; thus, we have concerns relative to the reversibility
of the sorption process(es) occurring in these oxic redox condition batch
contact tests. Our oxic condition work was done in order to evaluate the
published neptunium sorption information, most of which was obtained
under oxic test conditions. While we now question the relevance of
reducing redox conditions established in laboratory experiments by the
addition of hydrazine (KELMERS 1984a), a few experiments were also
carried out under such conditions to evaluate published information.
Experimental work under anoxic redox conditions (careful exclusion of air
from the basalt, groundwater, and test environment) is under way and will
be described in future reports. These anoxic redox condition tests may
best model the Hanford Site in situ redox condition in laboratory experi-
ments.

6.2 EXPERIMENTAL RESULTS AND DISCUSSION

6.2.1 Oxic Redox Condition

Most of the experimental work with neptunium during this report period was
directed toward evaluation of the sorption behavior of neptunium(V) under
oxic redox conditions (air present). Emphasis was given to the geochem—
istry of neptunium(V) under oxic conditions since this may be the reposi-
tory situation representing both the highest solubility of neptunium in
groundwater and the lowest neptunium sorption onto host rocks, that is,
it is the geochemical condition of greatest potential neptunium mobility
at the Hanford Site. The experimental methodology and detailed results
have been previously described (KELMERS 1984a; KELMERS 1984b; KELMERS
1985) and are not repeated here. In this report, we have attempted to
put our results with neptunium(V) into perspective with our current
understanding of neptunium sorption by basalt and with the reported
Hanford Site neptunium sorption information.

6.2.1.1 Sorption

A linear sorption isotherm was obtzined with McCoy Canyon basalt for
neptunium(V)-spiked synthetic groundwater GR-2 under oxic redox con-
ditions at 24°C for batch contact tests at initial neptunium con-~
centrations of 10/ to 1012 mo1/L (KELMERS 1984a). The sorption ratio
(Rs) values (Table 7) were independent of contact time (l or 4 weeks),
use of crushed basalt with or without pretreatment with synthetic ground-
water GR-2, and separation technique after contact (centrifugation or
centrifugation followed by filtration). The average sorption ratio for
the 48 data points that establish the linear portion of the sorption
isotherm (Fig. | of KELMERS 1984a) was 1.7 % 0.9 L/kg (mean * 1 standard
deviation). (Each data point was the average of three replicate experi-
ments.) Since neptunium(V) apparently undergoes reduction to neptunium(IV)
and chemisorption in basalt/groundwater systems (MEYER 1984a), it seems
unlikely that the average sorption ratio of 1.7 L/kg obtained in these
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tests with McCoy Canyon basalt and Np(V)-spiked synthetic groundwater
GR-2 solutions represents reversible sorption of one or more neptunium(V)
species. Rather, the sorption ratio probably represents a steady-state
condition of a complex oxidation/reduction system involving reduction of
neptunium(V) to neptunium(IV) by some basalt component and reoxidation of
neptunium(IV) by oxygen from air. This model of neptunium(V) sorption is
based on results from other work which showed that the neptunium sorbed
onto basalt was primarily in the tetravalent state (MEYER 1984h).

Table 7. Summary of neptunium(V) sorption ratio
values under oxic redox conditions?

Sorption Number

Basalt Temperature Initial Np ratio of

(°C) (mol/L) (L/kg)d  tests
McCoy Canyon 24 1077 to 1012 1.7 £ 0.9 48
McCoy Canyon 24 1012 2.8 ¢ 0,4 12
Umtanum 24 10-12 6.8 ¢ 0,2 6
McCoy Canyon 60 10-12 5.8 £ 1.6 6

8Batch contact tests in air at 24 ¢+ 2°C. All tests were with
synthetic groundwater GR-2 containing neptunyl chloride (235Np + 23/yp),
No effect of contact time (1l or 4 weeks) or pretreatment of the McCoy
Canyon basalt with groundwater was .observed on the sorption ratio.
Separation of solution for analysis after contact was by centrifugation
at 4100 ref; in some tests the solution was then filtered through 25,000
mol. wt cut-off Amicon filters.

bSorption ratio values are the mean * | standard deviation of the
average values for the number of tests shown (each test was carried out
in triplicate).

Umtanum basalt gave a higher sorption ratio than McCoy Canyon basalt in
tests at a neptunium concentration of 10-12 po1/L Np (Table 7). The
mean Rs value for Umtanum basalt was 6.8 0.2 vs 2.8 ¢ 0.4 L/kg for
McCoy Canyon basalt. Umtanum basalt has been reported by others to
give better neptunium sorption (SALTER 198lb).

In tests at 60°C, the neptunium sorption ratio with McCoy Canyon basalt
increased to 5.8 t 1.6 L/kg, compared to 2.8 * 0.4 L/kg at 24°C, at an
initial neptunium(V) concentration of 10°!2 mol/L. The tests were run
only for one time period (! week), and therefore it is possible only to
say that sorption increased with temperature. Additional work would be
required to establish if this 60°C value represents a steady-state
result.
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Be2slad Desorgtion

Desorption of neptunium sorbed onto McCoy Canyon basalt under oxic con-
ditions was studied by contacting the neptunium-loaded basalt with a fresh
sample of synthetic groundwater GR-2. The results showed substantial
scatter in the desorption ratio (Rd) values, but the Rd values were
generally significantly greater than the Rs values. The desorption data
points in Fig. | of Kelmers (1984a) do not describe a desorption
isotherm, but probably only confirm that sorption and desorption repre-
sent different processes. As discussed in Meyer (1984b), desorption in
oxic redox condition experiments may result from slow reoxidation of
sorbed neptunium(IV) species. The results do clearly establish that the
experimental system is not at equilibrium, that is, substantial sorption/
desorption disequilibrium exists. This aspect of the neptunium geochem=-
istry is addressed further in the following section.

6.2.1.3 Chromatographic Experime:cs

Column chromatographic experiments are useful in evaluating the effect

of multiple radionuclide species or forms and sorption/desorption
disequilibrium on the retardation factor and migration profile since

the retardation factor (Rf) is directly measured, rather than being
calculated from the sorption ratio (Rs), as in batch tests. In addition,
the column elution profile directly shows the effective radionuclide
retardation as a function of time or groundwater volume throughput. The
column tests with neptunium(V) under oxic redox conditions at temperatures
of 25 to 80°C (KELMERS 1985) showed evidence of substantial sorption/
desorption disequilibrium. A fraction of the neptunium (25 to 50%)
eluted with Rf values which yielded calculated Rs values close to those
measured in our batch contact tests (Table 8 ); 2.5 vs 1.7 L/kg at 25°C
and 6.1 vs 5.8 L/kg at 60°C (column vs batch experiments). The remainder
of the neptunium was retarded further and eluted as a continuous trailing
band. In general, peak broadening and trailing increased with tem-
perature. Since both reduction and chemisorption reactions may be
involved in the sorption of Np(V) by basalt, it is difficult to ascribe
specific reactions to various regions of the elution profile.

Table 8. Neptunium(V) retardation and sorption ratios for McCoy
Canyon basalt measured in chromatographic experiments at 25 to 80°C

Temperature Np fraction@ Rf Rs
(°c) (%) (dimensionless) (L/kg)
25 50 10.5 2.5
45 47 21.5 5.4
60 44 24,2 6.1
80 25 45,8 11.8

8Fraction of the neptunium activity eluted in volume V, = Vg
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6.2.1.4 Apparent Concentration Limit

An apparent concentration limit can be determined from batch contact
tests by experimentally extending the sorption isotherm until it becomes
vertical at higher radionuclide concentrations. An apparent concentration
limit determined in this manner is a sum of the solubilities of all the
radionuclide species present plus any colloidally dispersed material con-
taining the radionuclide, and thus is different from the thermodynamic
solubility of a defined radionuclide solid phase. Measurement of the
apparent concentration limit may be especially useful in quantifying the
limiting amount of a given radionuclide that can be mobile in ground-
water for situations such as neptunium in basalt/groundwater systems
where the valence and speciation of the soluble neptunium species,
possible presence of colloidal forms, and identity of the saturating
solid neptunium-containing phase(s) are all unknown in the experiments.

The sorption isotherms shown in Fig. 1 of Kelmers (1984a) are bending
upward at the highest neptunium concentrations and mayv be ‘pgroachlng an
apparent concentration limit value at a concentration of 107° mol/L. At
least, the apparent concentration limit probably is not lower than that
value. Additional tests to define the apparent concentration limit are
planned.

6.2.1.5 Sorpticn by Amicon Filters

The sorption of a small but consistent fraction (5 ¢t 21) of the neptunium
in synthetic groundwater GR-2 by Amicon filters was reported in Kelmers
1984b. While the experimental evidence pointing to the loss of neptunium
from solution to the Amicon filters seems irrefutable, recent results
(for example, data in Table 9) which indicate that these groundwater
solutions of neptunium(V) contain significant amounts of neptunium(IV)
and possibly traces of neptunium(VI) suggest caution in ascribing this
loss of neptunium from solution to sorption of neptunium(V) by the Amicon
filters. At the present time, we have discontinued the practice of
testing for the presence of colloidally dispersed neptunium after batch
contact by filtration through 25,000 mol. wt cut=-off Amicon filters
since this step may be introducing a small but consistent bias in the
sorption ratio values.

6.2.2 Reduciqg;Redox Condition

Strongly reducing redox conditions are expected to be established in the
basalt/groundwater system (SALTER 198lc, SCR 1982). Hydrazine hydrate
was added *o the synthetic groundwater formulations in published experi-
ments in order to simulate a low Eh (redox potential) in laboratory
experiments which were exposed to air, following a method described by
Barney (1981); these laboratory tests were identified as "reducing con-
dition” experiments. We have previously expressed strong concerns as to
the validity or applicability of this laboratory approach for simulating
repository redox conditions (KELMERS 1984a). However, in order to help
evaluate the published neptunium sorption information obtained in the
presence of hydrazine, we conducted a number of batch contact tests in
which 0.1 mol/L hydrazine hydrate was added to synthetic groundwater
GR-2.






37

hydrazine may not be applicable for repository assessment; this question
may be moot, and we curreatly plan no further reducing redox condition
tests.

6.3 CONCLUSIONS

l. In batch contact tests under oxic redox conditions at 24°C, a linear
sorption isotherm was obtained with McCoy Canyon basalt and synthetic
groundwater GR-2. The sorption ratio was 1.7 * 0.9 L/kg.

2. At 60°C (other experimental parameters the same), the sorption ratio
for McCoy Canyon basalt increased about twofold.

3. Umtanum basalt gave about a twofold increase in the sorption ratio,
as compared to McCoy Canyon basalt under the same experimental
parameters (synthetic groundwater GR-2, 24°C, oxic redox conditions).

4. Desorption batch contact tests with McCoy Canyon basalt under oxic
redox conditions at 24°C showed substantial sorption/desorption
disequilibrium. The desorption ratios were considerably greater
than the corresponding sorption ratios.

5. Column chromatographic experiments with McCoy Canyon basalt under
oxic redox conditions confirmed the sorption ratio value measured
at 24°C (2.5 L/kg vs 1.7 * 0.9 L/kg) and temperature effect trend
observed in the batch contact tests (greater sorption at higher
temperatures). The column test results alsc showed that a
substantial fraction of the neptunium migrated much more slowly
in the column and appeared to be only gradually released to the
groundwater following sorption by the basalt. Such an elution
profile is characteristic of sorption/desorption disequilibrium
and is consistent with the higher desorption ratios measured.

6. Feducing redox condition tests (hydrazine hydrate added) gave much
higher sorption ratio values than those measured under oxic redox
conditions. This test methodology does not realistically simulate
repository redox conditions, however, and these higher sorption
ratios are not considered relevant for repository performance
assessment calculations.

6.4 EVALUATION OF PUBLISHED NEPTUNIUM INFORMATION FOR THE HANFORD SITE

The most recently published compilation of radionuclide sorption and
solubility values to be used in repository performance assessment
modeling calculations (SALTER 1983) lists an expected distribution coef-
ficient (Kd) value of 10 L/kg and a conservative (expected -rbitrarily
divided by 5) value of 2 L/kg for neptunium. The expected value
apparently is based on sorption batch contact test measurements under
oxic redox conditions with Umtanum basalt., Oxic redox conditions gave
the lowest (least favorable) value measured (Table 2 of SALTER 1983), In
predicting the expected Kd, no credit was taken for the higher neptunium
sorption recorded with secondary minerals or interbed material under oxic
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seem to be based solely upon these experiments. However, we have shown
in both batch contact and column chromatographic tests that substantial
sorption/desorption disequilibrium seems to exist. Under this
disequilibrium condition, the values measured in batch contact sorptien
tests can be considered only as sorption ratios (Rs) and not as
equilibrium distribution coefficients (Kd). Thus, the values in Salter
(1983) or SCR (1982) may be useful in calculating bounding values of nep-
tunium retardation, but they can not be utilized to calculate accurate
retardation values. Our results, particularly the chromatographic column
elution profiles, show that a substantial fraction of the neptunium would
be retarded behind the elution position calculated from batch test Rs
values, at least under oxic redox conditions. Thus, retardation factors
calculated from the batch contact test sorption ratios may be considered
conservative. Further exploration of this sorption aspect under more
realistic repository geochemical conditions may be desirable.

4. Can neptunium sorption behavior be adequately modeled in site
performance assessment calculations using only information for sorption
onto basalt? The release pathway at the Hanford Site likely will include
groundwater travel through the basalt flow tops (which may be lined with
secondary minerals such as smectite clays, zeolites, and calcite), as
well as through the interbed regions (BENSON 1979, 1982). Reported con-
servative best estimates of neptunium Kd values are higher for these
other Hanford Site materials (SCR 1982). We have not measured sorption
with these materials, in part because well-characterized samples of site
material seem not to be available. Attention may need to be directed to
this question in the future.
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Although not explicitly stated in the Site Characterization Report (SCR
1982), uranium migration to the accessible environment in a groundwater-
intrusion-groundwater-migration event involving emplaced waste may be
expected to be controlled by a combination of (1) low solubility under the
reducing redox conditions anticipated for the basalt geochemical environ-
ment (EARLY 1982; EARLY 1983; SALTER 198la; SCR 1982), and (2) moderate
sorption onto basalt, secondary minerals, or interbed materials (AMES
1982; SALTER 198lc; SCR 1982; SALTER 1981b; BARNEY 1982). The Hanford
Site sorption information has been reviewed separately (KELMERS 1984d).

7.2 EXPERIMENTAL RESULTS

The results of our preliminary sorption tests for uranium(VI) under

oxic and anoxic conditions at 60°C are shown in Table 1l. Included

for comparison are the results previously reported for 25°C (KELMERS
1985). Low sorption ratic values of | to 4 L/kg were obtained. A
precipitate was clearly observed in the blank test at an initial
uranium(V1) concentration of 10~* mol/L. Because of the presence of
basalt, we could not determine whether any precipitate was present in the
parallel tests with basalt. The high Rs value at 10°* mol/L initial ura-
nium concentrations suggests that some precipitation may have occurred.

7.3 DISCUSSION AND CONCLUSIONS

Uranium sorption isotherms obtained at 27 and 60°C under oxic and an «ic
redox conditions were similar (Fig. 4). Little difference can be seen
between the isotherms except for the higher apparent concentration limit
for uranium at 60°C at the highest uranium concentration. This higher
sorption ratio presumably is due to formation of a uranium-containing
precipitate. The observed uranium sorption increased only slightly on
going from l4- to 50-d contact times. Apparently, a steady-state con-
dition was reached in these tests in 14 d or less. The presumed precipi-
tation reaction cbserved in the 10~* mol/L solution is apparently
somewhat slower, since the veiue of Rs doubled in going from 14 to 50 d.

Under reducing redox conditions, the Rs values were significantly higher
than those under oxic redox conditions. These relatively high Rs values
suggest that reduced uranium could have formed.

7.4 EVALUATION OF PUBLISHED INFORMATION FOR THE HANFORD SITE

Our preiiminary Rs value of ~2.1 L/kg at 60°C under oxic redox conditions
for the lowest initial uranium concentration is essentially the same as
the value of 1.6 * 0,3 L/kg reported (SALTER 1981b) for the same experi-
mental conditions with Flow E Basalt (the same as McCoy Canyon). No
published data were reported at concentrations equivalent to our highest
uranium concentration (10~* mol/L), but for an initial concentration of
10~% mol/L, a value of 7.75 x 10~® mol/L was given for the equilibrium
concentration of uranium in the solution after the sorption experiment.
This amount compares favorably with the value of 8.0 x 10~® mol/L
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verified, and internally consistent data base. Differences in the thermo-
dynamic values for only one reaction can significantly affect the results
as was discovered for uranium and nickel.

9.4 PLUTONIUM SPECIATION

An attempt was made tc model the results of plutonium speciation experi-
ments in selected basalt, granite, shale, and tuff groundwaters
(CLEVELAND 1983). The geochemical model MINTEQ was used to simulate the
distribution of soluble and insoluble plutonium, as well as the distribu-
tion of oxidation states, in the experiments of Cleveland (1983). This
study was not completed for two reasons. First, the thermodyramic data
base for plutonium is not complete and what is available is generally not
well documented, verified, or validated. Therefore, results from any
calculations would be highly uncertain. Second, notwithstanding the
uncertainty, calculations with the data base of Early (1982) suggest that
equilibrium controls are not important to the results of Cleveland.
Rather, it appears that kinetic constraints among the redox couples of
plutenium and precipitation reactions may be the dominant mechanism
involved in controlling the distribution of soluble vs insoluble pluto-
nium and its redox state found by Cleveland.
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