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SITE TECHNICAL POSITION
DOE HIGH-LEVEL WASTE REFERENCE REPOSITORY LOCATION
HANFORD SITE

Use Of Hydrazine To‘ExperimentaITy Simulate
Expected Site Redox Conditions And Reactions

" NRC/NMSS/WMGT/Geochemistry Section

INTRODUCTION

The DOE/Manford Staff performs laboratory and field investigations to acquire
data needed to address repository performance based on site geochemical
conditions. The Nuclear Waste Policy Act (NWPA) and Nuclear Regulatory
Commission (NRC) regulations (10CFR60) and agreements governing licensing of a
geologic repository, provide for consultation between DOE and NRC staffs prior
to formal licensing to assure that licensing information needs and
requirements are identified at an early time. This determination depends, in
part, on whether the geochemical data being collected is adequate to
characterize repository performance.

Technical criteria of 10CFR60.113, includes a 1imit on the amount of
radionuclides permitted to be released from the engineered barrier system and

‘N$ to the accessible environment. In order to demonstrate compliance with this
Yo = limit, DOE must identify the particular barriers that will be relied

upon to retard radionuclide migration.‘“ﬁased on discussions presented by DOE
in the Hanford Draft Site Characterization Report (DSCR), the Draft
Environmental Assessment (DEA), and at site workshops, DOE/Hanford is taking
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the position that under the anticipated site Eh of -0.3 voits (or lower), the ng?

reference repository location has chemically reducing conditions that will
maintain redox-sensitive radionuclides such as uranfum, p'lut%ium,)u::t neptunium,a"ﬂ
in their least mobile state, thus contributing to the control of the release of
radionuclides from the repository (DOE, 1982 and 1984). Therefore. site redox
conditions have been identified in NRC issues 3.1, 3.2 and 3.3 as a significant
site condition that DOE/Hanford needs to address in order to charcterize the
Hanford site (NRC, 1984). This site technical position presents the major
concerns of the NRC staff regarding the adequacy of DOE experimental results

that make use of hydrazine to simulate "expected" redox conditions and

reactions. A ' ’

BACKGROUND

DOE/Hanford anticipates that the redox condition in the undisturbed host rock
and in the repository will reduce redox-sensitive radionuclides to their least
mobile valence state. To support this expectation, a calculated or proposed
groundwater Eh as low as -0.48 volts is frequently cited (Salter, 198la).
Assuming that these expected repository conditions will be chemically reducing,
DOE/Hanford adds 0.05 to 0.1 M hydrazine (as hydrazine hydrate, N2H4.H20) to
synthetic groundwater solutions used in experiments, in order to simulate the
expected site redox conditions and reactions. The justification for the use of
hydrazine has not been well developed in DOE/Hanford reports which describe its
application to sorption tests (Barney 1982a, Barney 1982b, Salter 1981b, Salter
1981¢c, SCR 1982).\ In order to confirm the validity of these experiments,
DOE/Hanford is currently evaluating experimental results that use hydrazine to
control radipruclide behavior (DOE, 1984). )
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TECHNICAL POSITION

The effective solution redox conditions generated by hydrazine are strongly
dependent upon the specific reduction reaction(s) involved. DOE/Hanford has
not identified the reaction(s) occurring between hydrazine and any reducible
radionculide species in groundwater; thus, the effective Eh or redox
conditions/reactions in these experiments must be considered to be unknown.
Therefore, the NRC position is that the use of hydrazine to simulate Hanford
site redox conditions and reactions will not provide defensible data that can
be used to characterize expected radionuclide behavior. '

DISCUSSION

*

Four completely different reactiohs;with widely varying standard potentials are
commonly cited for hydrazine reduction reactions (Kirk-Othmer, 1980). These
are:

NoH, + 40H™ = N, + 4H,0 + 4e” -1.16V
NH' = Ny + 5H' + de” | -0.23V
20H™ + NH, = 2NH,OH +2¢” - +0.73V
2H)0 + NoHg' = 2NHJOH' + H' + 2e” 41,42V

Hydrazine can also aet as an oxidant in the same Eh potential range. For
example: '
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2e + NHg' + 3" = 2wt - -1.275V

2e + N2H4 + ZHZO ZNH3 + 20H ' , -0.1?

Thus, without knowledge of the specific reaction(s) occurring between hydrazine
and the solute of interest, it is not possible to estimate what Eh value or
redox condition is effective in experimental solutions.

Further, the dissociation of'hydrazine hydrate is most likely the dominant
influence on the experimental groundwater pH. For example, hydrazine in
aqueous solution is present as the hydrate, which dissociates to generate
hydroxide ions: |

* = +
N2H4.H20 NZHS + OH

The dissociation constant is 1.7 x 10"6 (Audrieth, 1951). Since the hydrazine
is added to DOE/Hanford experiments at 0.05 to 0.1 M concentration, while the
carbonate/bicarbonate concentration in the synthetic groundwater used is only
about 0.001 ﬂ s it is probable that all of the synthetic groundwater samples '
containing hydrazine are buffered by the hydrazine rather than bv the synthetic
groundwater carbonate/bicarbonate components or by the basalt rock phases.
Also, according to Kelmers et al. (1984), the addition of hydrazine is observed
to raise the groundwater pH by about cne-half to one unit. Thus, the synthetic
groundwater/hydrazine is no longef'representative of in situ pH conditions. -

In addition, hydrazine can react with the bicarbonate anion to form the
carbamate anion (Staal 1951): '

N2H4 + ﬁCOa = HZNNHCOO + H20

(DRAFT
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This reaction could deplete the bicarbonate'concentration due to the large
excess of hydrazine relative to bicarbonate in the synthetic groundwaters used
in the experiments. This could also affect the ground/hydrazine solution pH,
in addition to hydrazine hydrate dissociation. In any case, the solution would
no longer be representative of in situ groundwater conditions. /Also, the

{/’*Es;bamate anion could form complexes with transition elements or actinides

similar to the well-known amine complexes (NOTE: NEED REF.). /Little
information is available in the literature concerning hydrazine carbamate
chemistry. '

Hydrazine has been reported to interact with clay minerals in a number of ways.
For example: ' '

(1) hydrazine may be preferentially ndsorbed onto surface exchange sites
and therefore compete with anticipated ion exchange sorption processes
(Hayes, 1982). This potential problem has been recognized by DOE/Hanford
(Ames, 1982). In addition, irreversible chemisorption of hydyazine also
has been reported (Hayes, 1982).

(2) Hydrazine apparently disrupts the silicate layering and leads to
mineral disaggregation (Rleakley, 1968, and El-Messide, 1977). Further,
the use of hydrazine hydrate solutions for chemical disaggregation of rock
has been patented (Huff, 1971). (NOTE: THIS NEEDS TO BE EXPANDED)

Such reactions between hydrazine in the synthetic groundwaters and basalt
and/or secondary minerals could lead to significant alteration of the solids in
the reducing condition tests, as well as alter the apparent radionuclide
sorption behavior through sorption competition. The possibility of significant
chemical reactions between hydrazine ;nd'the basalt or secondary minerals that
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would lead to alteration of the basalt phases and/or surfaces, raises
significant concerns about the use of hydrazine.

The chemistry of the basalt/groundwater system seems to be primarily dominated
by the rock components. Thus, reactions leading to radionuclide removal from
solution by sorption or precfpitation:ﬁﬂﬂ?inv01ve heterogeneous reactions
between basalt solid phases and radionuclide species in solution. Some of
these reactions are likely to be -HﬂeHeaJQ'siow. The addition of hydrazine,
or any exogenous reducing chemical, seems likely to result 1n.:apf§1homogeneous
solution reactions {NOTE+ NEED-REFT> These reactions have not been shown to
model heterogeneous, in situ radionuclide reactions, and it seems unlikely that
such test systems could be shown to be accurate measure of the expected
behavior of radionuclides. For example, the rate of reaction between hydraziné
and technetium(VII) has only been studied at a pH of 11 and the reaction was
reported to proceed more slowly or not at all at a higher or Tower pH
(Galateanu, 1977). The reaction products were not identified, but were assumed
to be Tc(IV) compounds.. To date, DOE/Hanford reports do not identify the
products formed from the reaction of hydrazine with technetium (or any other
radionuclide). Further, there is considerable uncertainty as to the reduced
form of tpchnetium produced by hydrazine. It has been reported that
metal146-organic compounds containing a Tc-N bond are formed (the formal
valenfe of the technetium was not established) (Baldas, 1982). The possible
formation of at least transiently stable Tc(V) complexes cannot be ruled out
(Davidson, 1982). Recent work has shown that a number of what were believed to
be Te(VI) organic compounds are actually Tc(I11) compounds, and that Tc(III) is
generally more stable in aqueous solutfons than had been generally believed
(Jones, 1982). Two different DOE/Hanford reports have suggested that the solid
formed by the reaction of hydrazine with the pertechnetate anion are Tc02.2H20
(Barney, 1981) or TcOz.xHZO (Barney, 1982b). According to Kelmers et al.
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(1984), a black solid is formed,vpresumably_a hydrated Tc(IV) oxide, when
hydrazine is added to pertechnetate sqlutions. The technetium solution species
in equilibrium with this solid are bndefined.

Finally, hydrazine is a very aggres§1verchemical and reacts with plastics.
According to Kelmers et al. (1984), the rapid reaction of hydrazine visibly
attacks polycarbonate test tubes, either causing them to crack with reshlting
loss of solution or causing etching of the tube and a brown discoloration of
the groundwater solution. Further, Kelmers et al. (1984), reported a slight
reaction with polypropylene. To date, all of the radionuclide sorption work
performed by DOE/Hanford under hydrazine-induced "reducing" conditions ya_u—h“g
been conducted in polycarbonate tubes. While the details of the ,
hydrazine-polycarbonate reaction are not known, it clearly represents a loss of
hydrazine from solution. In addition, the formation of brown-colored
groundwater solutions strongly suggests the presence of organic degradation
products in the radionuclide sorption tests. This practical experimental
problem would seem to render suspect all of the work for all radionuclides
under hydrazine-induced reducing conditidns. In fact, DOE suggests that
results from these experiments are suspect (Barneyv (1982b).

SUMMARY

In order to simulate expected redox conditions and reactions, DOE/Hanford has
conducted much of their reported radionuclide sorption experimental work by
adding 0.05 to 0.1 M hydrazine hydrate to the synthetic groundwater used in
their experiments. They have identified these tests as “reducing condition"
tests with basalt (Salter, 1981c), secondary minerals (Salter, 1981b), and
interbed materials (Barnev, 1982a and Barney, 1982b). As a result of
laboratory work, the NRC has a number of fundamental concerns about the use of
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hydrazine in experiments to poise the experimental system at some predetermined
Eh or redox conditfon (Kelmers et al., 1984). These general major concerns
are:

1.

Hydrazine can exhibit four different reduction reactions and two oxidation
reactions which have widely different standard potentials.

Hydrazine hydrate dissociates to release hydroxide ions.

Hydrazine can react with the bicarbonate anfon to form the carbamate
anion. '

Hydrazine is reported to disrupt the mineral structure of clays, and
disaggregate rock.

The chemistry of basalt rock/groundwater systems seems to be primarily
dominated by the rock components. Thus, reactions leading to radionuclide
removal from solution by sorption or precipitatioh must involve
hetergenaous reactions between basalt solid surfaces and radionuclide
species in solution., The addition of hydrazine.ror any ekogenous‘reducing
chemical, seems likely to result in aaai?rﬁomogeneous solution reactions
involving radionuclides. ' |

Hydrazine is & very aggressive chemical and reacts with plastics in the
experimental apparatus.

Therefore, it is the position of the'NRC that the use of hydrazine to simulate
Hanford site redox conditions and reactions will not provide defensible data
that can be used to characterize radionuclide behavior.

 DRAFT
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06/11/85
LETTER REPORT
TITLE: Review of "Brine Migration in Salt,” by W. Kelly
AUTHOR: G. K. Jacobs
PROJECT TITLE: Technical Assistance in Geochemistry

PROJECT MANAGER: Susan K. Whatley
ACTIVITY NUMBER: ORNL #41 37 54 92 4 (189 #B0287)/NRC #50 19 03 01

The subject document provides a concise and clearly written summary of work
related to the migration of brine inclusions in salt. The organization of
the document is good, and most important aspects of brine migration are
covered to some extent (assuming that the section on Project Salt Vault
will be completed). Although the document is in good shape, I do have a
few suggestions for improvement (H. C. Claiborne kindly provided some help-
ful input that is included in my comments). My major concern is with the
purpose of the report. Although the document provides sn excellent summary
of previous work, essentially no guidance is provided to the DOE projects
currently involved in the investigation of salt as a host rock for a reposi-
tory. Addition of a short section addressing remaining concerns and poten-—
tial areas for future work would greatly increase the value of the document.
Additional specific editorial and technical comments are marked within the
text of the document.
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I. INTRODUCTION

¥ Jorod/

‘adivacto®

tadionacidesn
transport of the wasté to the accessible environment

,dép// 2_certatnanount—of wa
contain water that was eithen.

s yive *Ll.,ﬁaﬂ*

In order to dispose of hfgh-IeveIAwaste,(HLW), the Department of Energy (DOE)
is mandated to build a deep geologic repository. One of the proposed rock
types in which this repository may,beibuilt i @@edded or domal)lsalty A
favorable aspect of salt is that 1trhas vefy low permeability, thus inhibiting

(IS ’4-*‘\2, oSt \\Y-Pok‘an*’x
the flow of groundwater. Groundwater is considered to potentiaIly be the main

J.omc\; des fRow

agent for corrosfion of the waste package, so1ubilization of, the waste form, and

Hgyé%grkf;alt deposits
Mﬁﬁs A¢Ph$|"7m ‘é
gepesidadwith_ the salt or

emplaced during some secondary process. This water may be present in

intercrystalline inclusions (e.g., brine po;kets), 1ntracrysta111ne inclusions,

and hydrated or hydrous minerals. The significance of brine inclusfons in salt

is that, under a temperature and/or pressure gradient, they have been shown to

migrate. The water can move either up or down 2 gradient, depending upon the

nature of the 1nc1usion Therefore. despite the basic 1mpermeab111t¥aof salt,
. mit net t.hn\rrom‘\& -

aw

water may still reach the waste package and c6&prom1se its performance under~ A
MANANASAAAA A

T fevialion  andtle

repository-induced conditions. Inclusions in the salt

understanding of the depositional and d1egenetic history of the salt. It is

herefore important to understand the nature of these inclusions and their

t
F,v\-cn-\-sa-psi ok onMe (S IR fb o WL Repesi
*193£;§;3958—4ﬂ-§;£25%4ﬂ§—&—Feﬁes4*ﬁry—S—abilixytgt;+se+ete—Htwa This report

atgegszg;fgfiummarizesthe work that has been completed to date on inclusions in

(274

salt and brine migration and }éb/iscuss uncertainties in predicting the effects

of brine migration on repository performance.
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II. FLUIDS IN SALT
Types of Fluids

As stated above, fluids in salt deposits are bgsjéz;;; found in three settings:
(1) intercrystalline inclusions; (2) 1ntrqgg;;sta111ne inclusiuns; and (3)
hydrated or hydrous minerals. Intercrystalline inclusions contain water found
between the mineral crystals andnin any fractures. These inclusions can

~ W ReGema 7
contain large amounts of brine (1 e., brine pockets) and can be under high

g\oﬂ
pressure Al salt crystals contain some amount$ of water. within the crystal .
structure, {.e. 1ntracrysta111ne 1nclusions These inclusions are commonly
i LKON “men'\ﬁ’?
between 2 and 250‘346?39- a1though inclusions of several mi\Iimeters have been
found (Isherwood, 1979). Inclusion sizes and shapes can vary greatly within a
single crystal, a1thou%p the sma]1er the inclusion, the more cubic its shape
N depr el ysions s

tends to be. The amount of,flui@f present in inclusions depends on the
crystallization hfstory of the salt. The higher the growth rate of salt

crystals precipitating out of solution, the greater the amount of f]uiq;’/ -

~ trapped in inclusions (see Roedder, 1984, for a more complete discussion).

Most salt, however, undergoes spét’sér;Jgf;;écrysta11ization during its
diagenetic history. This recrysial11iation process may be fsochemical but also
may fnvolve the loss and/or gain of fluids (Roeddér, 1984). An example of such
an effect is the diapirism of salt beds (i.e., the formation of salt domes).

Salt domes generally contain 1e$s7{n;1uded water than bedded salts, often more

- than an order of magnitude less. Th1s is postulated to be daéﬁzG the squeezing

o resd¥ q,
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out of fluids, apparently along grain boundaries, as the salt i{s forced toward

the surface (Baes and others, 1983).

Certain minerals commonly associated with salt deposits can contain significant
amounts of water. The common minfrals that make up the vast majority of salt
deposits, halite and anhydrite (:ﬁd sy]vite), contain no water in their crystal
structures. Minerals such as carnallite, kieserite, gypsum, and polyhalite,
however, do contain bound water and are commonly found fn salt deposfts. In
addiiion, sedimentary units such as shales which contain clay minerals are
always assoc;ated to some extent with salt‘deposits. Under repository-induced
temperatures, these minerals may &gndQ:n_be'unstab1e and undergo dehydration

reactions. The more “pure“ the salt {s, the less likely it is to contain

significant amounts of water in hydroﬁs and hydrated minerals.

Composition of Included Water

The total water in salt deposits may range from ;ZPTE;fﬁEiﬁglépproximate1y 30
ppm in some dome salts (Knauth and Kumar, 1981)~to‘j3153L§;vera1 weight percent
. Recouse
1 in some bedded salts (Roedder and Belkin, 1979a). -Bue—te the small size

s ““s mﬁ\

of 1n*;§:10ns 2y Jittle quantitative work has been done studying the
composition of fluid inclusions. Most of the work has been done on the rare,

large inclusions (cm-sized); the smaller inclusions (mm-sized) have been

studied pain the USSR (see Petrichenko, v1973). The data suggest that

e —.
—
fatas DY
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the f1u1ds are Ca-Mg brines with vary1ng amouu}s of Na* R +, c1, SO4=. and ot~
a.\ dissele o 53

trace constituents (Isherwood, 1979). The Q’DS)va'lues range from 32 to 36

weight percent depending on the Ca Mg ratios (Clynne and Potter, 1977). W
llitt'le {s known about the 1dent1ty and concentration of the trace constituents. ‘
Solid phases are found 1n some inc]usions, fncluding ha'Hte, sylvite,

anhydrite, carnallite, epsomite’:: bischofite, and possibly cryptomelane

(Isherwood, 1979; Roedder, 1984). 'A number of gas phases in fluid inclusions

have been identified, including Cﬁz, '»CO, Hé. NZ’ CH4, CZHG' HZS' 02, Ar, Xe,

Ne, and He (Roedder, 1972). 011 globules have also been observed (Roedder and
Be?kin. 1979b). Inclusionsfomed@ﬁai/fferent perfods of crystal growth and -

becouss 86 , |
g/g/t-c post~depositional processes can have v dissimilar chemical Conbrint

santontds]
compositions. Inclusions in the same deposit or even adjacent to one another ’

can differ significantIy.

n»w* ‘loble cmepnins |
V;?-/Little 1s,Kkn ,m@oft ‘the redox and pH conditions of the (inclusion fluids.n

Quantitative data are limited to a few Russian studies. The pH is generally

acidic (between 3 and 6.5) while redox conditions (Eh was_measured) varies
Loes. (rovin chusions 3n

considerably (Ieherwood, 1979). Petriche ko (1973) observed that salt domes

velwe -7
fmclw?'lﬁs tended to be reducing,\whﬂe those in bedded salt tended to be

more ox1d121ng<°‘&*&' "?\ T et omidiziey ¥hae  gedwany |
con St s4% e penueng — nued
ot ke L ol |

—A—fe e 7 , ed-on

mlusion_fluids—(-aems—and—mm—ﬂ%a—see—heddenr%%)' Jhe-results—of—
Iha«mo.*\w Rov~ W 2ropau v oxypis  FsebePe sdudres
" t s generally show that the fluids are eet_e-:-senﬂ-a-}-h'—seawt‘tef——’
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-residues—but—rather mixtures of seawater and local mete‘th waters from a

@.HL,H 83, R (\1&)&4 s oy
variety of possible sourc A Studies by Knauth and others (1980) and Knauth
and Kumar (1983) show that some water from brine leaks in Weeks Island,

Jefferson lsland, and Avery Island salt mines in Louisiana is meteoric in

origin.

I1I. THEORY OF BRINE MIGRATION

i .
The hghavior of intracrystalline 1nc1usions under a temperature gradient has

-

been extens1ve1y'stud1ed (e.g., Anthony and Cline, 1971; Cline and Anthony,
1972; Geguzin and others; 1975; Olander and Machiels, 1979; Olander, M#:hie]s;
ann Yagnik, 1980; Jenks and Claiborue,‘iQBI;rPigford, 1981; Biggers and Dayton,
1982; Yagnik, 1983; Olander, 1984). The nature of the movement is dependent

whelre Hrmal  ond

upon whether the inclusion is all liqdid or contains 2 gas phase.

Hae Ao iw

spwds +he prowss wf-

[N

2 é When a temperature gradient israbplfed'to an all-liquid inclusion, migration is
S ¢ driven by solubility differences; i.e., §ince the solubility of salt increases
: ; with temperature, salt will dissb]ve at the 1nterface:closest to the heat

‘%vg source (the "hot" face),Amolecularly and thermal1y diffuée through the brine,

and precipitate at the interface furthest from the heat source (the “cold"
racess ¢

This,is broughi about because the thermal conductivity of the salt is
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higher than that of the brine, which produces a higher temperature gradient

w withl:ﬁthe 1iquid than the app]ied gradient to the solid (Yagnik 1983). Thus,
-\’M"’“&k P\‘(Lt VO~ (’fbm

dxssagk“’ the inclusions ‘Wil migrate toward the heat source. The processes ybitﬁ ~¥+\03*——
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control migration velocity are the diffusibna] transport within the inclusion
and the kinetics of_interfacial mass transfer (i.e., the dissolution and

precipitation within the inclusion) (Yagnik, 1983).

The presence of a gas phase within the inclusion will profoundly affect brine
migration. The increase in vapor'pfeSsure of water over brine with temperature
controls inclusion behavior. Water will evaporate at the hot side of the gas

) avd- Jdssdve safft wrkl ‘saturation is
bubble and be transported to the cold side,3 condense, (Anthony and Cline, Fee

1972). The condensed water in turn backflows to the hot side, carrying

dissolved salt from the cold face of the inclusion to the hot face. This .
backflow effect overwhelms any sdlubijity-driven sail.flux if the gas volume

fraction 1is :}0.1. Thus, the gas?liquid {nclusion will mﬁgraie aw#y from the' P

heat source.

The behavior of intercrystalline'1-c1usio? under a temperaiure gradient is
unknown. It has been postu1étegi;hzzzgzigsthat their migration is driven by
pressure gradients; {.e., intercrystalline inclﬁsions will migrate down a
pressure éradient. This phenomenon 1is observed in salt mines where water in
the salt under lithostatic pressure leaks into the mine, which is under
atmospheric pressure. It {s al4o unknown how water reIeased(f:;;)hydrated and
hydrous minerals will migrate. The dehydration effect may be most pronounced
~in salt-poor zones, e.g., clay interbeds. Released water may undergo

significant migration in these clastic zones in a manner not predicted by brine

- migration theory.
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IV. EXPERIMENTAL E/Fsem/

Laboratory Studies

As stated above, almost a11f9f_£he experimental}studies on brine migration to
date have been concerned wi%ﬁ.infracfystallfpé migratfon. Some of the
pioneering laboratory work was done ber.R. Aﬁthony and H.E;_Cline (1971, 1972,
1974; Cline and Anthony, 19?1). 'They ;tUdiéd-ihermal'migrat10n~of both 1iquid
droplets ahd biphase vapor-liquid droplgts in soTids énd thrbugh grain A |
bouﬁdaties. .They used high-puriterCT'ctystals and produced their own brine -
fnclusions by drilling ho1es'1nto~the”cr§stals, filiing‘them with deionized
water, and sealing them with wax to prevent evaporation. A temperature
gradient was then applied and inclusion behavior observed. Initially, the
large inclusions tended to break‘up'into many smaller inclusions under the
temperature gradient. As the inclusions began to migrate under the temperature
gradient, Anthony and Cline (1971) observed that the inclusions changed shape,
becoming more disk-1ike. Larger inclusions traveled faster than smaller ones
and were observed to collide and coa)esce'&ith smél]er ones as they migrated.
The investigators noted that migragidn was heterogeneous and should be treated
as such. They suggestéd that interfacial kinetics control 1nc1u§10n migration
occhrence and velocity and that there will be no migration below a certain

critical inclusion size (Anthony and Cline, 1971).

»
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In other studies, Anihony and Ci1ne observed migration behavior at grain
boundaries (Cline and Anthony, 1971) and biphase vapor-liquid inclusfon
migration (Anthony and Cline, 1972). The investigators observed that the
surface tension of a'grain boundary tended to pull dfopTets that had passed
through a boundary back towards the boundary plane under a temperature
gradient. This effect was negated {if the temperature gfadient was increased.
Anthony and Cline found that a vapor phaseiin an inclusion would cause it to
move down a temperature gr&dient-(see Section III) and that the nature of the
vapor phase affects the velocity. If the gas phase 1§ only water vapor,
viscoJS gas flow controls transport of water through the vapor phase. If a -
significant "foreign" gas is present; diffusion controls the transport of water
| vapor through the gas phase and’ thus theAmigratien velocity is significantly
less.
A sulpsiatet
There is a significant body of work by Soviet 1nvestiga}ors on brine migration
(Geguzin and Dzyuba, 1973b, 1973;; 1974; Geguzin and others, 1975; Sedietskii
and others, 1973). Isherwood (1979):bresents an annotated bibliography on

these works.

Thermal experiments were conducted at Sandia National Laboratories on large
salt blocks as a prelude for subsequent in situ experiments at the Waste

'Iso1ation Pilot Flant (WIPP). VIn the Salt Block I tests, a cylinder of salt

7 igg”@ewggﬂh h was heated and varibus tests were performed (Duffey, 1979).

diawek&? | o S - - R v
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Salt Block II tests,were specifically set up to observe brine migration in a
salt block (Hohlfelder, 1979). The sal£ blbck used contained total volatiles
(mainly water) of between 0.1 and 0;5 weight percent. The salt ftself was 88%
halite, 8% polyhalite, and 4% sylvite (Lémbert, 1879). A maximum temperature
 and temperature gradient of 200°C and 12°C/cm, respectively, were induced. The
experiment ran for approximately 140 days. Only 111.4 grams of water were
released (compared to between 2.2 to g.prkg ofrwater present initially), and
43% of that was released during the three-week-long period after the heater was
turned off. In general, the greateﬁt water réleasé?(5§:;<were observed
following de;reases in heate;(powef. >The investigators suggest that "the
thermochemical response of tﬁé salt, 1nc1udfng the stress state and
time-dependent stress relaxétton; is an essentfial ingredient in predicting the
measured water release rates" (Hohlfelder, 1979). The in;estigators suggest
that when the heater power was decreased, the salt failed in tension and thus
jncreased 1in perﬁeability, resu]tﬁng in an increase in water release. Similar

results were found in additfonal tests at Sandia (Hohifelder and Hadley, 1979).

Additional results from the Salt’BiSck tests show that encrustations on the
interior of the axial heater hofe'cons1sting of sodium, potassium, and
magnesium chloride minerals (e.g., carﬁallite, bischofite,,fecrystallized
polyhalité) not usually found 1n,the'host salt rock were formed (Lambert,
1979). Investigators.a1so observed that, 1in general, only iher1arger
1nc1usion; crossed grain bouﬁdaries ddfing thermal migration. However, the

larger inclusions were also observed to stop at least 7 cm from the heater
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hole; smaller inq1usions were predominant closer in, with a vapor phase
commonly present in the 1nc1usionsiwith1n 4 cm of the heater hole (Lambert,
1979). This may be due to a brgakup of the larger inclusions and boiling of

the fluids close to the heater.

Roedder and Belkin (1979, 1980)75150 performed laboratory studies on WIPP salt.

The investigators found that the fluids in many large inclusions (2100 gm) were e
released by decrepitation at 250°C in severé1 days (Roedder and Belkin, 1979).

This decrepitation caused some fracturing énd crumbling in the 100 gram pfieces

of corﬁ used. At grain boundarigs, largér'inciusions were found to cross the -
boundaries while sma11er.ones woﬁ1d not (if the boundary was tight). In a

subsequent experiment, approximate1y'one centimeter cubed blocks of salt cut

from portions of single crystals were heated and intracrystalline inclusion

behavior observed (Roedder and Belkin, 1980). Only relatively small inclusions

651)9(’ (<109 um3) were present. Of gregstest significance in this study was the

o&%g&fsr discovery that migration rates could differ by a factor of three for different

o :
@ﬁqpﬂu * samples from the same core or even from different parts of the same piece of

pet gelevast
$ Remainds

, ol S pes
Investigators at the University of California-Berkeley have dgffe considerable

j;}\{ o core. The investigators believe that the amount of included water in sal‘fj\“\ Aadomed

9ﬂ§ deposits is not trivial.

experimental work on brine migration (01andef and others, 1980; 1982; Yagnik,
1983; Olander, 1984). The investigators used a microscope with a hot stage and

" observed all-1iquid and gas-liquid inclusions in both NaCl and KC1 (Olander and
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others, 1980). Two of their observations were that very large inclusions
tended to brezk up into smaller ones onder’a oemperature gradient and that
migration velocitietjgifected by the oumbor of dislocations present in the salt
crystal (Olander and others, 1980; Yignik. 1983). Additional studies showed
that interfacial kinetics were rate-controlling for inclusfon migration
velocity except for large 1nc1us1ons; for whjoh diffusion 1s rate-controiling
due to intersection by enough dislocations so that the kinetic resistance to
dissolution is negligible (Olander and others, 1982; Yagnik, 1983). The effect
of stress was also observed. Migration velocities rose abruptly under an
increased ax}a1 loading and increased with time. The velocitigs did not return
to {nitial values after removal of the load, fndicating an inelastic property.
A change in brine composition (i.e., MgC'lz and SrC12 solutions) did not affect
migration velocity (Yagnik, 1983). Gas-liquid inclusions were observed to
behave similarly to all-liquid inclusions except for the direction of
migration. ‘Investfgators also observed inclusion behavior at grain boundaries.
Inclusions migratéd up or down the temperature gradienti(depending«upon the
inclusion make-up), but in an indirect, two-dimensional manner (Yagnik, 1983).
This was %nterpréted to be due to the distortion in the solid lattice at the
grain boundary and the fact that a grain boundary is an area of minimum eneroy

which would promote inclusion migration alohg the grain boundary.

Biggers and Dayton (1982) performed brine migration experiments on

polycrystalline salt samples that were hot-pressed,;o control the

microstructures. Sa1€‘samp1es were put in contact with a2 brine source and a
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temperature gradient was 1nduced.*rﬁigration velocities were estimated by the
timed appearance of.brine at the hoirface or by determining the penetration
distance by migration artifacts in ihermicrostructure. Visual observation was
precluded due to the nature of the expefimental apparatus. A significant
result of the study is that migrétidn ve1oc1t1es in dense polycrystalline salt
may be at least an order of magnitudg greater than velocities observed in
single crystal experiments. The investigators found that brine prefers to
migrate along paths of High crysfa11fne'act1vity (i.e., grain and subgrain
boundaries and crystal defects)'add ﬁayrbé énhanced along tﬁese paths.

Except for the Biggers and Dayton (1982)—stddy. none of the laboratory studies
discussed above was concerned withriﬁtercryst3111ne migraiion, and the Biggers
and Dayton study was basically qualita;ivé. Another uncertainty with the
studies is the spatial effects. Thg m#jﬁrity of these studies dealt with small
‘salt samples, usually single crysfals. The;e effects are better understood in

the in situ studies discussed below.
Tn Sibv S4udies

There have been a limited number of brine migration tests which have been in

situ, f.e., performed in salt mines. ..(Salt

o A w>s::li
Sagh L

7
\)L ‘-;v‘\(l/um .
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A five-year field lesting program which included brine migration tests was
performed in the Avery Islend, Lquisieme, salt mine (Krause, 1983a; 1983b).
Three experimental configurations were set up: (i) natural brine movement with
no heating; (2) natural brine movememt under elevated temperature conditions;
and (3) synthetic brine movement under.elevated temperature conditions. For a
complete descrie::on‘z the experimental set-up, see Krause (1983b). Tests
pe fo¥im PROX,
were run for a/pﬁt one year. The measured borehole wall temperature was abeGt
51°C at heater mid-height and the calculated temperature gradient was
appreximater 1.2°C/cm in the 1mmediate vicinity of the borehole wall. The
effective moisture content of the salt wasﬂdetermined to be about 0.054 weiﬁht
percent. The salt contains abous lozranhydrite. Approximately 23 grams of
moisture were collected in the meturaI'bmine under elevated temperature
experiment and approximately 18 gmems'inrthe synthetic brine experiment
(collection rates ranged from 0.026;te 0.044 grams/day) (Krause, 1983b).
During the cooling-down period of the synthetic brine test, th%?gt?sture
coliection increased significantly. Subtracting the brine collected in the
unheated test gives a net accumulaiien of approximately 10 grams of moisture

collected in the natural brine test end 5 grams in the synthetic brine test

(before cool1mg).

~ The investigators found that the region of significant brine migration in these

tests was very.small j.e., about 5 mm from the heater surface after one year.
’ 7 w m(!vsm*‘ e ?
Tracers (deuterium water and magnesium) were observed to increase toward the

heat source, although there had not been suffjc1ent time for them to reach the
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heater borehole. . The syntheticvbriné was not observed to migrate into salt
crystals (nor was any salt dissolution observed), leading the investigators to

conclude that the brine moved aiong,microcfacks or grain boundaries.

Brine migratidn tests are also being conducted in the Asse salt mine in West
Germany (Westinghouse, 1983). The 1nvestigatbrs pian to run tésts for longer
durations (up to two years) and highér temperatures (over 200°C) than were
conducted at Avery Island. The 1nvestiga£ors are also interested in testing
the effects of radiation, stress, gas'preSSUre, and petrology and mineralogy on

brine ﬁigration he tests are designed o modelrsa1t types in both t

States and‘West Germany To date, no data have been published from the Asse

ws sale wnden (M.Mw% wa;logcc“%i-
{—"' "\'5\\1 *\3'0 muck
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V. MODELING EEFORTS ' shouldd bR cewerdED

The first investigators to formulate a reléti?e]y complete mathematical model
for predicting theoretical brine migration were Anthony and Cline (1971, 1972,
1574; Cline and Anthony, 1971). Their equation for all-liquid intracrystalline

inclusion migration is:

1. & +q]G - 1[k+ 4V, (1)
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where, . v = droplet velocity

D

diffusion coefficient

C, = concentration of salt in brine droplet

Cs'= concentration of salt in solid

G = Soret coefficient

G1 = temperature gradient in brine droplet

R = gas constant |

T = absolute temperature, °K |

K = kinetics potential at interface

L'; dimension of droplet parallel to temperature gradient
X = dimension of droplet péfpendicular to temperature gradient
¥ = grain boundary tension -

Vs = partial molar volume of solid

The equation can be simplified conceptually as:
VEVp ot Ve TV T Vy (1a)

where, vT = velocity due to ordinary diffusion
Y-= " "™ " thermal diffusion
Vg = " " % pinetics at interface

= " ' " surface tension at grain boundaries
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Cheung and others (1979) evaluated the Anthony and Cline model and compared it
with several earlier, more simplistic models. They found that the first two

terms (i.e., vy and Yr) in equation,(la) dominated the calculated velocity.

Cr

The final two terms, Vg and vy had relatively little effect on the calculated
velocity. Furthermore, although the equation is the most complete avaflable,
it requires data for the final two térms that {s presently vetry difficult or

impossible to measure. Roedder ahd Chou (1982) found some errors in the work

of Cheung and others (1979). These include the improper EEE—Qﬁ-@EEi]S an

winich madels ;(A"m
w‘ob(} Cﬂ'd«sa‘;
¥, u\(i(ns Fa«ﬂ_w?

The most advanced theoretical modeling of 1ntracrysta111ne brine migration has

inaccurate estimation of diffusionrcoéfficients,

been done by researchers at the University of California-Berke1ey (Olander and

Machiels, 1979; 01ander and others, 1980; Pigford, 1981; Olander and others,

’/ing;; expanded.ggt;;&QT—

ation,dsLthe variables for

1982; Yagnik, 1983; Olander, 1984) Their work h
wncdugd
the work of Anthony and Cline, { ‘gl;?'g inve

r

kinetics and surface tension effects on migration velocities. For a complete ° ;?
, 7 ‘ S
discussion of their work, see Yagnik (1983) and Olander (1984). There have 6 g.
, J4
e

been some disagreements with the Berkeiey work {see Roedder and Chou, 1982;

M/‘J —

‘ 7’
Conttpvarid @@ ¥ roor~ conS 7

Chou, 1983). These disagreements are mainly centered around the magnitude o $
interfacial kinetics and surface tension effects and on the existence of a d§!§§;€§
’ &

threshold temperaiure gradient (see section VI).

Some empirical models have also been developed and, due to the lack of data for

" the theoretical models, are enjoying widespread use. Jenks developed the

e s
e

~—.
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so-called Jenks equation, an empirical equation based on the work of Bradshaw

+ ‘Realism.

and Sanchez (1968) on the Salt Vault Project (Jenks, 1972; 1979; Jenks and
col-Rkt - - ' - ’
Claiborne, 1981). The;;quatjon 1s-ba§ed on migratfon rate versus temperature

L Y
L 0

data:

La 0N
coaw+ 6% (’l* m -

ol

hkesen * eomostan

log V/G, = 0.00656 T - 0.6036 (2)

where, = migration velocity (em/yr)

he Jotuoly jrrel

" dster ‘ﬁdbu; .t"?
Teves> wodl a Reoson

wowleh.

v-—
Gs = temperature gradient (°C/cm)

T= temperature (°C) : o -

o Fall belows Hu cueve.

w«e&umn&

T s

although all

(:EE; data do not fall below the curve

Jenks and Claiborne (1981) compared

rates calculated by the Jenks equation wilR experimental data and concluded

that the equation gives conservative values The equation is incorporated into

Mw-r‘ % 'lb’ M'L

?j?o 0 Cugse ¥

%'MMOM
F\H

a computer program, MIGRAIN, which was' validéted with data from the Salt Block
Il experiments (Hohlfelder, 1980).” McCauley and Raines (1984) developed a
modification of the MIGRAIN code, called BRINEMfG, which was also validated
with Salt Block II data. BRINEMIG glso uses the Jenks equation to model brine
migration. Roedder and Chou (1982), however, disagree with the assertion:by

Jenks and Claiborne (1981) that thé equation is conservatlve. Some of their
Concepn S i pelecan®t 1o He puartibied 1o WU 12 ¥
'ngmentf includes that the assumptionqiss fluid amoBnTs and the Soret

assumphion
coefficient used are not conservativennﬁhat the existence of a threshold

3) |
gradient for brine migration was not proven,ﬁ;hat assuming that salt formations

pteol o explaiv Cw\ i—LsmelﬂMwa) why eack "(B Pl
mu_ﬂs T WO -~ oL ahiue Mc)l‘?o"‘y

% brire wmisacton & opproclybaw wach.
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are homogeneous or that brine ﬁigration can be modeled as if in single tr&stals

is incorrect, and that 1ntercrystallihe water was ignored in the analyses.

ayree, fhoughy

umeter e HES  ( subheadies, 4, wéo@ws). |

L3
.
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There a°number of uncertainties involved in the prediction of brine migration
- {n a potential HLW repos1£ory in salt. Perhaps the most significant

uncertainty involves intracrystalline versus intercrystalline inclusion

’g fos Jvdta
cauodl far
F—2

behavfor. Intracrystalline migration of brine inclusions is a fairly well
understood process, butl1ntercry$taijineZM1gration is not. Roedder (1984)
suggests that 1ntercrysta11ihe'f1uids'cou1d ﬁake up to 50% of the total water

present in a salt deposit. Modeling of brine migration has generally

considered only intracrystalline inclusions (see Jenks and Claiborne, 1981;
McCauley and Rafnes, 1984), assuming that intercrystalline migration rates will
not exceed intracrystalline migration rates. This assumption, however, is

questionable. Intercrystalline migration may be criven by pressure gradients

(A dhok wot Wy

. N

avno-

instead of temperature gradients, thus undermining the basis for the above
assumption. It is clear that ﬁhe process of 1nte}crysta111ne»f1u1d migration
needs to be studied more thoroughly before the assumption that intercrystalline
migration is not greater than intracrystalline migfation can be fully

evaluated.

]
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A related concern is the uncertainties regarding inclusion beh#vior at grain

Ly \y boundaries. When an 1ntracrys£alline fncIusioh reaches'thé grain boundary,
| _various investigators observed that it either ceased migrating, crossed into

]? the adjacent crystal, or began migrating along crystal boundaries. Its

4s ‘ o

i behavior depends on a number of parameters, including inclusion size (small

4

.5% inclusions were trapped)A, the nature of the boundary (i.e., how tight it is),
G ;

'é  and the magnitude of the temperature'gradient. Since most of the fluids
‘°4§a' present in salit crystals are in the large inclusions, it can be concluded that
,%i H g— the majority of the fluids will not stop migrating at crystal boundaries under
L .
L a temperature gradient. It is apparent that in situ experiments
<
C% S need to be run in order to determine the behavior of fluids at grain
boundaries. Ae&ne bLcamns Pmu.-\Is
_ .«u‘}\ 2 cod el il Consiolia A long tepm
'\K-u’sijp- .
™

Many salt deposits contain signf?icant amounts of hydrated or hydrous minerals.

Repository-induced conditions may cause these minerals to dehydrate, thus

producing f'luidee for migration. However, it is unclear how these

incorrect.

fluids will migrate, especially in clastic interbeds within the salt. v,F? oo 4
Including dehydration fluids 1n'1ntracrystalline migration models may be ”““”*thﬁb

b Seme extent.
The existence of a threshold temperature gradient below which inclusion '
migration will not occur is a source of debate'aﬁong investigators. Some

investigators (see, e.g., Cline and‘Anphony,'197Z; Jenks and Claiborne, 1981;
Pigford, 1982; Yagnik, 1983; Olander, 1984) belfeve that a threshold gradient
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does exist in salt. Jenks and Claiborne (1981) calculated a series of values

for the threshold gradient. while MeCa&]ey and Rafnes (1984) used a threshold

" * interfacial kihetics and grain boundafy surface tension effects (Chou, 1983).

Roedder and Chou (1982) aiso suggest that experimental data used to support the
| ad tnoh R46¢xun4
concept of a threshold gradient may not be applicable, wh&ﬂe other data, Suggest
that no threshold gradient exists. A scopi g study by St. John and others
_hioim 5 sl cant
(1982) suggests that a significant temperature gradient will exist in a/;a?i'—’
AN
repositoryAfor over 10,000 years, a]thoughra more recent study suggests that
temperature gradfents will be insignificant well before that (McCauley and
Raines, 1984). The use of a threshoid gradient by McCauley and Raines (1984)
does not decrease the predicted am unt of brine accumulation at the waste
x\c"-’-‘ wudh” "70 .
package to a great extent. Because there is uncertainty about the existence of
a threshold gradient, conservative'predictions shouid presently not incorporate

it. Additional experimental data modeiing repository conditions should be

collected to examine the threshoid gradient concept.

The construction of a HLW repository and emp]acemeﬁt of waste may change the
geochemical environment significantlyrenough to affect predi;ted brine
migration rates and accumulated brine at the waste package. The actual
construction may cause a number of changes, including fracturing of the salt,

formation of brine inclusions, and the introduction of atmospheric oxygen.

gradient of O.IZS'BC/cm in their model, BRINEMIG. Other investigators, — .
~ o by dowroehd

- however, dispute the concept of a threshold gradient (see, e.g., Roedder and Jhl
Chou, 1982; Chou, 1983). The disagreehent centers around the magnitude ofl ﬂ“*\’?
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Fracturing will form pathways for fluid migrationrnear the waste package; the

extent of this problem will depend on the mining method used. Inclusions

formed in the salt will probab]y'be'liquid-vapor 1n¢1usions. These inclusions
would migraté down a temperature gradient, and their,effect on the migration of
all=liquid inclusions up the gradieﬁt s uncertain. Atmospheric pressures in N
the mined c;vities will create a pressure gradient Qith respect to the salt |
rock that 1§ under'lithos£at1c pressure and possiblyvfnduce migration of

intercrystalline fluids.

The irradiation of the rock salt by HLw may Significant1y influence the -
chemical environment. Radiatfon effects include the formation of colloidal
sodium, dramatic changes in the pH, and gas formation (predominantlvaZ; also
COZ, water vapor, and possibly 02) (Panno and Soo, 1984). The nature and
magnitude of these effects depends on the moiétdre present near the waste
package during irradiation, impurities in the sa]t; and the rate and duration
of the frradiation. Based on Salt Vault data, Jenks (1979) suggested that paﬁt::;L'
irradiation will not affect brine migration, but more recent studies may th&wj

. N - *_ ﬂ
contradict this. Even if migration rates are not affected, the changes in oosY
redox and pH conditions and brine composition wi11 certainly affect brine

. ' 6T
corrosion of the waste containers. Backfill and packing materials that a zlﬂyquf’

used will also affect the fluid composition and redox and pH conditions. ‘#“‘vﬁb*ib

Some investigators observed the decrepitation of fluid inclusions in salt at

high temperatures in a short perfod of time (e.g., see Roedder and Belkin,



22

1979). This breaking up of inclusions was not always observed in brine
migration experiments. The effett of decrepitation on brine migration is

uncertain.

o 4o a
VII. SUMMARY AND CONCLUSIONS o ot

The mfgf&tion of brine inclusign€ in a salt deposit under a temperature and/or

pressure gradient may €ompromjise the ability of a repository to fsolate HLW

from tﬁe accessible environment. Investigators have observed and modeled .
intracrystalline flufd behavior under a temperature gradient in a number of

laboratory and some in situ experiments. This process is fairly well

~ understood for both all-liquid and 1iquid-vapor inclusions. Intercrystalline

fluid behavior, on the other hand, is poorly understood. The amount of fluids
present in intercrystalline inclusions, howeve},'cﬁn be significant. Their
behavior under temperature and pressure gradients merits further study. Models
predicting migration rates #nd amounts of fluid expected to reach the waste

package in a HLW repository have incorporated only intracrystalline fluid

‘behavior.

Additional uncertainties in predicting fluid behavior in a HLW repository in
salt include behavior at grain boundaries, the migration behavior of fluids

released by mineral dehydration, the possible existence of a threshold

- gradient, construction effects, radiation effects, GEEST:;; effects- of redox
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conditions, and the occurrence of decrepitation) All of these uncertainties

need to be better defined in order to accurately model brine migration in a HLW
'_V\/
repository fn salt. , b\J" do Hey Mt:LoQ > .
: 7 ol _
o M“‘M .
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