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ABSTRACT

Geological systems analogous to proposed packing materials have been

reviewed and investigated and approximate temperature limits for smectite,

mixed layer smectite / layer smectite / illite and illite have been found to be

100, 200 and 250*C respectively. All phases are metastable, with teaction

rates being controlled by factors influencing kinetics, principally temperature

1

and rock / water ratio. Even over geological time periods the phases may exist

metastably at low temperatures with low water / rock ratios. Experiments with,

t

bentonite / basalt mixtures confirm that there is little change at 300'C

and below in simulated packing conditions for experimental durations of up to a
i

year and a half. Data are consistent with a lack of equilibrium, such thati

experimental reactions occur at much higher temperatures than in geologic

systems, and cannot be used to reliably predict the state of such systems over

long time periods. Analysis of geological systems suggests that a suitable

continuous clay matrix can minimizo the degree of transition of clays and

clay / basalt mixtures.

I L

l

i

S
,

i

.

;
t

111
*

,

E
- _ _ _ _ - - _ - _ _ - _ - - - _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _



. .

.

* *

TABLE OF CONTENTS

E x ec u t i v e S umma ry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1. INTRODUCTION............................................................ 3
1.1 General Framework.................................................. 3
1.2 Materials and Range of Conditions Studied......................... 5
13 Summa ry o f Me thodolog y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

131 General Geologic Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
132 Hydrothermal Experiments............................... 8

1 133 Characterization of Materials......................... 10

134 Integration of Data for Natural and

j Synthetic Systees....................................... 11

2. R EVI EW OF GEO LOGIC SYST EMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1 Saectite/I111te/Muscovit6 Trans i tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Hydrothermal Experiments cn basa1t................................ 19
23 Analogous Geologic Systems........................................ 21

231 Gulf Coast Sequence................................... 22
232 Lehigh cap Shale to Slate sequence. . . . . . . . . . . . . . . . . . . . 26
233 Salton Sea Burial Metamorphic Sequence. . . . . . . . . . . . . . . . 32
2 3.4 Summary of Specific Geologic Systems . . . . . . . . . . . . . . . . . . 38

3 CHAR ACTERIZATION OF STARTING MATERI ALS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
31 Definition of Starting Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
32 Characterization Procedures....................................... 40

3 2.1 X R D Ana l y s i s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 0
i 3 2.2 S EM/ EDX An a l y s i s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.

' 323 ST EM/ A EM Ana l ys i s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3 2.4 Optical and Electron Microprobe (EMPA) Analysis. ...... 42
3 2.5 Bulk Chemical Analysis................................ 43

33 Results of Characterization....................................... 43
331 Smeetite.............................................. 43

| 332 1111te................................................ 52

| 333 Basa1t................................................ 54
i
' 4. HY D ROTH E RM AL EX P ER IM EN TS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 3.

4.1 Me t h o d s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 3
| 4.2 Condi tions fo r Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 3

43 Results........................................................... 67
431 Se t I Tr i a l R uns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 7 ,

4.3 2 Se t II Sho rt Te rm Runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 0 1
-

4 3 2.1 Bentonite........................................... 70
4 3 2.2 I111te.............................................. 75

( 4323 Basa1t.............................................. 78
| 433 Se t I I I Lon g Te rm Run s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2

I| 4 3.3 1 Bentonite........................................... 82
4332 I111te.............................................. 86
4333 Basa1t.............................................. 92 |

4.3.4 Set IV Basalt plus Bentonite . . . . . . . . . . . . . . . . . . . . . . . . . . 93 1

4 3 4.1 400*C Runs.......................................... 93
4 3 4.2 300'C Runs......................................... 102

1

!

l,

V I

% |
.



. .-

,

5. SUMMARY OF DATA....................................................... 108
~

! 5.1 Analogous Geologic Systems....................................... 108
5.2 Characterization of Starting Materials........................... 111

3

5.2.1 I11 1 t e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 1'

1 5.2.2 Sme e t i t e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 1
i 5.2 3 Basa1t............................................... 112

53 Ex p e r i me n t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 24

6. DISCUSSION AND SYNTHESIS OF DATA ON EXPERIMENTAL

{
AND GEO LOG IC SY STEMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 4

I Re f e r e nc e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 7

1
;

r

'

!
; .

!

1

.

!

)
<

*

r

I

i

i

,1,
,
se

h

1
1

1

i
,

i

L

|

I

vi
i. .

_ _ _ _ _ _ _ _ - - _ _ - - _ - _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ - _. _ _ _ - - _ - _ _. - _ _ _ _ _ _ . - - - _ - _ _ - - _ _ _ _ _ - - - _ _ _ _



.

< . .

*

LIST OF FIGURES
, ,

Figure Page
2.1 TEM lattice-fringe images of samples from Gulf Coast

sediments......................................................... 23
2.2 TEM images of samples from Lehigh Gap showing changes

i in illite......................................................... 27
23 TEM lattice-fringe images of samples from Lehigh Gap

; showing changes in illite-chlorite interlayering.................. 29
2.4 TEM image of a sample from the Salton Sea geothermal'

field showing authigenic illite................................... 34
2.5 Euhedral illite crystals with interconnected pore

s pac e , Sa l t on Se a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 5
2.6 Subhedral, subparallel 1111te crystals , salton Sea. . . . . . . . . . . . . . . . . . . . 36
31 A low magnification TEM image of untreated Wyoming

bentonite......................................................... 47
32 TEM lattice-fringe image of untreated Wyoming

bentonite......................................................... 48
; 33 TEM lattice-fringe images of Wyoming bentonite

j expanded with 0.1 N laurylamine HC1............................... 49
3.4 SEM image of bentonite................................................ 51,

| 35 TEM lattice-fringe images of Fi thian 1111te. . . . . . . . . . . . . . . . . . . . . . . . . . . 53
36 SEM images showing the morphology and occurrence of

,

phases in the fractures of the Ontanum basalt. . . . . . . . . . . . . . . . . . . . . 55
37 TEM image of the immiscible glass in the untanum basalt............... 58
38 EDX spectra showing the chemistries of immiscible

glasses, Umtanum basalt........................................... 60
3.9 compositions of two immiscible glasses , Umtanum basalt. . . . . . . . . . . . . . . . 61
4.1 TEM images of bentonite from hydrothermal run ENV82-2................. 68,

4.2 EDX spectra of bentonite for starting and hydro-
therma lly t reated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

43 XRD patterns of bentonite for starting and hydro-

| the rmally treated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
j 4.4 SEM photographs of bentonite hydrothermal run products,

run BN454......................................................... 74
4.5 XRD patterns starting and hydrothermally treated samples

o f K-bentoni te ( glycolate d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 6
4.6 XRD patterns of starting and hydrothermally treated'

samples of K-bentonite (not glycolated) . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.7 XRD patterns starting and hydrothermally treated samples

ofillite.........................................................79
'

4.8 SEM photograph of basalt from hydrothermal Run BS450,
! s howing cla y m ine rals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 0f ,

! 4.9 TEM image of 1111te from a hydrothermally treated basalt
~

sample............................................................ 81
4.10 Low magnification TEM images of unaltered hydrothermally

i treated bentonite................................................. 83
I 4.11 High magnification lattice fringe images of bentonite

from hydrothermal Run BN282 (300*c 537 days)..................... 84
4.12 EDX spectra for bentonite a. starting material.

.

! b. Product of Run BN282 (300'c, 537 days)......................... 85
i 4.13 Low magnification TEM image of 1111te and berthierine

,! Run IL783 (300*c 544 days)....................................... 87 .

t

!

vil
s.

. . _ . _ . . , __ . . - - - - - _ , - - - . , - _ - - - - _ . . _._- . _ _ - - -



. .

.

. .

4.14 Intermediate magnification image of illite and
berthierine from Run IL783........................................ 88

4.15 High resolution lattice fringe images of illite and
berthierine from Run IL783........................................ 89

4.16 EDX spectra as obtained by AEM for untreated illite. . . . . . . . . . . . . . . . . . . 90
and hydrothermal run products for Run IL783....................... 91

4.17 XRD patterns for hydrothermal run products of
255 bentonite /755 basalt mixtures................................. 94

4.18 SEM images and EDX spectra of smectite and wairakite
from Run BB62..................................................... 95

4.19 SEM images of products of Run BB69 (255 bentonite /
755 basalt: 400*C, 81 days) saectite, wairakite,
a n d pl a g i o cl a se . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 6

4.20 XRD patterns of products of runs with basalt / smectite
mixtures for a temperature of 400'C............................... 98

4.21 TEM images of chlorite and illite from Run BHC5. . . . . . . . . . . . . . . . . . . . . . . 99
| 4.22 Lattice fringe images of illite and chlorite from
j Run BHC5......................................................... 100
1 4.23 TEM images of illite and chlorite from Run BHC5...................... 101

4.24 EDX spectra for products of Run BHD4 and BHC5
,

(505 basalt /505 bentonite)....................................... 103;
' 4.25 TEM images of products from Run BHD4 (505 basalt /
! 505 bentonite)................................................... 104

4.26 Low magnification TEM image of bentonite from Run BHD4. . . . . . . . . . . . . . . 105
4.27 Lattice fringe images of bentoni te from Run BHD4. . . . . . . . . . . . . . . . . . . . . 106

|
.

|
1

1

\

:|

,

!

!

viii s,

- _ _ _ __.



. .

LIST OF TABLES *-

, ,

Table Page

31 XRF analyses of Wyoming bentonite and Fithian illite
standard samples.................................................. 44

! 32 Analyses of the bulk rock and augite in the Umtanum *
2 basalt............................................................ 56

33 Representative AEM analyses of two immiscible glasses. . . . . . . . . . . . . . . . . 62
4.1 Experimental run conditions and resulta............................... 65
4.2 Chemical composition of the groundwater in the Untanum

formation, Pasco Basin, Washington compared with
.| sea water and river water compositions............................ 69

i
j

!

i
:

!

I

I

i

.

.

6

i

i

*'
,,

,

I

i s

k

|

3

i e

i

5 |

1

'

ix
w.

- - - -__ - _ - __ - _ - _ - -__- _-____-__- ___-__- - .____-___ ________ _ __ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ . __



*
. .

.

~

EXECUTIVE SUMMARY i

|
|Storage of high level nuclear wastes in subsurface repositories may

utilize a packing material as a physical / chemical barrier between solid waste

cannisters and the host rock. Packing materials may be subject to reactions |

with actively circulating ground water at temperatures estimated to be up to

| 300*C and pressures of several hundred bars. Chemical, structural and textural

changes due to reactions with such hydrothermal solutions may degrade packing

performance such that, for example, porosity and permeability are increased,

thus accelerating cannister/ ground water reactions. In order to evaluate the

potential for such reactions, we haves

(1) carried out hydrothermal experiments on candidate packing phases

(bentonite, illite, basalt and smectite / basalt mixtures) under conditions

analogous to those anticipated for the repository:

(2) thoroughly characterized both reactant and product experimental phases

using EMPA, XRD, SEM/EDS, and TEM /AEM techniques in order to evaluate

changes;

(3) reviewed and analyzed geologic systems which are analogous to the

repository packing systems; and

(4) integrated the data for both experimental and synthetic systems. This

is essential in that experimental reaction rates are notoriously slow for

systems at such low temperatures, but geologic systems exist for many

millions of years and therefore serve as natural experimental systems
'

which more accurately express an approach to equilibrium, and therefore of

the long term (10,000 years) state of the packing systems.

Basalt, smectite and illite have all been characterized and found to be

heterogeneous. Smectite and illite samples not only are contaminated by other
.

phases to be expected from their geologic origins, but are also found to be

| .
,

!
. , . . .

,

|
-_
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.

locally heterogeneous in chemistry, structure and texture at TEM /dEM ' levels of

resolution. Basalt contains both secondary phases on fractures (e.g.

nontronite, opal and zeolites) and up to 25% of immiscible, two-phase glasses,

one of which is K-rich; the latter may provide K to groundwater.
I Experiments up to and including 300'C resulted in changes in starting

materials only on an irregular basis and then only in limited ways, despite the

apparent metastability of starting materials and the very long durations for

the experiments, of up to approximately 1 1/2 years. These limited changes,

and those occurring above 300*C (up to 460*C) are compatible with those

occurring in geologic systems at much lower temperatures'.

Analogous geologic systems are reviewed, and transitions in Gulf Coast and

Salton Sea argillaceous sediments are examined in detail, as type examples of

systems approaching closure and openness with respect to solutions. In

general, smectite may exist at temperatures up to ca. 100*C, mixed layer

illite / smectite up to ca. 200'C, and illite (relative to ideal muscovite) up to

ca. 250*C. High porosities and permeabilities in the presence of fluids cause

reactions to occur at lower temperatures, such that discrete, authigenic illite

is found at temperatures as low as 115'C in Salton Sea sediments.
.

Experiments with clay minerals imply that reaction temperatures are higher

than for natural systems, due simply to the relatively short times for such
|

experiments. These and other data all imply that the reactions involve

unstable phases, with reaction progress constrained by temperature, time, and

mediating fluids. Even in geologic systems where reaction temperatures are

significantly lower than those expected for the repository (300*C), closure to

hydrothermal solutions caused by an appropriate impermeable clay mineral fabric

causes reaction progress to be significantly decreased,

i

2

".Lg
.
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1. INTRODUCTION
~ ~

1.1 General Framework

One concept of high level nuclear waste disposal involves the use of

packing and backfill materials which fill the space between the container with

solid-form waste and the host bedrock. Potential packing and backfill

materials include natural geologic materials such as smectite, illite and

basalt. A major function of the packing material is to isolate the container

system from fluid present in the host rock. In an anhydrous environment the

integrity of the cannister is enhanced. In addition, migration of all

elements, including any radionuclides which may be freed through breaching of

the cannister, is dramatically retarded in a fluid-free environment. The

packing material is therefore evaluated on factors such as mechanical strength,

porosity, permeability, swelling (crack-sealing) properties, ion-exchange

properties, etc.

Whatever desirable properties are represented in the original packing

material, long-term stability is essential in retaining those properties and

thus maintaining its usefulness as a physical and chemical barrier. An ideal

packing material would therefore be one whose properties do not change or

which, if changed, cause an improvement in performance. It is therefore

essential to determine the relative stabilities of candidate packing materials

under the repository conditions, which include estimated temperatures up to
-
~300ac, pressures up to several hundred bars, and saturation by fluids

(principally H O).
2

Determination of relative stabilities may be carried out in two ways:

1. Laboratory experiments using candidate packing materials under

repository conditions. This approach is essential, but conclusions may be
i

problematic in that experimental conditions are at such low temperatures

3

.
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that reaction is often difficult or impossible to obtain in the'short

times possible in experimental research. Therefore it is essential to

interpret such experiments in light of the second major thrust of this

report, viz.:

2. a review of the geologic literature relating to analogous systems, and

research on those systems serving as models for packing materials and

conditions. Geologic systems change over time periods of millions of

years. Therefore, changes which may be significant over the proposed

lifetime of the repository (10,000 years) are detectable in geologic

systems, even though they may be undetectable under laboratory

conditions.

It is essential, therefore, to integrate the results of both kinds of

systems. Two major components of this report, therefore, concern both

experimental and geologic systems, and their mutually integrated significance.

;

Lastly, it is essential to properly characterize the reactants and

products in experiments, so that the changes and processes of change, if any,

can be characterized. We have therefore undertaken a program of careful and I

complete characterization of selected candidate starting packing materials, in

order to define their properties to serve as a reference for possible change in |

materials used in experiments. The products of those experiments have likewise

been carefully characterized in order to detect changes. Although an

@integrated approach to characterization is utilized we have emphasized the

results of Transmission Electron Microscopy (TEM) and Analytical Electron
|Microscopy (AEM) because these methods are capable of detecting changes at the j

highest levels of resolution (approximately 5 for TEM, and 300 for AEM).

Therefore, small changes in experimental charges, which may not be detectable

in bulk samples by the usual methods of characterization, but which when

4

, . . .

, - - . ,, . . . . .



. .

i

-

1. .

integrated over the life of the repository have a significant effect on

properties, may be detected. It is essential that such changes also be

compared with those of natural geologic systems in order to test their validity

and significance.

|
|

1.2 Materials and Range of Conditions Studied

Two candidate packing materials are crushed basalt and bentonite, either

separately or in combination. These materials have already been extensively

studied (e.g. Sasaki, 1982; Wood, 1983), and it has been concluded that

bentonite is a suitable packing material up to temperatures of 300'C. The

basalt is a candidate if the proposed repository in basalts at Hanford,

Washington is ultimately selected. Smectite is the general name for a family

of clay minerals of which montmorillonite is a specific Na and Al-rich

variety. Bentonite is a rock rich in montmorillonite derived through

alteration of volcanic ash which is mined in commercial que.ntities. In this

report the terms smectite and bentonite will be used interchangeably. A third

potential packing material is the clay mineral illite. It is to be preferred

for backill and packing because smectite is known to change to illite under

conditions similar to those of the repository (see Section 2.1). Smectite is

known to be unstable under repository conditions, but systems with illite are

much closer to being in equilibrium. Illite is thus much less likely to

0
undergo change. Certain mixed layer illite / smectite clays retain a significant

fraction of the expandability possessed by smectite, and thus have desirable

engineering properties. Such clays are the principal component of certain

shales and are thus available in larF; volume. However, such shales have

significant proportions of other phases from which illite cannot be separated,

but whose significance is in part addressed later in this report.

5 . ,a
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The characterized materials will be used in experiments that' app'roximate, |

as nearly as possible, repository conditions. These include:

(1) A temperature range of up to 300*c, as this upper limit represents the

maximum and long-term temperatures expected in the repository (Apted and Myers,4

1982). Temperatures above 300*C will be used in order to accelerate reaction

rates.
1

(2) A pressure near 300 bars, as this is the pressure equivalent to 1 km

depth.

(3) A solution chemistry corresponding to either distilled water or an

artificial solution having ion concentrations and pH equal to those of the BWIP

proposed repository groundwater (Ferguson,1982) (Table 4.2).

(4) Water / rock (W/R) ratios of 50 to 0.4 which are typical of natural

hydrothermal fields (e.g., Savage and Chapman, 1982).

The geological literature will be reviewed for aspects of diagenesis of

chemically and mineralogically similar systems over equivalent ranges of
)

conditions, and the results integrated with those of the experiments.

1.3 Summary of Methodology

131 General Geologic Framework

Sedimentary or volcanic geological materials, following deposition at the.

surface of the earth, may be subject to burial under succeeding generations of

such materials. Over periods of tens of millions of years, continued

deposition of materials at the surface causes a given layer of material to
!

become progressively more deeply buried. Such materials are thus subject to a I

series of changes in texture, chemistry, and mineralogy which is referred to by
;

the term " diagenesis", and the general process of change is referred to as
l" burial metamorphism". Principal factors affecting those changes are:

6 - .m
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(1) Temperature. The normal crustal geothermal gradient naturally ca'uses an |
~

increase in temperature with increasing depth of burial. Such an increase in

temperature results in an increase in the rate of chemical reactions, therefore

causing changes in materials not originally in chemical equilibrium (including

most materials in such an environment) toward a state of equilibrium. In

addition, changes in temperature may cause phases which were initially in a

state of chemical equilibrium to no longer be so related, such that changes

toward a new equilibrium state will occur. An increase in temperature may also

be initiated through unusual subsurface processes such as the intrusion of a

magma or the introduction of circulating hydrothermal fluids.

(2) Pore solutions. All rocks, and especially sediments, have measurable

porosities. Such pore space is generally filled by water-rich solutions which

may have been part of the original sedimentary environment, water lost during

diagenetic chemical reactions and which was initially included as part of the

structure of originally deposited minerals (principally clays), or introduced

as circulating waters from external sources. The sediments of the Salton Sea,

for example, have been affected by circulating brines which are driven by

thermal anomalies. Pore water is a primary factor in chemical reactions

because it serves as a mediator for chemical reactions. Where pore water is

known not to have been present, unstable mineral assemblages have been retained

over hundreds of millions of years. In addition, circulating pore waters are

the principal medium for transport of chemical (ionic) species. Addition or

loss of components generally promotes chemical change as it causes a system to

move away from an equilibrium state.
.

(3) Pressure. Burial metamorphism results in an increase in pressure due to !
l

the weight of accumulating overburden. Such increases in pressure have a

negligible effect on equilibrium relations, as compared with the dramatic

7
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effects of temperature. Pressure may affect reaction rates due to' increases in
~

solubility via pressure solution, but the effects are expected to be

inconsequential under the relatively low pressure conditions of the repository.

In summary, the prime factors affecting diagenesis through burial

metamorphism are temperature and pore solutions. The approximate temperature

interval for diagenesis through a transition to low grade metamorphism in

geological systems ranges up to approximately 300'C, after which changes are

described within the regime of metamorphism. This range correponds

approximately to the proposed limits of the repository (up to 300*C). Such

geological systems are therefore appropriate as models of changes in packing

materials. In addition, as packing materials may be contacted by pore

solutions, (e.g., ground water, or water derived by dehydration of minerals due

to increase in temperature), the natural geologic systems subject to such pore

solutions (either static or convecting) are especially appropriate as models.

132 Hydrothermal Experiments

Although natural geologic systems are analogous to the packing systems,

they are imperfect models for several reasons. First, they are exceedingly

complex, compared to most synthetic systems. For example, shale may consist of

major proportions of as many as six minerals, with clay minerals representing

less than half of the total. The textural relations, types and proportions of

pores and other variables are ill-defined. Secondly, although changes may

occur in geologic systems over tens of millions of years, such times are

i

inappropriate for a repository; when similar materials exist over repository )
storage intervals, they might remain unaltered, albeit in a metastable state.

I
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Synthetic systems do offer the opportunity to control the variables which

act independently in geologic systems, and to maintain relative simplicity in

starting materials. If changes do occur in experimental materials it is

possible to at least qualitatively determine the relative effect of different

variables and the rates of change. Changes occurring in geologic systems may
1

therefore be placed on a more predictable basis. We emphasize, however, that

the results of either experimental or natural geological systems are,

separately, subject to misinterpretation. It is therefore essential that the

results of each be interpreted in an integrated manner.

There are some general problems associated with laboratory experiments as

carried out under repository conditions. First, these experiments are carried

out at relatively low temperatures. As 300*C is the projected maximum

temperature to which packing materials are subjected, this is the normal upper

temperature limit for experiments. It is well known after many decades of

experimentation on geologic materials over temperatures extending to those of

igneous melts, that it is difficult if not impossible to reach equilibrium at

temperatures at or below 300*c. Indeed, it is difficult to even induce small

changes in some phases even though they are known to be unstable. This is

particularly true of silicates (e.g. clay minerals, minerals of basalts), whose

reaction rates are exceedingly slow. Therefore, the lack of change, or the

presence of small changes, in experiments must be viewed with extreme caution.

Furthermore, the results of such changes cannot generally be viewed as the

final, equilibrium system to be expected under the times proposed for a

repository. We are especially concerned, for example, that Wood (1983) has

concluded that bentonite is "sufficiently stable" at 300*C to serve as a

packing material. This conclusion was based on relatively short-term

laboratory experiments involving basalt and bentonite without proper regard for

4
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evidence from the geological record. Indeed, smectite is not " stable'" at
~

300'C, and even the small changes observed by Wood, when extrapolated over the

durations planned for the repository, are significant.

Secondly, laboratory experiments commonly occur over time intervals of

weeks or months, and a year is a very long experiment. The geological

literature is replete with examples of systems which are known to change over

the geological time scale, but for which equivalent laboratory experiments show

no change. Experiments over long time periods may result in changes which are

so small as to be undetectable, yet changes which when extrapolated over

thousands of years are significant.

In summary, then, we note that although laboratory experiments provide

data that are unique relative to natural geological systems, such data must be

treated with caution, and only by analogy with geologic systems which are known

to generally display a closer approach to equilibrium conditions.

133 Characterization of Materials

The changes attendant to diagenesis in geological systems or to synthetic
i

i

hydrothermal systems are primarily concerned with three different aspects of
l

the component phases, or minerals, and include textural, chemical and I

structural changes. It is essential to characterize the materials used in

synthetic runs as completely as possible to detect any changes in run

products. Insofar as starting materials in experimental runs, or actual

packing materials, are not pure, it is necessary to identify all components of

the sample; otherwise changes which are observed may be incorrectly ascribed to

an apparently pure starting material. We therefore have undertaken a complete

mineralogical characterization of both starting and product run materials using

a variety of techniques. These include polarizing microscope techniques on

both crushed fragments and thin sections, powder X-ray diffraction, Scanning

10 -
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Electron Microscopy (SEM) including qualitative energy dispersive ana' lyses, and
~

TEM and AEM techniques. AEM is emphasized because:

(1) It is essential to determine the characteristics of phases present at

the trace to minor amounts. |

|
(2) Candidate phases such as smectite and illite occur in grain sizes too

small to be resolved by conventional techniques. SEM may resolve textural

relations for only some grains, while AEM is the only technique capable of

providing chemical analytical data on single phases, especially of the

clay minerals. Other characterizing techniques such as X-Ray Diffraction

(XRD) only yield data on bulk samples which are indirectly a function of

individual grain features and directly an cverage over a large volume.

(3) Laboratory experiments occur over relatively sh' ort (on the order of

months) time periods, relative to geological conditions, and occur at

relatively low temperatures (300ac), at which reaction rates are slow and

equilibrium difficult to obtain. Reactions which may go to completion

over geological time spans may be incomplete or hardly occur at all,

therefore. Only by examining such materials at the TEM /AEM scale may

subtle changes be observed, which when extrapolated over the life of the

repository, may be significant.

134 Integration of Data for Natural and Synthetic Systems
-
'

In the above sections we have pointed out the principal advantages and

disadvantages of geological versus synthetic systems as models for packing

materials and conditions. The geological systems tend to approach an

equilibrium state and thus to provide a model for changes over the long time

periods required for the repository. On the other hand, the complex variables
,

|

|
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associated with geological systems can be carefully controlled and the relative

effects of separate variables may be identified.

We maintain that data from either experimental or geologic systems is

subject to serious error and/or misinterpretation when separately considered,

but that data of both types are mutually supportive. Integration of data from

both types of systems is therefore a prime goal of this project, and our

conclusions are based on such mutually inclusive interpretations.

2. REVIEW OF GEOLOGICAL SYSTEMS

2.1 Smectite /Ilite/ Muscovite Transitions

Characterization of the changes in mineralogy, chemistry, structure, and

texture (collectively referred to as the process of diagenesis) of argillaceous

and clastic sediments has been and continues to be a major goal of sedimentary

petrologists, and a vast and growing literature exists on the subject.

Comprehensive reviews have been given by Singer and Muller (1983) and by Kisch

(1983) with additional references by Larsen and Chilinger (1983). Such studies

are concerned, in part, with changes in the clay minerals smectite and illite

in response to increasing temperature (up to approximately 300*c), geologic

time, pressure and factors relating to pore solutions, including chemistry of

solutions, rock / water ratio and fluid flow. As smectite and illite are prime

:-
candidates for packing materials, and as the geological paramaters are

equivalent to those of the repository, such geologic systems are natural

analogues of the repository. Because times of formation of many tens of

millions of years are available for geological systems, they represent long-

term experiments wherein the lack of reacticn due to limited laboratory

experiment durations is obviated.

12 ,.
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Smectite is one of the principal minerals of clastic, argillaceo'us
.

1

sediments (muds), having been derived by surface weathering of preexisting

silicates (commonly volcanic tuff), and transported by water to a site of

sedimentation. Progressive burial of such sediments by additional sediments

(to depths of tens of thousands of feet) in part causes changes in temperature,

pressure and other variables resulting in the progressive conversion of

smectite into mixed layer smectite / illite (I/S) and eventually to 100% illite.

This transformation has a dominant influence on major changes in the properties

of the sediments. It has therefore been studied in detail by many

investigatore, e.g. Weaver (1959), Burst (1959, 1969), Powers (1959, 1967),

Dunoyer de Segonzac (1964,1969,1970), Muffler and White (1969), Perry and

Hower (1970, 1972), Weaver and Beck (1971), Eslinger and Savin (1973), Hower et

al. (1976) and Boles and Franks (1979). Of this sampling of a vast literature,

Hower et al. and Boles and Franks review the essential data and conclusions of

clay diagenesis.

Smectite is the name applied to a large family of expandable clay minerals

with common crystal structure features, but variable chemistry.

Montmorillonite is a specific member of the family, which is the variety

proposed as a packing material and is common in argillaceous sediments. Its

composition is approximately -

Na (A1,Hg,Fe)2(SI'A1)4 10(OH)2 "N 0; x < 0 3; Mg,Fe << A1.0g 2
-
~

The structure consists of two layers of tetrahedra (principally Si with minor

A1) sandwiched to the top and bottom of a layer of octahedrally coordinated

cations (principally Al, but with some Mg and Fe). The latter is the so-called

dioctahedral layer of montmorillonite. In other varieties of smectite this

layer is dominantly a trioctahedral layer principally occupied by Mg and Fe.

Smectite basically consists of stacks of such basic T-0-T layers, each of which

13 - ,.
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extends infinitely in two dimensions, but with one important addition. Because

such T-0-T layers have a small excess of negative charge, additional cations

are required for charge balance. Alkali and alkaline earth cations such as Na

and Ca occupy interlayer sites. In part because bond forces between adjacent T-

0-T layers are weak, such large alkali and alkaline earth cations may attract

coordination spheres of H O molecules, thus effectively forming continuous
2

layers of large cations and H O which alternate with T-0-T layers. As water
2

pressure changes in the environment, H O may be gained or lost with concomitant
2

expansion or contraction of the cation-water layer. Complete dehydration under

vacuum leads to complete loss of H O with " collapse" of the layers to an H 0-
2 2

free basic layer thickness of 10$ (effectively the thickness of a single T-0-T

layer); addition of H O may cause gain of H O with concomitant expansion of the
2 2

cation-H O layer to a characteristic thickness of approximately 14 at ambient
2

conditions, but increasing H 0-pressure may cause expansion to much higher
2

layer thicknesses. Even the " normal" state of expansion is 40% greater than

that of the collapsed state, and much higher values are possible at relatively

low P(H O). The expansion of smectite with addition of H O with concomitant
2 2

loss of porosity and decrease in permeability in clay aggregates is of course a

principal reason why bentonite is considered to be a potential packing

material.

Illite is derived from smectite principally by substitution of K in

interlayer sites in substitution for Na, and of Al for St. The overall change

can be written, to a first approximation, by the reaction smectite + K + A1 =

illite + Si + Na. Illite derived from smectite has the approximate composition

KO.5(# '"8' * 2(8135 0.5 10(OH)2 wi th Al >> tig , Fe .A1 0

.

14
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These substitutions collectively result in " collapse" of the'str'ucture to 1

its characteristic 10A, T-0-T layer repeat; i.e. the potential fc? gain of H O
2

associated with interlayer cations is lost and the resulting clay mineral,

illite, is not expandable or collapsible. This is in large part due to the

fact that increasing substitution of Al for Si results in a higher negative

layer charge, which in turn results in a higher proportion of interlayer K

(relative to, say Na), with greater interlayer bonding forces.

The transition of smectite to illite generally occurs gradually with

i increasing depth, from 100% smectite through a series of so-called mixed-layer

illite / smectite phases to 100% illite with the proportion of illite increasing
,

i

continuously. One theory holds that intermediate phases consist of alternating, ;

,

ordered sequences of illite and smectite (ordered mixed-layer phases) (e.g.,
1

| Hower et al., 1976) while some research indicates that illite occurs as

!
discrete domains whose size and proportion increases with increasing degree to,

,

1
l

! transition. This has little relevance to potential packing materials however.
'

i

The principal pol'nt here is that the transition occurs gradually, and

continuously over depth, time and other geologic variables; the change is

permanent and results in a proportional permanent decrease in the

i
expansion / contraction properties of the clay.

Illite is itself subject to further change. Further substitution,

primarily of Al for Si and concomitant substitution of K in vacant interlayer

sites (K + A1 = S + Si) results in transition toward the endmember phase,

muscovite. Muscovite has the ideal composition KAl (Si A1)010( " 2, and R is2 3
t
'

the stable, final product in the transformation of smectite (assuming that

| K + Al are available and disregarding the role of other elements such Mg and

Fe). The change in composition from illite to muscovite is accompanied by loss

of H O from some interlayer sites occupied by K, change in mode of stacking of
2

'

15
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layers from a disordered to an ordered sequence, and decrease in t'he ~
~

concentration of structural imperfections with an increase in so-called

"crystallinity" as detected by X-ray diffraction.

This sequential change from smectite to mixed layer I/S to illite to

muscovite is idealized. In actual samples various domains of different clay

mineral grains may display a variety of transitron states, with some average

state dominating. Thus a sample of so-called illite inevitably.will retain

some proportion of expandable smectite-like layers. Illite samples, then, may

retain a minimum potential for drastic change, while retaining a potential for

limited expansion. The Fithian illite described elsewhere in this report is

such a material and is being studied in large part because its l';;ential for

change in the packing environment is minimal relative to smectite, and it

retains some of the desirable engineering properties of smectite.

Weaver (1967) suggested that the K needed for the transitions is produced
1

from breakdown of detrital K-feldspar and/or mica. This interpretation was 1

supported by Hower et al. (1976),' who observed a gradual disappearance of K-
i

I

feldspar with increasing depth in Gulf Coast sediments. They suggested that K-

feldspar may also be the source for A1. Weaver and Beck (1971) stressed the

possible importance of the K supply from nearby shale formations during

sandstone diagenesis. On the other hand, Boles and Franks (1979) proposed that

the Al component of illite during the smectite-illite transition is entirely

supplied from smectite layers and, therefore, some smectite must be consumed to

form I/S. This implies that the smectite-illite transformation can proceed

without Al from the pore solution. However, the supply of K (or other

interlayer cations) is critical to the smectite-illite transition (or breakdown

of smectite into a non-expandable phase), and these ions must be primarily

16
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supplied from pore solution because their amounts are lower in smectite than in

|illite.

The presence of K is essential to the smectite-illite transition.

However, it is possible for K to substitute for Na in bentonite to form an

expandable K-bentonite. The transition to illite is primarily dependent on the
,

i

substitution of Al for Si. As this is a sluggish process compared with the |

alkali substitution, it is the rate-determining step. Furthermore, smectite

may transform to a variety of other phases, such as kaolinite, in geologic

systems, and changes in it and in the properties of the aggregates within which

it is included are therefore not entirely dependent on a supply of K.

The kinetics of the smectite-illite transformation have been studied

experimentally in the temperature range of 150-400'C by Eberl and Hower (1976,

1977). They reported an activation energy of around 20 kcal/ mole for the I/S

transition, indicating the breaking of chemical bonds in tetrahedral / octahedral

layers. They found that this transition is more rapid in K-saturated than in

Na-saturated smectite. Eberl (1978) further showed that the inhibitory

strength of monovalent ions for the smectite-I/S transition follows the order

Li, Na, Cs, and K and of divalent ions, Ca, Mg, Sr, and Ba, which is positively

correlated to the magnitude of dehydration energy of these ions. A higher

negative charge in smectite layers is required to incorporate a cation with

higher hydration energy into the interlayer site. Eberl and Hower (1977)

showed that when reacted with water, Na-smectites typically break down into

paragonite-bearing assemblages whereas K-smectite typically produces I/S. The

inhibition of the smectite-I/S transition by Na, Ca, and Mg ions in the

solution has also been demonstrated by Roberson and Lahann (1981).

i
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Temperature ranges of the smectite-illite transition have bee'n inferred
'

from various field studies (Steiner,1968; Burst,1969; Muffler and White,

1969; Dunoyer de Segonzac,1970; Perry and Hower, 1970, 1972; Ealinger and

Savin, 1973; Foscolos and Kodama, 1974; Hower et al., 1976; Boles and Franks,

1979). Most of these results indicate a temperature of about 100'C for the
a

onset of I/S formation (e.g., Perry and Hower,1970; Foscolos and Kodama,

1974). Lower temperatures have also been reported (e.g., 60*C, Hower et al.,

1976; Boles and Franks,1979). Complete conversion of smectite to illite is

estimated to occur at temperatures as low as 200'C (from experiments: Khitarov

and Pugin,1966; Sabatier, quoted by Dunoyer de Segonzac,1969; Hiltabrand et

al., 1973). The range of temperatures for the transformation of illite to

muscovite is large (approximately 100-350*C). Oxygen isotope thermometry of
,

coexisting quartz and illite from the Belt Series (E311nger and Savin, 1973)

indicates that 50% of the illite of the <0 5 m size fraction would have been

converted from the 1M he 2M polytype at a temperature of about 290'C.
d

Coal-rank (references in Kisch,1974) and illite crystallinity (Weaver,1961;

Kubler, 1964, 1967; weber, 1972a, 1972b; for additional references see Kisch,

1983) are widely used as indicators of temperature, and thus degree of burial

metamorphism (increasing depth, time, temperature) in a diagenetic sequence,

and confirm this approximate temperature range.

Because the transitions occur at low temperaturcs, laboratory experiments

which attempt to establish stability relations are inconclusive due to the

slowness of reactions. It is not established that either smectite or illite

has a true stability field under geologic conditions. The detailed textural

and chemical relations between them indicate that smectite and illite are -

metastable, with the state of transition being kinetically controlled. Thus

availability of large fluid volumes, which promote solution and

18
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crystallization, as well as increasing temperature or any other facto'r which

in'fluences reaction rate, promote the transitions. Because smectite is

uniformly observed to transform to illite and other phases when kinetic factors

are favorable is itself evidence for the metastability of smectite.

Nevertheless its continued existence in argillaceous sediments which are many

millions of years in age point out that the expandable component of

. argillaceous sediments can be retained over geologic time at low temperatures

where kinetic factors are unfavorable for the transition.
.

In summary, in geologic systems it appears that the smectite to illite

conversion is complete at temperatures of approximately 200*C and that illite

to muscovite convers'.on is complete at temperatures approaching 300*C. The

reactions require a source of K and A1. The reacting clays are apparently

metastable phases with reaction rates primarily controlled by temperature, the

availability of fluids and concentrations of reacting cations in solution.

However, under geological conditions which are analogous to the repository,

smectite and illite may remain largely unaltered up to temperatures of 150 and

300*C, respectively. The relative significance of the factors affecting the

reactions under the specific conditions of the repository remain to be

determined.

2.2 Hydrothermal Experiments on Basalt

Many workers have experimented on basalt-water systems at low to moderate

temperatures and for a variety of pressures and aqueous compositions (Liou et

al., 1974; Seyfried and Bischoff, 1977, 1981; Mottl and Holland, 1978; Pohl and

Dickson,1979; Motti and Seyfried,1980; Spear,1981; Moody et al.,1983; Apted )
and Liou, 1983). Several of these researchers started with natural or

I
synthetic basalt glass presumably to speed reaction (Seyfried and Bischoff,

|
1977, 1981; Pohl and Dickson, 1979; Apted and Liou, 1983). However, this

19 ,
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starting material may yield highly metastable crystalline run product's at low P-
,

T, and in any case may not reproduce the reaction of a crystalline starting ;

basalt. Some of the workers examined the reaction of basalt with seawater

presumably to mimic seafloor alteration of freshly extruded ocean basalt

(Seyfried and Bischoff, 1977, 1981; Motti and Holland, 1978; Pohl and Dickson,

1979; Motti and Seyfried, 1980). The greatly increased alkali chloride and

alkaline earth bicarbonates may well be expected to yield different run ,

products, particularly with respect to clay minerals whose chemistry is

strongly controlled by exchange with aqueous fluids. Many of the workers

conducted experiments at higher pressures (> 1 kb) and/or higher temperatures

(> 400'C) in order to mimic regional metamorphism and to promote detectable

reaction (Liou et al., 1974; Pohl and Dickson,.1979; Spear, 1981; Apted and

Liou, 1983; Moody et al., 1983). Such experiments, while probably uttaining a

closer approach to equilibrium assemblages (at a given P, T, X, f0 , fH 0,
2 2

etc.) provide less information on intermediate steps in the hydrothermal

alteration of basalt precisely because of the approach to equilibrium.

Experiments are needed with crystalline basalt and appropriate groundwaters if

one is to hope to predict expected mineral assemblages for a given P T, time,

aqueote system, and interactive backfill material. For these reasons, it was

decided that experiments on natural Umtanum basalt + H 0, + high-T groundwater,
2

+ clay backfill would be useful in constraining the alteration history of

Umtanum basalt. Although the solutions were analyzed after the experimental
'

runs for alkalis, and alkaline earths, it was decided that a greater emphasis

would be placed on the proper characterization of the alterations of the

solids.

,
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23 Analogous Geologic Systems

The results described in this section represent, in part, results of our

studies of diagenesis of sediments over the range of temperature (below 300*C)

of the repository, focusing on the smectite / illite / muscovite transitions, and

have been carried out emphasizing STEM /AEM techniques (references to our work

include Lee et al., 1982a, 1982b, 1983, 1985a, 1985b, 1986c; Lee and Peacor,

1983, 1986, 1988; hhn et al.,1983; Yau et al.,1983; Ahn and Peacor,1985,

1986). The systems described here are representative of the range of

conditions postulated for the repository and are generally representative of

the large number of geologic systems for which clay mineral transitions have
,

been studied. Furthermore, although these systems have been studied by a

number of other investigators using a variety of techniques, and thus serve as

valid type cases on that basis alone, we have studied them using STEM /AEM
i

techniques which have been emphasized in this project as applied to

experimental materials in Section 4. The results can therefore be directly

correlated and integrated with experimental results.

Three sequences are described below. These include an approximately
,

3000 m depth interval of Gulf Coast sediments and a transitional sequence of
1

mudstone to slate in the Martinsburg Formaticei at Lehigh Gap, Pennsylvania. I
l

These two sequences, when combined, represent a continuous sequence of

diagenesis for temperatures up to approximately 250*C. As shown below, the ;
'

:|changes in mineralogy apparently occur under closed system conditions; i.e.,
'

fluids are excluded by the impermeable clay matrix. By contrast, a sequence

from the Salton Sea geothermal field represents a completely open system, With
i

geothermal waters flowing through permeable sediments, with temperatures i

exceeding 300*C. These contrasting systems thus represent limiting cases in

water / rock ratios relative to the repository conditions.
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231 Gulf Coast Sequence

The changes that occur in the Gulf Coast sediments were described by Hower

et al. (1976). Smectite is the original detrital clay mineral at shallower

depths. The major changes in mineralogy and chemistry which occur at the depth

interval between 2000 and 3700 m are an increase in the illite proportion of

mixed-layer I/S from 20 to 805, a decrease of calcite from 20% to 05, a
!

decrease of K-feldspar to 0% and an increase of chlorite with increasing

depth. However, the bulk chemical composition shows no major changes with

i depth except for a decrease in Ca0 concomitant with the decrease in calcite.

On the other hand, the <0.1 m fraction (virtually pure I/S) exhibits a large

increase in K 0, A1 0 and a de rease in S10 , implying the reaction:
2 23 2

3 4smectite + K+ + A1 + ,1111t, 31 +,

The K and Al appear to be derived from the decompositon of K-feldspar (and

mica) and the excess Si forms quartz. Below the 3700 m depth, no further major

changes in mineralogy and chemistry are observed.

TEM observations ( Ahn and Peacor, 1985, 1986) using the same samples as in

Hower et al. (1976) reveal the nature of the transitions. Transformation from

smectite to illite in beginning stages at shallow depths occurs on a small

scale. Illite layers appear as small domains (usually less that 100 A, or 10

illite layers, in thickness) within smectite crystals (Fig. 2.1a). Smectite |

crystals are imperfect and irregular with a characteristic appearance of

undulating and anatomosing layers with high concentrations of defects such as

dislocations and general heteroger.eities in both local chemistry and

structure. Illite, in contrast, generally shows much more regular, straight
I

and well crystallized structure layers. As the smectite to 1111te conversion

proceeds in deeper sections, the domains of illite layers become thicker and

longer and finally become dominant over smectite layers below 3700 m

22 |
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Figure 2.1 TEM lattice-fringe images of samples from Gulf Coast sediments at
| two different depths, (a) 1750 m and (b) 5500 m showing changes in
| smeetite and illite layer proportions: (a) At 1750 m depth, smeetite is '|-

dominant cver illite. Smectite layers are characteristically very l
irregular and imperfect. Small packets cf illite (1) occur within j
smetite. (b) At 5500 m depth, illite is the dominant mineral. The i

1

layers are relatively regular and well crystallized but show some !
imperfections along grain boundaries 1 packet boundaries) with mottled
contrast features. Smet. tite (s) is rare and shows very little contrast
because 1t is easily damaged by the electron beam relative to illite.
( photos f rom Leo et al . , 1985a)
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(Fig. 2.1b). As scectite transforms to illite, the proportion of trioctahedral

'

chlorite (and berthierine) also increases, occurring as packets of layers

intergrown with or closely associated with smectite and illite. Ahn and Peacor

1 (1985) showed that the illite has a lower propertion of Mg and Fe than the
i

smectite from which it is derived, and that the chlorite (or berthierine) is

largely derived from this Mg and Fe. In addition, kaolinite is also locally

I -

; derived from parent smectite, and Ahn and Peacor propose that this occurs where
4

the K necessary to form illite is not available.

| An important feature of the smectite to illite transformation in Gulf

Coast sediments is that the illite forms as a direct replacement of parent

! smectite. Transformed illite layers are parallel to and contiguous with

j smectite (Fig. 2.1). Hower et al. (1976) envisioned a transformation mechanism
,

where the T-0-T layers of smectite were effectively retained in the

i
j transition. Boles and Franks (1979) called on destruction of at least some of
i
;

the original T-0-T layers, to serve as a source of A1. Ahn and Peacor (1985,
.

,

' 1986) showed, however, that the transition mechanism is one which involves

virtually complete solution and recrystallization of original smectite at the

j interface with expanding domains of illite. The distinction is important
.

| relative to kinetic factors. The activation energy for the actual solution and
'

,

recrystallization mechanism must be orders of magnitude greater than one in
;

I which the T-0-T units are largely retained. It is easy to understand, then,
I 5
j how smectite can exist metastably even with K locally available, rather than

transform to illite. The mechanism thus explains the sluggishness of the
|
1

reaction and confirms that the rate-determining feature involves disruption of

| the T-0-T bonds (and is thus related to increase in tetrahedrally coordinated |

Al relative to Si) rather than simple exchange of K for Ca or Nas i.e.

| saturation of bentonite.by K-rich solutions will not in and of itself result in

|
i l

l
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a transition to illite. The Al must also be made available from external

sources (contrary to the hypothesis of Boles and Franks,1979) and the

structure must locally be destroyed and reconstituted.

One other important feature of the reaction mechanism as shown by Ahn and

Peacor (1985, 1986) involves the scale over which components essential to the

reaction must diffuse. The illite, kaolinite, berthierine and chlorite derived

from original smectite directly replace original smectite. Diffusion of

components thus can be shown to occur only over distances of the order to

magnitude of the size of the clay mineral grains; i.e. over thousands of

Angstroms. Abundant chemical and structural data attest to a lack of

pervasive, through-flowing solutions which would give rise to dramatic

solution / recrystallization effects. The amount of water necessary to act as a

catalyst for the smectite to illite transition need only exist at the

structural discontinuity at the reaction front at any given time. Such a

quantity of water may be vanishingly small; the structural water contained

within smectite may itself'be sufficient to serve as the vehicle for

solution / recrystallization. Smectite is partially retained to depths up to

3000 meters because the compacted sediment is apparently closed with respect to

water. The Gulf Coast sediments dramatically show the significance of H O as a
2

1

catalyst to the reaction and show that exclusion of H O contributes to
2

retention of smectite. The Salton Sea system as described below sharply
5

contrasts with the Gulf Coast system in that regard, and further confirms the

role of water.

|
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232 Lehigh Gap Shale to Slate Sequence

The (Ordovician) Martinsburg Formation at Lehigh Gap, Pennsylvania

represents a diagenetic sequence whose least deformed rock corresponds to the

deepest section of the Gulf Coast sequence (Wintsch,1978: Lee et al., 1985b).

The outcrop of Lehigh Gap displays a transition of rock type from mudstone to

slate which is paralleled by a gradual development of slaty cleavags

perpendicular to the original bedding (Holeywell and Tullis, 1975). The least

deformed mudstone is at the contact with the overlaying Shawangunk Formation.

Illite and chlorite are the dominant clay-size minerals and no mixed-layer I/S
!

is present in the outcrop. The Martinsburg Formation (approximately 4 km

j thick) is slate deformed by a (post-Silurian) tectonic event (Epstein and

Epstein, 1969) . The occurrence of undeformed mudstone is due to a pressure

shadow caused by the competent quartzitic Shawagunk Formation (Epstein and

Epstein,1969) and the release of strain by the fault (Wintsch,1978). No

major changes in bulk composition (Wintsch, pers. comm.) and in mineralogy
.

(Lewis, 1980) occur across the entire sequence. XRD studies (Lewis, 1930) ehow

that the mudstone to slate transition is associated with a reaction of 1M
d

illite toward well-crystallized, ordered 2M muscovite.

STEM /AEM observations reveal the chemical, structural and textural changes

in the clay minerals in four significant ways:

1) The change in illite polytypism (1M M) s paralleled by an
d

kincrease in K and Al and a decrease in Si. The composition of illite in the
|
1slate is close to that of muscovite: 2) Illite layers in mudstone samples '

generally are highly imperfect with small angle grain boundary-like features

where structural defects (layer terminations and dislocations) are concentrated

(Fig. 2.2a). Such imperfections decrease in concentration as the transition to,

;

j slate proceeds (Fig. 2.2b): 3) Random interlayering between illite and chlorite

|

| j

1
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Figure 2.2. TEM images of samples from the Lehigh Cap outcrop showing changes
in perfection of layer texture and structure in illite. Notice the
increase in the thickness of layer packets and regularities along the
packet boundaries from (a) mudstone near the Shawangunk-Martinsburg
contact to (b) slate 120 m further from the contact. There are parallel

changes in composition (see text). (Photos from Lee et al . , 1985a)

27

c



.

. .

s

1

1*
,

occurs commonly in mudstones and intermediate samples but disappears in slate

samples and changes to discrete packe'cs of two different layers (Figs. 2 3a and )
l

2.3b); 4) Kaolinite layers which only rarely occur as packets interleaved with '

|
'

illite, decrease in packet thickness and frequency with the transformation of

|

mudstone to slate (Lee et al., 1985b). Chemical compositions of illite and

chlorite analyzed by AEM are highly variable from one grain to another, ,

probably due to a highly variable composition of their precursor smectite.

The clay mineral rock-fluid reactions in the Gulf Coast sequence become

apparent at a depth of approximately 2000 m and at the temperature of

approximately 60*C (Hower et al., 1976). Most of the pore water had been

expelled from the sediment by that depth (about 10% pore water remaining;

Burst, 1969) and the sediments were well lithified. Many of the detrital

minerals (calcito, mica, K-feldspar and most importantly smectite) underwent

reactions under these changing conditions. Most of the components from the

breakdown of the detrital minerals were actively redistributed within the

system except Ca and water. Ca was completely expelled from the system while

the pore water content decreased further (to around 55) along with the
'

interlayer water released by smectite dehydration. In a filtration experiment, '1
,

Benzel and Graf (1984) showed that Ca passes through smectite membranes

preferentially relative to Na. The K and Al from K-feldspar and mica react

with smectite which is converted to illite and excess Si which forms quartz
.
"

(Hower et al., 1976).

As the depth approaches 3700 m at (approximately 110*C) conditions for the

reactions are no longer favorable due apparently to lower permeability and lack

of pore waters (about 5%, Burst, 1969) relative to temperature conditions. At

this stage, the reaction rate becomes too slow even on a geologic time scale

(Burst, 1969). This is evidenced by the fact that most young diagenetic
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Figure 2.3 TEM lattice-fringe images of samples from the Lehigh Gap outcrop
showing changes in illite-chlorite interlayering from (a) random
interlayering in a sample closer to the Shawangunk-Martinsburg contact to
(b) complete separation of the two minerals into well defined packets in
slate samples. (Photos from Lee et al., 1985b)
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sequences (Tertiary) extend only to approximately 80% illite in mixed-layer I/S

(Velde and Hower, 1963; Maxwell and Hower, 1967). STEM and SEM data also

indicate that the changes occur on a small scale and at a slow rate even in the

depth interval with the active mineral reactions. Therefore, the systems have

reached a point where reaction rate is so slow that no major change can be

detected within 10-20 million years (Burst, 1969).

Compared to the Gulf Coast sediments, Lehigh Gap samples represent a

higher degree of diagenesis with further dehydration evidenced by absence of

smectite and lower Ca content (Wintsch,1978) and by lack of bulk chemical and

mineralogical changes. It is inferred that the system was already closed at

the time of deformation with a very low pore water content. Reactions in the

Lehigh Gap system occurred very slowly on a local scale (only around hundreds

of Angstroms: Lee et al., 1985b). Temperatures in the sequence are estimated,

although imprecisely, to have been 200-256*C (Epstein and Epstein, 1969; Lewis,

1980; Lee et al., 1985b), but isothermal throughout the outcrop (Lee et al.,

1985b). Under these conditions, reactions in the Martinsburg Formation were

promoted by tectonic compression to produce the regionally developed slaty

cleavage. However, the reaction rates near the Martinsburg-Stawangunk contact

were still too slow (due to a local lack of stress) to result in a

transformation to slate and, as a consequence, a diagenetic sequence displaying

a gradual transition from illite (mudstone) to muscovite (slate) was developed.
5

The mineralogical transitions observed in both Gulf Coast and Lehigh Gap

apparently occurred with systems that were closed to an influx of H 0. There
2

is abundant evidence for eclution/ recrystallization effects but only for those

requiring transport of components over distances of the order of magnitude of

microns. There is no evidence for the occurrence of pervasive, through-flowing

solutions which could give rise to mass transfer over large distances and of

30
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large volumes of materials. For example, Hower et al. (1976) and Lee et al.

(1985c) show that the compositions of the sediments in each case remain

effectively constant during diagenesis (except for some loss of H O). This,
2

and the detailed textural / chemical / structural data derived from STEM studies

show that the effect of pore solutions has been minimal.

An apparent cause of the lack of through-flowing solutions can be seen in

the textural relations. For example, Figure 2.1a shows typical relations among

clay minerals and non-clay minerals. The layers of spectite structure have

very different orientations in different areas of the image (on the order of

tens of degrees). However, if a path is chosen along any given layer of

structure, or if a shift is made from one contiguous layer to another (where

the structure is locally periodic, with only minor distortion), a route along

apparently continuous structure can be traced, even between domains which are

extremely misoriented relative to one another. This is especially evident

where clay structure layers bend around grains of non-phyllosilicates. The

clay minerals thus form a matrix of continuous structure which surrounds and

includes grains of non-phyllosilicates. There is, effectively, a single, large

continuous unit of clay structure. The term " grain" with its implication of

well-defined grain boundaries, surface area, and intergrain pore space has

little meaning insofar as the clay is concerned. Such a continuous matrix must

serve, effectively, as a barrier to fluid flow and its existence readily
6

explains the closure of the systems to water. The only mechanism for fluid

)
flow would appear to be diffusion through the clay minerals, probably using the )

9

high density of dislocations as pathways. Such diffusion is clearly orders of

||

magnitude less efficient than migration along grain boundaries where no clay y

|
matrix is present. Formation of an efficient clay matrix may therefore be a

I
prime objective in a packing material. )

i
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The clay matrix described above is present in all of the Gulf Coast and

Lehigh Gap samples studied. However, the shallowest and least altered sample

in these studies has still been subject to effects of early diagenesis. The

original sediments, for example, clearly consisted of separate, well-defined

grains of detrital clay and non-clay minerals. The clay matrix then, must be

the result of compaction and local recrystallization along grain boundaries, as

a precursor to other more profound mineralogical transitions. The original

compacted packing material must consist of separate grains, but the first

interaction with pore fluids might well have a beneficial effect of promoting

production of a clay matrix and causing a decrease in porosity and

permeability. These factors are further discussed in a later section.

2 3 3 Salton Sea Sequence

The Salton Sea geothermal field represents extreme contrasting conditions

relative to the Gulf Coast sediments insofar as fluid flow is concerned. An
.

unusually high geothermal gradient (over 300*C/km: Helgeson, 1968) and actively

circulating brine water (major elemental components C1, Na, K and Ca; Muffler

and White, 1969) promote reactions at relatively shallow depths in the Pliocene

and Pleistocene sediments (Muffler and Doe, 1968) compared to most other

diagenetic systems. The mineralogical relations of coarse-grained clasticshave

been described in detail by McDowell and Elders (1980,1983) while our work
8

(Yau et al.,1983) is primarily on finer grained argillaceous sediments.

The mineralogy and petrology of Salton Sea materials have been studied as

a function of depth by McDowell and Elders in the well Elmore 1 (1980, 1983).

The original sediments have a high proportion of detrital clay minerals, which

consist in large part of mixed-layer illite / smectite with approximately 70%

illite. With increasing depth the smectite is converted to illite, and at a

32
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depth of approximately 700 m (275'C; McDowell and Elders,1980) there is no

smectite detectable even in mixed-layer illite / smectite. 1

TEM images show that there are three kinds of illite present in the

samples from well IID #2. One consists of original detrital grains of well

crystallized illite / muscovite. As this constitutes a minor component of the

sediment' we do not consider it further. A second type includes detrital,

smectite. Such material in near-surface sediments consists of smectite with

domains of illite. The appearance of this material is nearly identical to that

of Gulf Coast smectite / illite in an intermediate state of transition. As

temperature (depth) increases, the size of illite domains increases until no

smectite can be detected at a temperature of approximately 200'. The sequence

of transition textures also is equivalent to these of the Gulf Coast sequence.

As the proportion of such material decreases with depth we propose that the

smectite not only is transforming to illite in some domains, but that it also

must be subject to partial dissolution.

The tnied type of illite, the most abundant and significant, consists of

subhedral crystals which in cross-section have a lath-like shape

(Figure 2.4.). These crystals are flattened parallel to (001), and are

approximately 250 A thick and 1 um in diameter. Detailed TEM /AEM data coatfirm

that they are well-defined crystals of illite with morphologies which

dramatically contrast with the morphology of Gulf Coast illite (Figures 2.5

and 2.6). The TEM images also show abundant pore space between grains of both

illite and other minerals (preserved and occupied by epoxy) . Such crystals

have clearly formed by direct precipitation from pore solutions. The chemical

components may have been derived at great distances from the crystals formed by
1

precipitation, and have sources in the dissolution of a variety of original
,

1

detrital grains including smectite, feldspar and quartz. We observe no direct
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Figure 2.4. A TEM image of a sample from the Salton Sea geothermal field
(250 m depth) showing lath-shaped authigenic illite crystals. (Courtesy of
Y.C. Yau).
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relation between precipitated phases and any detrital phases so we have no way

of directly idencifying specific sources of components or of determining

distances over which ion transport has been accomplished by flow of ascending !

solutions. We refer to such illite as being authigenic - sensu strictu.

Authigenic illite is first detected, with increasing depth and intensity [

of diagenesis, at 256 m (115'C; Yau, pers comm.). These illite laths ,

tangentially fill interstices between detrital grains of non-phyllosilicates.

With increasing depth the proportion of pore space decreases, but is still

readily identifiable (Figure 2.6). However, illite laths become subparallel,

as if they undergo reorientation through compaction. At the greatest depth at

which such illite occurs (approximately 730 m), grains have coalesced into

larger "mega-grains" presumably through a process of recrystallization along

semiparallel grain boundaries, leaving low-angle-grain-boundary-like features

defined by linear arrays of edge dislocations (layer terminations) as traces of

original grain boundaries. In this fashion a semicontinuous matrix of clay !

,

minerals (primarily illite) is formed which is analogous to the continuous
i

,

matrix in Gulf Coast sediments. Nevertheless, considerable connecting pore

|
space is always observed. ;

At greater depths illite is entirely replaced by chlorite, and chlorite in

turn by biotite at a temperature of approximately 315'C. The latter two phases

likewise form well defined platy crystals. At depths which are transitional

&
from illfte to chlorite, or chlorite to biotite, single crystals consisting of j

separate packets of two different phases may be found.

The presence of an actively convecting system, then, causes flow-through

of brines along intergranular pore space which dramatically contrasts with the

Gulf Coast sediments, within which we have yet to positively identify any pore

I
space at all., Detrital minerals undergo dissolution, with transport of ions by

1

|

|

|
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convecting brines, with direct crystallization of brine components as illite

(or phases such as chlorite or biotite at greater depth) in open pore space. i

l

Although smectite is largely transformed to illite to depths with a

temperature of 200*C, illite fails to react completely to muscovite at

temperatures up to 250'C with increasing depth. The conversion of smectite to

well-defined authigenic illite at temperatures (< 115'C) less than in the Gulf

Coast sequence is interpreted as being due to the catalyzing influence of

water, which promotes solution and recrystallization. The lack of a continuous

clay matrix to minimize permeability, thus facilitating dramatic solution and

recrystallization effects, is especially significant in relation to the role of

packing materials in impeding fluid transport.

2 3.4 Summary of specific Geologic systems

In summary, these geologic systems imply the following relations

concerning smectite / illite / muscovite reactions in relation to repository

conditions:

(1) Argillaceous sediments such as Gulf Coast shales generally act as

nearly closed systems; i.e., when compacted through burial, the clay fabric

forms a closed network which forms a barrier to fluid flow. Even at the

highest levels of TEM resolution pore space is not seen in such sediments.

(2) The smectite to illite to muscovite reactions are kinetically
0

controlled, with active water flow through permeable rocks greatly increasing

reaction rate. The effect may be more significant than that of temperature,

although both factors are significant. At Lehigh Gap, the temperature was

constant (approximately 200-250*C) across the entire sequence for geological

times. The entire range of transformation from illite to muscovite is still

preserved, however. Even though smectite, I/S and illite are thermodynamica11y

a :.'. k :X| 38
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unstable these phases may be retained in geological systems, with smectite or

I/S retained up to 150' and 200*C, respectively and illite up to approximately

300*C.

(3) STEM studies show that the transformations involve three factors:

a) addition of K; b) substitution of Al for Si; c) reconstruction of entire

layers or packets of layers of structure. Thus, smectite does not transform to

illite only by substitution of K. The Al/Si ratio and other chemical bonds

must be broken with at least small units of structure undergoing local

solution / recrystallization. Such processes are inherently sluggish. They

therefore require that the reaction of smectite to illite is basically

sluggish. This explains why unstable clays such as I/S may be retained at

elevated temperatures even over geological time periods.

3 CHARACTERIZATION OF STARTING MATERIALS

3.1. Definition of Starting Materials

There are three starting materials to be considered: smectite, illite,

and basalt. Smectite (bentonite) is available in bulk through several

commercial sources. We have characterized several commercial bentonites using

XRD. All were found to be subject to contamination by other minerals (e.g.

quartz, feldspar, calcite and even gypsum in one case). In addition, the

$>
principal 001 diffraction peak was of variable width in different materials,

indicating the presence of some inhomogeneity in the bentonite itself. The

material known as Envirogel was found to have both a minimum of contaminating

phases and to have a sharp, well-defined 001 diffraction peak. It was

therefore chosen as the standard bentonite. However, we nave made no attempt

to compare different samples of Envirogel, mined for example at different

393
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times, and we therefore cannot guarantee homogeneity among diferent bulk

samples. The basalt was a portion of a drill core, provided by Nuclear

Regulatory Commission staff, which was obtained by drilling into the U tanumm

Formation. This particular basalt flow considered as a target for the

repository and was therefore sampled. Illite is a relatively poorly defined

clay mineral which is quite variable from sample to sample. Different samples

of " illite" may consist of several other minerals in variable proportions, and

the " illite" component may vary in structure and chemistry. We have therefore

obtained samples of illite through Ward's Natural Science Establishment which

in turn came from the outcrop of " type" illite from Fithian, Illinois. This

material is from the outcrop serving as the source of the material defined

originally as illite and is available as a reproducable standard for research.

As shown in the following sections, even these carefully chosen samples of

illite, smectite and basalt were found to be heterogeneous. Because such

geologic materials are generally variable in composition we emphasize the

necessity for different investigators to use the same, standard starting

materials. Only in this way can experimental results be directly compared with

a minimum of ambiguity.

Following procurement of each of these materials, approximately 1 kg of

each was crushed and mixed, in order to guarantee homogeneity. All these

materials were subsequently obtained from these source batches.
E

32 Characterization Procedures

3 2.1 XRD Analysis

Samples of both experimental products and starting materials were fineiy

powdered and dispersed on glass slides. The XRD analyses were carried out

using CuK radiation. The samples were scanned from 2* to 50' 20 at a rato ofa
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1' 20/ min. Samples containing clays were generally treated with standard
.

expanding agents when appropriate.

3 2.2 SEM/EDX Analysis

The analyses were conducted using a JEOL JSM-U3 instrument equipped with

an energy dispersive X-ray detector operated at 15 kV. Samples were spread on

aluminum blocks end were coated with gold film. Mineral identification was

made using qualitative energy dispersive analyses when morphological data was

not definitive.

3.2 3 STEM /AEM Analysis

Characterization by scanning transmission electron microscopy (STEM) was
,

emphasized because it is potentially capable of detecting changes in

experimental charges which may remain entirely undetected by unconventional

STEM provides high resolution TEM images (up to 1.5 5 point-to-pointmethods.
i

resolution) while also yielding quantitative chemical analytical data

(resolution of 300 A in ideal cases) on the same areas. Variations in

structure, texture and chemistry can be characterized, therefore, in single

areas,
l

Lattice-fringe images of 7 A resolution or less were routinely obtained in

this study, especially for clay minerals. For greater resolutions, defocus

5
conditions must be calibrated in order to obtain valid structure images

(Allpress et al., 1972; Anderson, 1978; Spence, 1981). As 001 spacings of clay

minerals in this study are all equal to or greater than 7 5, images could

simply by obtained under optimum contrast conditions in order that they reflect

true lattice periodicities.
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Analytical data are obtained by measuring peak intensity ratios of energy

dispersive spectra for particular elements from thin edges of the sample. This

is the " ratio method" (Cliff and Lorimer, 1972, 1975; Lorimer and Cliff,1976)

in contrast with the " absolute count method" as in EMPA. For silicate samples,

peaks are raticed to Si. This ratio is measured by comparison with that of a

standard with a well-known composition. The ZAF correction can be avoided

because these analyses are conducted only on thin edges of specimens generally

less than 0.5 um in thickness (Goldstein et al., 1977).

Since powdered samples are mainly used in this study, two different sample

preparation techniques were used for STEM /AEM studies. First, powder samples

were settled on a flat surface, embedded in epoxy, and cut perpendicular to the

surface so that the (001) layers of clay minerals could be observed.

Procedurca for the preparation of ion-thinned samples (Blake et al., 1980) were

then followed. Second, finely crushed samples were sparsely deposited on a C

film on a Be grid. The first method (ion-thinned sample) was used for high

resolution TEM observation of lattice fringes of clay minerals. The second

method (crushed sample) was more frequently used especially for experimental

run products because it requires less effort and uses smaller volumes of

material.

The electron microscope used in this study is a JEOL JEM 100CX instrument

modified for high-resolution analysis (Blake et al., 1980: Allard and Blake,

a
1982) using the analytical procedure of Isaacs et al. (1981) with conditions of

,

STEM analysis from Lee and Peacor (1985a).

3.2.4 Optical and Electron Microprobe (EMPA) Analysis

Standard optical studies were carried out using polished thin sections of

|

original geologic materials. Luminoscope observations were also made of all

sections. Following complete optical characterization those same polished
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sections were analyzed by electron microprobe techniques. Both qualitative

energy dispersive and quantitative wavelength d!.spersive techniques were used

under conditions of Isaacs et al. (1981). In the case of the basalt glass

samples, thin sections used for EMPA were also submitted for ion milling, and

analyzed by STEM.

!

3 2.5 Bulk Chemical Analysis

Following acquisition of bulk source materials, several kilograms of each

were crushed and thoroughly mixed in order to obtain a source of homogeneous

material for all further studies._ Samples of each were submitted for chemical

analysis by X-ray fluorescence analysis (XRF).

)
i

33 Results of Characterization

331 Smeetite

Chemistry - Bulk chemical analytical data are given in Table 3 1. The

data are typical for a bentonite. All elements, with the exception of P, are

compatible with substitution in the smectite structure. Ahn and Peacor (1985)

have recently shown by direct AEM analysis of individual grains of bentonite

that Fe, Mg, Mn, Ti and K commonly occur in solid solution in smectite and

need not be due to separate contaminating phases. Figure 3 4 includes a

typical energy dispersive AEM pattern of smectite verifying the presence of Mg,

O
K a d Ca directly in the smectite. The portion of the pattern containing Ti

and Fe peaks is not shown, but contains small peaks due to these elements. The

Mg and Na peaks appear to be small, but nevertheless reflect relatively large

proportions of these elements (peak intensities in the low energy portion of

the spectrum are diminished in intensity relative to those at higher energy).

The smectite is thus shown to have a complex composition, including the

:
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Table 3 1 XRF analysis * of Wyoming bentonite and Fithian
illite standard samples. (weight percent)

+ ;

~

Oxide Bentonite Illite
1

SiO 59.8 54.8
2

TiO 0.20 0.91
2

Al 0 17.7 18.6
23 ,

Fe O ' 3 79 7.63
23

j Mg0 2.11 1.69

Mn0 0.02 0.01

Ca0 1.71 0.61

Na 0 2.24 0.49
2

K0 0.73 0.25
2

P0 0.08 0.25
25

E
LOI 11.8 9.93

i

e

i Total 100.2 99.8

* Analyzed by X-ray Assay Laboratories Ltd., Don Mills, Ontario

@ Total iron as Fe 0 *23
E
LOI = Loss on ignition. f. <,

i

3

J
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presence of some K, which presumably would facilitate the transformation to

illite. The formula derived from the analysis, normalized to 4 Si, is

.12}("8.21Fe A1
1.53)S1 04 10(OH)2 . nH O( ".29 .06 8

.21 2

X-ray Diffraction - XRD patterns show a sharp 001 peak with d=12.5 A as

typical of well ordered bentonite. The peak was slightly asymmetric toward

higher d-values. Approximately 15% of the sample consisted of subequal amounts )

of calcite, quartz, and a 10 $ mica (illite, as characterized by STEM /AEM

data). The proportions of minerals were determined using ration of integrated

intensities of characteristic peaks of given minerals as compared with

separately prepared standard curves. The proportions of these minerals, when

combined with the AEM data for smectite, are compatible with the bulk chemical

analytical data; i.e. calcite and illite account for a part of the Ca and K

respectively. Treatment with ethylene glycol resulted in expansion of 001

,

layers to 16.6 5, as typical bentonite.
| -

In order to cause expansion of layers which is retained in the vacuum of

' the STEM, smectite was expanded with 0.1 N laurylamine hcl solution following

the technique introduced by Yoshida (1973). The expansion of smectite was

monitored at each step until no significant changes in the X-ray diffraction |

|

| pattern occurred. The principal 001 peak splits into two separate peaks

| indicating a variable degree of structure expansion. As no further significant
j

changes occurred with further treatments, it was concluded that the maximum
*

j expansion possible had occurred, and that the samples were suitable for TEM
i

observations.
.

STEM-Data - Quartz appears in TEM images as sub-micron, subhedral
a 1

1 crystals. The 10 A phyllosilicate was shown to be illite by qualitative AEM

O

analysis and through 10 A lattice-fringe images. Calcite was not detected by

STEM. Lastly, SEM images and qualitative EDX analytical data showed the
!
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presence of some zeolite grains, as well as rare grains of a phase appearing to

be amorphous silica.

Figures 3 1 and 3 2 show typical untreated (unexpanded) smectite at

different scales. The electron diffraction patterns (insets) leading to these
O

images have d(001) = 13 0 A, in good agreement with the X-ray diffraction

results. The p.tterns are generally streaked parallel to c*, however,

indicating the p6 sence of a range of spacings. |

Figure 3 1 a v s typical smeetite layers. They are severely distorted ande

,

imperfect in a variety of ways. Figures 3 2a and 3 2b are both lattice-fringe

images at high resolutics. The lines shown are images of the layers of

structure, several Angstro.7s in width, and are typical of all smectites that we

have observed. Individual icyer spacings can been seen to differ from one

Detailed analyses shows that most are 13.01 in width on average, asanother.

consistent with a normal, hydrated smectite, but others have a width of 10 k.

This is presumably due to collapse, with loss of water in the vacuum of the TEM

of an original 13 5 layer. Imperfections in smectite structure such as;

undulating layers and variable layer spacings (Figs. 3 2a and 3 2b) are also

commonly observed in natural smectite (Lee et al., 1985a).

Figures 3 3a and 3 3b show typical images of the expanded smectite (by

i laurylamine HCL). The electron diffraction patterns leading to these images

show 001 layer spacings of 13 to 161, as consistent with expanded layers as
i

measured by X-ray diffraction. The same doubled 001 reflections are seen as in

X-ray diffraction, and there is significant streaking parallel to c", as

indicative of stacking disorder.

Figures 3 3a and 3 3b are both high resolution lattice fringe images

showing individual layers of structure. Mostlayershavewidthsof14to161,

| withveryfewapproaching10$,verifyingthepermanentexpandingabilityof
;

*
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, Figure 3 1 A low magnification TEM image of an untreated Wyoming bentonite
l embedded in epoxy shows the form of smectite grains and their (001)

{ structure layers oriented normal to the plane of the figure. The inset
| electron diffraction pattern shows an 001 layer stacking periodicity of
'

13.0 A on average.
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Figure 3.2. a. A TEM lattice-fringe image of untreated Wyoming bentonite shows
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b. Same sample as in a. The scale bar is approximately 500 The sample.

is embedded in spe/y.

48

.

.- -



(
,

- - . , _ . . _ , , , . , , , . - ,.
h.

, 4.af ,3,y. ,._ . ,_ .
. ..

I, a Mk% f,, N . k'4 -
A. ens- .4r .

.

$
- h

'eQ pi

$ ..k'f*h
'

3'bt ~

EES1-6J) .,
-

,f%. '''% g 4 *g ,. ,. y p . g $, . .... - - ,p,a# p,.,g - s. .c --

,f 4ge.

g.Lf;f*y ;p ; g:. . . $% 3
-

- z.
z .. .. .' %_* , ; .

.. . y, .gf . .
_,

. .. , : . g ~. . . . .

.; ? ;v i ?{,, y . . . . .,

_

%y ,j ' %

f[.c
N '

$
' p , ,, y , # x j .,p4 |.n - .

.

.';. + . ,, . , .,

g m .. r -
.,4

"' ' t u.6i.. -. .
7

$ , , y 'i,';,f.4,g,[, 4_ ;.g ' ,[ ;'p.
v';.p. ,y ,, . . .. ,e Q ' S~ : , . v;-. q v. o .

3 .. . m , ,y. .
'

_ _,

f4 ' ' h 4 [' ' [': ' h.W ,.Q, u[ D\
,

. ..jt ,p([, ,
'y, Idp,, hM|fJ

.

i

'[4 S- -

;4 -
' * '

j .. .

,*e..d..--e, . n. ... , , , , ,,,t,.... . g. ,r , ,#
. +, ,

.. , .
8

i ' . . . .4 .f ' ,. ~ '

S

- '.".i'$' o.a. , % pih. .%*+ ,6- .

dA* *|
'

| ,

,', n .; X ,q p.W1.',f4 @g@
g ^

a
' '

, ; ;),,y;, k ;,jpg,",v,0:q .,. y
,

' M

* ' , t |n, ;3,4
*

': . .. x
,

.

5

( ,, ' . - | 4 .V,',
_

t * s'
, i . i %,1, t ,*,q|@tps:, , A,s|g.g,a t. , .p

.. -
,,

' j |,J ' T.( . ' '. 'Jfr . f.,. ]t ., % |M, 3. . ,.,4,g,..3..
,/ .

.- .,

- |. ' 4. ; . ,..., A. , 4 . .,;,- , ,
! t . .-

,

,. . i $ , .,- , ,
,,
, , , ..

. j /, A , / 'h i s . - Q,. ' M o, p' ', 4. y, s y, .,4
,, ,. 4 4 t ,,, . 3p

..

.
. ,3,,- ., ;

, ,

,g .

.' '. '

. '..
'

'

' . . 9 . , i q, j.5 , ..g, p.;;,g
.

.,
, , A .s '. .-- .

r , , , s.t . ,, ' n' y ,}.. ,
,#

1
. . . , ,.

. .- ,..i*',>4 .

. ....n,.,> :r,.
-r .. . .., ' , .

,

+ . . .. +.

.
. . . ,. ,r,, i , ,. g,,; . + . a%u

,

. , ,v .. r. .,> , ,
. ,*/ v.4 4 ,. . . . s;..; I

..

..
- x.. . .

4 , ,e. .

f'a :.v v. ty:. . t '. .*q'~ w V <, ,,4' ,. .. , . ?,,. .g-e .
.. -

.,-% , . . ; g .-..
,. ..

.

w . .w '.,. . s
- *

m .
t.. ,. ' , ' . 1 3 .. .. 5 ...f,. ...g..- . r ..

.

' , , % ' i; L; p ' 4,'%,Q,(;,,,; f#d 's1,P J h?
,,

" ' ,. . . , , ;
.

I

; y, {., . ; . c. ; , P f.,. . .' 6 % ? ' 1. . .L$ [ lf {" 4

.-. ,.

> . , . .._ .

y,
v. ,3. . - ,f ,;Q'

g c.,w 4,c . - a 7 9 . .y --

, c;, ~ . i .. . r
-

,, c. ,

? , . ; J p .,y
*

., ; y . .
,

'

. - ,.
. ,

Wfy ,., ,)g%.g ,,9 . y ' ;y
WR.| ,.% V.''

. ,3 y j..
. | r e .;

; ,c, q, ..
, ,<, :

..

.,
. c>,

4,. .. ;. , 3 , g .2 .,. f. , ,'a , .-
,

j
pr.|D.4g,,

v',;:$. s ' gA.mi,'. ' i, - ". . , , -c pp ..
.g

M .<Q*h 'g , . , , 4
'. I . 9

u., ,y- yn 5 ,'%
-

.

.; 7;
- . ; ;. p'

f!fje
j 3w ., , a ,

y[,G. p .[, f.Q.:)';.p;h. gg,.-Q(r)
~

[ ; - .'

u . . ,.
c .' ;.* i ,

, ,: 7 4 , . y% 4,. g.
r .

,n
,

.. . ,
- > - y 4, e . .

.

.

. . f' /h' '
. [. 'I (by fh.

s .

Y - :.' ;<j$
o i 4. y 's .\d*> k.0. k,f ;$ ' '*(. . 'j c' s.

.
i .' + '? .

': , L. . ,. ! . .?, s + .;. '4, ,, s ,c 2, .
*

?q...
. 4 . .. ' 4- a. a, %. s

. - *. ;- . . p.,;$. , '
. . . y' .. y ,., r. ,a.

4
- .. ,

q t|< : ,?: ,'; ).f,,'p f ,.f.L.f*; s.R . j 4
,

$." ; . t
'

,
,

. , , i, tsr
. : : yA y a , , :ys 9 . r g,se3 :

. . ' , ' - a. ' . ., . +.
. . i- ,- 4 r

->

p,.

'
. . .

' ' , M ' h , ['.'.') '.f ,. Q ..' % ,[ [.,ch p 1 3 .' 7: A f.e
.,,, .,

Figure 3.3 TEM lattice-fringe ! mages of Wyoming bent,'.,ni te expan le d wi tr.
0.1 N laurylamine hcl indi cating larger d values. d(00'; of smectite

1. ,Thelayers is highly variable as shown in (a) '5.5 i and /b> 1.7
sample is embedded in epoxy. Th e s c a l e ba r l e a p p m x t rra t r. l y % 0 A .

49

.

-- _se



. .. - -
. .

| ;
1 *

i !
- *

a i

i laurylamine HCL. The layers show the same high degree of imperfection as shown f

| in Figures 3 1 and 3 2.
{

!
5 The qualitative AM data, for which the spectrum shown in Figure 3 4 is ;
; ;

| representative, show considerable variation from area to are, especially in the !

f|
1

| Fe and Al contents, but also in the relative amounts of Na, K and Ca. This
. +

i cannot be due to contamination by other phases, because analyses are only !
i i
I f

| obtained from sample areas shown to be bentonite by TIM observation. The |
: t

! dominant composition is that of an Al-rich bentonite, but a smaller population f
i

has relatively high Mg and Fe content relative to A1.
|

j SEM Data - Figure 3 4 is a typical image of susctite and the EDS spectrum ,

j i

| obtained from it. The esectite occurs as hemogeneous grains that have the [

f'
I

appearance of stacks of layers. The EDS . spectrum confirms that Na is the major ;
1 i

i interlayer cation, with subordinate K and Ca, and that Fe and Mg occur in
l

f measurable quantities, substituting in octahedrally coordinated sites.

i*

! The formula of saectite given above, based on bulk chemical analysis, is
i

| slightly Si-rich as compared with an ideal formula. Because quartz was shown i

i

j by YRD to occur as a contaminant, the excess Si is at least in large part
1

} explained. However, bentonite forms by alteration of volcanic tuff, which is ;
i

!

:{
in part non-crystalline. In addition, it is well known that bentonite may have f

.

j considerable amounts of cristobalite. Although cristobalite is crystalline !

(and was not detected in XRD patterns) it may be an inversion product of non-
! f. !
| crystalline silica. Some bentonite may be composed of significant proportions !
i -

1 Iof non-crystalline, silica-rich material, therefore. Such a phase would be;
i

, J

+

very reactive in the backfill environment. i:

:

} Accordingly, we have carried out several tens of hours of SEM/EDX
!
] observations in order to detect the possible existance of non-crystalline
i

! silica. During the course of these observations, grains of phases such as
!

I
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l

e

feldspar and quartz, and euhedral crystals of apparent zeolites were observed,
|

but only trace amounts of possible glass was detected. We conclude that, if

present, it occurs in trivial amounts, and the excess Si in the bulk chemical

analysis is entirely attributable to contaminating quartz.

332 Illite
,

The illite is even more heterogeneous than the smectite, but this is not

unexpected as the samples are shale rock samples which typically contain,

several minerals. The heterogeneities fall into two categories discussed

below.

(1) The illite is itself heterogeneous. X-ray diffraction shows that it

is a mixed-layer illite-smectite, with approximately 20-305 expandable

layers so that structurally it exhibits a range of spacings from 10 to

appecrimately 14 Typical TEM images of Fithian 1111te samples (Figs..

3.Sa and 3 5b) also demonstrate the presence of 14 A smectite layers

interlayered within 10 $ illite layers (Fig. 3 5a). AEM analyses show two

kinds of grains, although all have K as the dominant interlayer cation.

One type has up to 205 (Ca + Na) K. The other kind has approximately less

than 55 Ca + Na. There is approximately twice as much of the Ca, Na-rich

phase. Although there are two general categories, there is considerablo
|
1 variation in K. Ca and Na within each one.

(2) Additional phases are present. These include: a) Quartz (435), .

E
which is 1 major component of the shales b) Plagioclase feldspar (25,

variety albito with minor Ca, K) has been identified as a minor phase by

both AD4 and XRD: c) K-rich feldspar was identified in a single grain by

AEH d) Calcite was identified by XRD in Fithian 1111te samples obtained

fecm a Clay Hinerals society standard sample (505 illite, 305 quartz,145

calcite and 65 plagioclase feldspar), but has not been detected in our

52
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Figure 3 5. TEM lattice-fringe images of Fithian illite starting material
embedded in epoxy. Areas of (a) mixed-layer I/S and (b) regular 10 A
ill!te layers without smeetite.
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j standard samples. The standard Fithian illite was treated with hydrogen-
.

; peroxide in order to remove organic material and was also submitted for X-ray
i

j fluorescence chemical analysis. The analytical values in Table 3 1 are in

1
reasonable agreement with those predicted on the basis of the mineralogical

;

i

j analysis by X-ray diffraction.

I 333 Basalt
i

The core samples available to us (Untanum Formation, well DC-6, Hanford

! Site, Washington) are dark gray, fine-grained, homogeneous basalts. XRD
i

j analysis and nore calculation (Table 3 2) show that it is a typical tholeitte.

In thin section, Untanum basalt displays hyalo-ophitic texture characterized by
i

the presence of up to 305 of silicate mesostasis interstitial to plagioclase

i laths (typically less than 0.1 ma in width) as well as euhedral to subhedral

i

augites (analysis in Table 3 2). Magnetite microphenocrysts are ubiquitous.
.

I The core samples have several exposed fissure surfaces as well as
;

ellipsoidal vesicles. The surfaces of these fissures are ubiquitously coated

with a layer of black, earthy, fine-grained clay material. The coating is

usually decorated with yellowish-brown streaks manifesting the precipitation of
i

,
Fe-bearing opaline material from Si-saturated solut!on. 1.arge grains of opal,

!
J showing cocchoidal fracture, are occasionally present. In several cases,
I

| patches of white, thin layers of zeolites are sandwiched between black clay

layers. Zeolites and quartz are dominant in vesicles.

1

1 Figure 3 6 shows SEM images of these fracture materials. The XRD analysis-
.

) indicates that the black clay in nontronite, an Fe-rich saectite. The grains
'

are homogeneous and compact (e.g., Fig. 3 6a). Opaline material occurs as

linear arrays of spheroidal particles with relatively uniform size (about 0.1

ma in diameter), as contrasted with the blocky nontronite sandwiching it

54'
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Figure 3.6. SEM images showing the morphology and occurrence of phases in the
fract.ures of the Umtanum basalt. (a) Platy, homogeneous nontroni te .

(b) Spheroidal aggregate of opaline material sandwiched between nontronite
layers. Note the conchoidal fracture. (c) Aggregate of spherical
epistilbite in an amygdule. (d) Heulandite crystal showing one perfect

face (lower).
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Table 3 2 Analyses of the bulk rock and augite in the thetanum Basalt

Bulk rock' augite##

'

S10 53 1 50.67 *CIPW norm2

TiO 2.10 0.92 .qz 7.62
zr 0.0

Al 0 12.8 2.85 or 8.223 ab 26.7
Fe O 8 3.6 an 16.6-

23
di 634

' Fe0 11.0 16.85 hd 7.5.

'
en 6.2

Cao 7.11 13 01 fs 8.3
mt 5.2

Mg0 3.65 15.66 il 4.0

MnD 0.22 nd' .

,

Na 0 3 15 nd2

K0 1 39 nd2 j
4

1P0 0 33 nd ;25

LOI 1.00 nd

total 99.5 99.96

1

i

** Calculated formulas

(Ca
MA1 .09Ma .98Fe Ti .03A1 01 .91 0o.53 o 0.04 1 6o 0.53 0

0
which corresponds to En46 s27 27F 0

@ Fe 0 *1 "I***d ** I"2 3 " TiO2 + 1.5.023
# not determined

4
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(Fig. 3 6b). Concentric fractures are characteristic. The EDX spectrum

indicates tha Fe is the major impurity in these grains, which is consistent

with their yellowish-brown color. Epistilbite is found as aggregates of

spherical crystals in an ellipsoidal amygdule (Fig. 3 6c) characterized by its

spherical habit and its higher Ca/Si and Al/Si ratios than heulandite.

Heulandite is found to be the major zeolite coexisting with the nontronite in

the fractures. A typical heulandite crystal is presented in Figure 3.6d.

We have directed special attention to high resolution STEM /AEM

characterization of the interstitial glass in the basalt because this glass is

much more reactive than crystalline phases upon hydrothermal alteration, and

its breakdown will modify the groundwater chemistry and consequently the nature
I

of alteration products.

Figure 3 7a shows the TEM image of the' glass and shows that it consists of

two-phase, immiscible glasses. It consists of randomly distributed, dark glass

globules (globular glass) in a transparent glass interstitial to plagioclase

laths (matrix glass). The globular glasses show a bimodal size distribution

either 0.5-1.5 pm or less than 0.1 pm in diameter. Larger glass globules

display various degrees of optical and chemical heterogeneity. Those labelled

A (Fig. 3 7b) are compositionally homogeneous throughout the globule and have

very smooth globular surfaces without appreciable variations in contrast.

Those labelled B are extremely heterogeneous in composition and have irregular
t

outlines with strong contrast changes within the globule. They contain domains

of crystal-like phases which give rise to powder-like electron diffraction

patterns. Those labelled C show lesser degrees of optical and chemical

heterogeneities and surface irregularities t'han type B. The matrix glass

typically show higher contrast.4

i
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Figure 3.7. a. A TD4 image of the immiscible glass in the Umtanum basalt
showing randomly distributed, dark glass globules in light matrix glass.
b. An enlarged view of the immiscible glass showing the variations in |
chemistry and in optical homogeneity of globules; A, maximum homogeneity; I

B, maximum heterogeneity; and C, intermediate.
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Energy dispersive spectra indicate that the globular glasses are

characterized by high Si, Ca, and Fe contents with subordinate Mg, A1, P, S,

C1, K Ti, and Mn (Fig. 3.8a). In one of the type B globular glasses a

covariation of Ca and P was detected, Indicating the possible presence of

apatite as a crystalline phase. The bulk chemistry of type B glasses is very

similar to that of type A globules. The matrix glass, on the other hand,

consists mostly of Si with less Al and minor amounts of Na, Mg, K, Ca, Ti, and

Fe (Fig. 3.8b). If the composition of the small globular glasses is similar to

that of the larger ones, Fe, Ca, and TJ in the matrix glass may be partially

contributed from these small globules.

Quantitative chemical analyses of the globular and matrix glasses were

performed using AEM techniques. The size of the electron beam was about 0.1 um

for point analyses and 0.5-2 um for bulk analyses. Typically several point

analyses were averaged to obtain the composition of i homogeneous globular

glass. Table 3 3 presents representative results. It can be seen that

homogeneous (type A) globular glasses also show narrow compositional ranges

(columns 1 and 2, Table 3 3), whereas heterogeneous ones display a more diverse

compositional range (columns 5 and 6, Table 3.3). The matrix glasses (columns,

3, 4, Table 3 3) are typically rich in Si and A1, yielding high quartz and

feldspar components in the CIPW norm, as contrasted with the high pyroxene,

olivine, ilmenite, and apatite components for the globular glasses.
-
~

Both morphologic and chemical properties are consistent with the

|

interpretation of subsolidus phase separation origin of these glasses. This is

illustrated by a triangular plot (Fig. 3 9) in which the compositions of

globular and matrix glasses are separated by a region of silicate liquid

immiscibility (Roedder, 1978). Our compositions of matrix glasses are

comparable with those of published data, but the globular glasses show lower Si

.
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Figure 3.8. EDX spectra showing the chemistries of typical (a) globular, and
(b) matrix glass. Note the enrichment of Si-Ca-Fe in the globules in
contrast with the high Si-Al-K contents in the matrix glass.
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Figure 3 9. Triangular plot (in wt % oxides) of compositions of two immiscible
glasses from Umtanum basalt in comparison to those of lunar and
terrestrial basalts and to the experimentally determined immiscible gap

(stippled area) in the simplified system, leucite-fayalite-silica.
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Table 3 3 Representative ~ AEM analyses of two immiscible glasses ~
~

1 2 3 4 5 6

SiO 29.8 30.0 77.5 65.6 36.2 32.0 -

2
T10 6.4 6.8 1.0 0.9 1.0+ 8.92
Al 0 0.8 1.0 14.4 17.2 2.1 1.623
Fe0* 47.4 43 1 1.9 31 34.2 36.4

Mn0 0.7 0.4 nd nd 0.4 tr

Mg0 0.8 1.0 te tr 2.7 te

cao 10 3 11.0 1.5 37 15.9 14.4

Na 0 nd@ nd 1.2 4.4 nd nd
2

K0 tr tr 24 5.1 03 1.0
2

P0 32 5.7 nd nd 73 5.725
SO 0.6 1.0 nd nd nd nd

2
' C1 tr te nd nd tr tr2

3 2CIPW norms (wt%) for Fe +/Fe +=0.1)
Q - - 57 12 - 2

14 30 2 6or - -

' ab - - 10 37 - -

an 2 3 7 12 5 2

C - - 7 - - -

di 1 1 - - 3 -

hd 24 12 - 6 20 29

en 1 2 - - 5 -

ts 19 44 2 1 39 26

to 26 4 - - 2 -

mt 8 7 - - 6 6

il 12 13 2 2 2 17
-

ap 8 14 - - 17 13
~

py 1 1 - - - -

1, 2: homogeneous globular glasses; 3, 4: matrix glasses;

5, 6: heterogeneous globular glasses.
* Total iron as Fe0

+Ti concentrated outside the area analysed within the globule

@nd: not detected
&
tr: only trace amount present
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and higher Fe, Ca, Ti, P, and Mg concentrations than the published values. We

suggest that our results are more reliable because all the published data were

obtained using EMPA techniques, where contamination from the surrounding matrix

glass is likely because of the very similar sizes of globular glasses and

electron beam.

I
l

4. HYDROTHERMAL EXPERIMENTS
\.

.

l

.

4.1 Methods
4

Hydrothermal experiments were carried out in standard Tem-Pres cold-seal

pressure vessels heated in horizontal resistance furnaces with Eurotherm solid-

state proportional temperature controllers. Prior to experiments, furnaces

were accurately calibrated for temperature. This verified that temperature was
.

effectively constant over the entire volume of a sample.

: An experimental charge was prepared by welding approximately 0.03-0.07 g

of powdered sample in gold or silver tubing, with approximately 0.02-0.1 cc of
i

solution with composition similar to that of the groundwater at the repository

(or distilled water in selected cases). Typically, three charges were loaded

at the bottom of the reaction chamber. Temperature and pressure were monitored

,

using a chromel-alumel thermocouple with a potentiometer and pressure gauges

calibrated by the manufacturer. Variations in temperatures and pressures never

exceeded 25. Charges were weighed before and after experiments in order to

verify that capsules remained sealed for the duration of the experiment.

4.2 Conditions for Experiments

The general range of conditions includes (a) pressures less than 1000 |

bars; (b) water / rock ratios approximately from 10 to 0 3 (c) times from a few
,

!
|
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days to 18 months; (d) temperatures ranging up to 300*C, the estimated maximum

value to which backfill materials are to be subjected. However, because

initial experiments at or near 300*C failed to induce changes where data for

geological systems indicated change should occur, experiments were undertaken

at much higher temperatures (up to 460*C) and for extended time periods (up to

18 months) in order to induce reaction. The working hypothesis was that the

experiments should be carried out at the limits of reaction rates, such that if

reactions occurred, further experiments at progressively lower temperatures

would enable limiting conditions to be defined.

Initial experiments were carried out with charges which were as simple as

possible, so that if changes occurred, they could be correlated with specific

starting materials. Final experiments were with mixtures of basalt and

bentonite as the most probable backfill material at the BWIP site.

Experiments were therefore carried out in the following approximate

sequence (Table 4.1):

Set I. Bentonite samples ENV82 1-4. These experiments were carried

out using distilled water for short time periods (14-90 days) to test the

stability of bentonite, and in part to test the reliability of the newly

installed hydrothermal equipment. The lack of changes made it clear that

higher temperatures and longer times would be necessary as defined in the

following experiments:

G*
Set II. A series of experiments involving the " pure" phases

bentonite (BNC32, BND34, BNA35, BN685, BN454), illite (ILB3A, ILB3B,

ILC31, ILD-32, ILA-34, IL680, IL455), and basalt (BS450, BS681, BSA-37.

BSD-33, BSC-33). This sequence involved temperatures between 300 and

400'C, with times of approximately 3 months. These were carried out using

a fluid whose chemistry simulated that of the ground water of the Umtanum
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Table 4.1 Experimental run conditions and results
. .

SET I

Sample T P WATER / TIME CHARGE RESULT,

('C) (Bars) ROCK (DAYS)
.

ENV82-2 240 260 14 Bentonite No observed change-

ENV82-3 240 260 14 " " " "-

ENV82-1 240 260 - 90 " " " "

ENV82-4 240 260 90 " " " "-

SET II

BNC-32 300 300 0.44 91 Bentonite Calcite is lost;

BND-34 300 500 0.50 71 " Ca/K exchange
BNA-35 300 800 0.54 70 " occurs in smectite
BN 685 360 300 2.77 97 Bentonite reacts:"

BN 454 460 300 2.22 92 a albite, paragonite
and quartz grow

KBNA2 300 300 2.17 77 K-saturated Bentonite survives,
KBNB8 400 300 2.22 75 bentonite but with emaller

d(001)

ILB3A 350 300 0.58 91 Illite Berthierine grows; ,
ILB3B 350 300 0.53 91 " 1111te is
IL 680 360 300 2 38 97 " recrystallized;
IL 455 460 300 1.92 92 " 1111te crystal ,

linity improves.

ILC-31 300 350 0.40 91 Illite No observed change
ILD-32 300 500 0.51 71 "

ILA-34 300 800 0.51 70 " " " "

BSA-37 300 800 0.45 70 Basalt " " "

BSD-33 300 500 0.32 71 " " " "

BSC-33 300 350 0.34 91 " " " "

BS 450 460 300 2.13 92 " Small amount of
BS 681 360 300 1.85 97 " smectite

synthesized; other- g
wise, no change

SET III

BN 571 300 300 1.16 584 Bentonite No change in
,

BN 384 200 300 1 75 552 " '

smectite beyond
BN 282 300 300 5.00 537 small changes in"

BN 780 300 300 2.78 41 4 a interlayer cation,

BN 181 200 300 3 23 41 4 " composition.
BN 802 300 300 9.10 432 " Calcite dissolves.
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SET III (con't.)

IL 184 200 300 2 33 41 4 Illite No observed change
IL 572 300 .300 9.10 432 "

,

IL 389 200 300 1.23 552 " " " "

IL 281 300 300 5.00 537 " " " "

IL 572 300 300 1.05 584 " Berthierine

IL 783 300 300 2.33 544 " synthesized; Illite
recrystalllized.

BS 807 300 300 10.00 432 Basalt No observed change

BS 388 200 300 1.75 552 "

BS 187 200 300 3 70 41 4 " " " "

BS 570 300 300 1.09 584 " " " "

BS 786 300 300 2.70 544 " " " "

BS 284 300 300 4.54 537 " " " "

SET IV

BB 69 400 300 5.88 81 75% basalt Growth of wairakite;
BB 62 400 300 2.08 81 255 bentonite no other change

BB 41 300 300 1.03 152 755 basalt No observed change
BB 44 300 300 9.10 152 255 bentonite " "

BQD7 300 300 1.85 334 25% basalt No change
BQC1 400 300 1.03 280 755 bentonite Growth of chlorite

+ wairakite; loss
of pyroxene +
smectite;

BHD4 300 300 1.15 334 50% basalt No change;
BHC5 400 300 1.22 280 50% bentonite Growth of chlorite

+ illite; loss of
pyroxene + smectite
+ quartz;

1

!
l
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Formation (Table 4.2).. This fluid was subsequently used in all other

experiments. In addition, two experiments (KBNA2 and KBNB8) were devised to

test the effect of the presence of K on the inversion of smectite to illite, by
i

!
using a starting material consisting of a K-exchanged bentonite. The results )

)

of these experiments showed that very little change occurred in the starting

|
'

materials. Therefore further experiments were initiated:

|

Set III. The third and most comprehensive series of experiments involved

" pure" phases as starting materials, temperatures of 200-300'C (the upper limit

of the repository) but with very long time durations of up to 584 days in order

to provide the longest possible times for changes to occur, as an optimum test

of possible changes under laboratory conditions. Although experiments of

several years duration are desirable, they are impractical given the restraints

of the testing program.

Set IV. Mixtures of basalt and smectite under high temperature

conditions, 300-400*C, and times ranging from 81 to 334 days.

4.3 Results .

4.3 1 Set I Trial Runs

Four charges, all consisting of bentonite plus distilled water, were

treated at 240*C for 14 or 90 days. These charges were in part a test of the

newly acquired and calibrated hydrothermal equipment. Bentonite was chosen as
&

it was thought to be most likely to exhibit changes. Distilled water was used,

as it was desired to keep initial experiments as simple as possible in order to

be able to relate changes, if any, to specific experimental parameters.

X-ray diffraction patterns of the products were effectively identical to |

those of the starting material. As further verification of the lack of change,

TEM images were obtained. Figures 4.1a and 4.1b are lattice fringe images

|
|
'
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Figure 4.1. TEM images of bentonite from hydrothermal run ENV82-2. Only
smectite is present, with an acpearance duplicating that of the starting
material.
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Table 4.2 Chemical composition of groundwater in the Umtanum formation,
Pasco Basin, Washington compared with sea water and river
water compositions.

Species 1 2 3 4

Na* 10540* 6.3 270 270

K* 380 23 6 6

Ca * 400 15.0 2 2

Mg * 1270 4.1 03 -

l H S10 - 34.9 120 -

4 4

Cl- 18980 7.8 190 190

F- 13 - 32 32

2-
SO 2460 11.2 120 1204

HCO 140 58.4 60 101
3

CO - - - 22
3

1: Average sea water (from Fergusson,1982)
2: Average river water (from Fergusson, 1982)
3: Oroundwater, Umtanum formation
4: simulated groundwater used in the present experiment

(pH buffered to 9.5 using carbonate / bicarbonate ions)
"All figures in ppm

"
.

;
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obtained using 001 reflections. These should be directly compared with images

for the starting material as shown in Figures 3 1 and 3 2. The images of the

treated and untreated structure appear to be identical. Both show anastomosing

(001) layers with high levels of imperfections such as edge dislocations in the

form of layer terminations. The spacings between layers are variable as a

result of differential collapse of layers due to water loss in the vacuum of

the TEM. However the average value for the hydrothermally treated material is

11.95,whichcorrespondswellwiththevalueofd(001)=12.0$ as determined

from the X-ray diffraction pattern. This lack of change is not surprising in

view of the short time period for the experiment (14 or 90 days) and low

temperature (240*C). The experiments of Set II were therefore initiated under

more stringent conditions.

4.3.2 Set II Short Term Runs

These experiments were all run for 2 rations of 71-90 days, with

temperatures at 300 to 400*C. The time periods were chosen to be as long as

practical within the time constraints of this project, such that additional

experiments could still be initiated based on the results of set II. The<

temperatures were chosen to match the maximum for the repository (300*C) or

greater, in order to maximize reaction rates.
1

1
4.3 2.1. Bentonite

300*C Runs (BNC32,NBNC34,BNA35) - The XRD patterns of the hydrothermally

treated bentonites show the same mineralogy as that of the untreated bentonite

except for the disappearance of the calcite peaks. The d(001) value of the

smectite in the run products (14.7 k) is significantly larger than that of the

untreatedbentonite(12.9$),indicatingachangeinthecharacterofthe

70
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interlayer cation (s). The STEM /AEM analyses on the treated bentonites reveal a

significant increase in Ca and decrease in K, while other elements do not show

detectable changes (Fig. 4.2).

360*C Run (BN685) - The products of this run shows essentially the same

characteristics as those of the 300*C runs; i.e., the absence of calcite peaks
;

and the increase in the d(001) value of the smectite (Fig. 4 3b). We suggest

that the extensive exchange of Ca for K occurred in the smectite interlayer due

to the increase in Ca concentration in the solution by calcite dissolution,

whereas the structure of the smectite remained stable during the time period of

the experiment.
1

460*C Run (BN454) - The XRD pattern of this run product (Fig. 4.3c) shows

the presence of strong albite peaks, an increase in the relative amount of

quartz versus smectite, and the appearance of a 10 A phyllosilicate. Because

the original solution is rich in Na but poor in K, we suggest that this 10 A

phase is paragonite, a Na-rich mica, instead of illite. There is still

considerable unreacted smectite remaining in the charge, however, so even at

460*C reaction is incomplete.

Figure 4.4a shows the SEM images of the typical assemblage of the run )
p roduct. Quartz occurs as recrystallized, euhedral aggregates masking the

surface of the partially reacted smectite plate (Fig. 4.4b). Albite crystals

are relatively coarse and are sparsely distributed. Paragonite (marked by the I

*|
circles in Fig. 4.4a) is characterized by a platy morphology.

K-saturated samples (KBNA2, KBNB8) - Wyoming bentonite was treated by

exchanging Na for K in order to produce a near end-member K-bentonite, to be

used as a starting material in runs at 300 (KBNA2) and 400*C (KBNB8). Attempts

were made to obtain electron diffraction patterns and lattice fringe images

(obtained by imaging with 001 reflections). However, only very diffuse powder

71
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Figure 4.2. Energy dispersive X-ray spectra of bentonite for (a) starting
material and (b) hydrothermally treated sample at 300*C and 350 bars for
91 days. The spectra show an increase in Ca and a decrease in K after the
hydrothermal treatment.
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diffraction patterns were observed, and no lattice fringe images could

therefore be obtained. The exchange process apparently resulted in separation

Iof layers, so that the original continuous structures were broken up into units

of portions of one or a few individual layers. Figure 4.5 shows the portion of

the X-ray diffraction pattern which contains the characteristic 001 diffraction

peak for the glycolated original and hydrothermally treated materials, and

Figure 4.6 shows a larger portion of the patterns, but for unglycolated

materials. The patterns for both the original and hydrothermally treated

products all are similar in that K-bentonite is the principal phase. However,

the 300* and 400*C run products contain a significant proportion of mixed-layer

illite / smectite, indicating that there has been some conversion of smectite to

illite. In addition, the 400'C run (pattern A of Figure 4.6) shows the

presence of a phase having d of 7 $, and labelled as kaolinite (ka) or chlorite

(chl). This peak is characteristic of either a 7 septechlorite or chlorite.

Based on the results of TEM /AEM data from other experiments as reported below,

and the conclusions of Ahn and Peacor (1985b) regarding the transformation of,

smectite in Gulf Coast sediments, this peak is almost certainly that of a

trioctahedral septechlorite (berthierine) or chlorite. This phase results from

recrystallization of smectite or transformation of smectite to illite. Its

appearance is therefore compatible with the changes observed in the bentonite

diffraction pattern and implies significant change in the bentonite.
1

4.3 2.2 Illite

300*C Runs (ILC-31, IL-D-32 IL-A-34) - These runs, at water vapor

pressures ranging from 350 to 800 atm., produced no changes that were
I

detectable using XRD techniques; i.e., the patterns for the starting and ;

|

product materials were apparently identical.
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Figure 4.5 XRD patterns for the principal 001 peaks of glycolated,
K-saturated bentonite. a. Hun KBNB8 (400*C). b. Hun KBNA2 (300*c).
c. Starting material.
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350, 36c, 460*C Runs (ILB3A, ILB3B, IL680, IL455). Figure 4.7 shows XRD

patterns of the starting material, and the 360 and 460* run products. The
'

patterns for all the run products are essentially identical. They are, in

turn, virtually identical to that for the starting material with one i

o

significant change. This is in the appearance of a 7 A peak. XRD cannot

differentiate, on this basis, between a septechlorite (e.g. kaolinite or

berthierine) or a chlorite. However, for run IL783, described below, this peak

is shown by TEM /AEM to be due to the trioctahedral septechlorite berthierine,
;

'

and we assume the same is true in these cases. The components for this phase

are derived by recrystallization of illite / smectite, and therfore it implies

major recrystallization of all phyllosilicates. These relations are described4

i

and illustrated in detail below, for run IL783

4323 Basalt

300*C Run - There are no detectable differences between the treated

basalts and the untreated basalt. The XRD patterns show dominant plagioclase

(laboradorite) as well as pyroxene and magnetite peaks.
t

360 and 460* Runs - The only difference in XRD patterns between these two

runs and that of the starting material is the appearance of a weak but definite

14 peak, indicating the production of smectite, chlorite or vermiculite as an

alteration product. This is confirmed by SEM observation in which feathery
o i

clay flakes are clearly observed (Fig. 4.8). Under TEM, however, both 10 A
o

(illite, Figs, 4.9a and 4.9b) and 14 A (smectite, Fig. 4.9b) lattice fringe

images were observed. The10$ phase,tentativelyidentifiedas1111te, occurs

as discrete grains.

.

.
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same sample as Figure 15a showing lattice fringes of 10 A illite and 14 A
smectite layers. Illite layers are more regular and straight compared to
smeetite layers.

81



_ _ _

. .

i

. .
\

*

j4.3 3 Set III Long Term Runs
1

These runs were of an extended duration of from 414 to 584 days at a

temperature of 200 or 300'C with the latter as the maximum estimated for the

backfill materials. This, in combination with the extraordinarily long times

for the experiments (even longer times would be desirable but are not practical

within the time constraints of the project) result in an optimum test of the

properties of the backfill materials.

4.3 3 1 Bentonite

200'C Runs (BN384, BN 181). Other than a loss of calcite and small shifts

in the d-value of the principal 001 peak (as consistent with the results

described, for example, for Run BNC 32, Set II) no changes were observed; i.e.

smectite remained essentially unchanged with the exception of some cation

exchange.

300*C Runs (BN 282, BN 571, BN 780, BN 802) . XRD patterns effectively

duplicate those for 200*C'. Figures 4.10 and 4.11 are TEM lattice fringe images

for bentonite from Run BN 282. They should be directly compared with those of

Figures 3 1 and 3.2, the starting material. These images display identical

characteristics and further verify that the smectite es effectively unchanged,
i

Figure 4.12 shows EDX spectra for the run product (the Fe peak is a

contaminant). It shows that there has been no change in the Si:Al ratio, as

?|
should be true if the smectite has not undergone solution and

1
1

recrystallization. However, the proportions of both interlayer Ca and Na have

decreased considerably as consistent with exchange of interlayer cations. I
I

( Although the Na peak is small, it reflects a large molar proportion of Na '

relative to Ca and the smectite has Na as the principal interlayer cation.)

,

!
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4.3 3 2 Illite

200*C Runs (IL 184, IL 389). XRD patterns indicate that there was no

change.

300'C Runs (IL 281, IL 572, IL 783, IL 805). There was no change in Runs

IL 281 and IL 805 as indicated by XRD. However, a small, new 7 A peak appeared
-

for Run IL 572 and a predominant 7 A peak appeared in the XRD pattern for Run

IL 783 In addition the 001 peak of illite was significantly less diffuse and

asymmetric than that for the starting material, indicating that the illite has

been annealed throu6h recrystallization.

Figures 4.13, 4.14, and 4.15 are TEM lattice fringe images for Run IL

783 These should be compared with Figure 3 5 which shows the equivalent image

for the starting illite. Figure 4.15 is a high magnification lattice fringe

image showing that there are two kinds of phyllosilicates with layer spacings

of 7 and 10 A, respectively. As shown in Figures 4.15a and 4.15b, they occur

both as separate and as intergrown packets of layers. The latter texture

clearly demonstrates that they formed during the same event. Because the 7 A

phase is not present in the starting material, at least some of the illite has

undergone recrystallization.

Figure 4.16a and 4.16b are EDX spectra of the original illite and that of
|

Run IL 783 There is a clearly defined increase in both K and Al relative to
'

I
Si. This is the result expected for Lf0 '.'insition of illite toward muscovite )

%
and demonstrates that the illite hac a.J, 9)ne annealing through

recrystallization.

Figure 4.16c is an EDX spectrum of a mixture of the 7 A phase and illite.

Subtracting illite components from this spectrum shows that the 7 phase is |

rich in Mg and Fe, with minor Al in the octahedral sites. This phase is I

therefore berthierine. Ahn and Peacor (1986) have demonstrated that smectite,

|
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mixed layer smectite / illite, and early-formed illite may have a considerable

amount of Fe and Mg, and that the transitions to illite and toward muscovite

result in separation of the Al, and Mg and Fe into separate dioctahedral

(illite / muscovite) and trioctahedral (berthierine/ chlorite) phases. The same

!
'

process has clearly taken place in these experiments, with the Fa, Mg component

of the original smectite / illite forming berthierine during the transition to

more highly ordered illite.

Figures 4.13 and 4.14 show lower resolution images of the illite and

berthierine. The top-central area of Figure 4.13, shows that the

phyllosilicate texture has dramatically changed during the experiment.

Individual subhedral, lath-like crystals of illite and berthierine are shown

(the images are actually cross-sections through platy crystals, each a few

hundred Angstroms in thickness) which are in sharp contrast to the textural

relations of.the starting material, where no subhedral to euhedral crystals are>

I
found. These crystals are strikingly similar to the illite and chlorite |

crystals observed for Salton Sea sediments, and Figures 2.5 and 2.6 should be |

directly compared. The experimental system has thus given rise to results

which are texturally, structurally and mineralogically equivalent to those of

the Salton Sea sediments where the water to rock ratio is unusually high for

geologic materials. This further demonstrates the apparent equivalence of the-

Salton Sea geologic system, the hydrothermal experiments, and the parameters
j

relating to the backfill.

4.3 3 3 Basalt

The XRD patterns of all basalt run products were effectively the same as

that of the starting material for both the 200 and 300*C runs. No changes were

therefore detected.
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4.3.4 Set IV Basalt plus Bentonite
|

These runs were carried out with mixtures of bentonite and basalt, in the

following proportions: (1) 75% basalt, 255 bentonite; BB41, BB44, BB62, BB69.

(2) 50% basalt, 50% bentonite; BHD4, BHC5. (3) 25% basalt, 755 bentonite; i

BQC1, BQD7. These runs were carried out for temperatures of 300* and 400*C;

the 400'C runs were carried out in order to maximize reaction rates, relative

to the 300'C runs which corresponded to the maximum estimated for the

*
repository backfill environment.

.

4.3.4.1 400'C Runs *

Figure 4.17 shows XRD patterns for the starting materials, and run

products for two different rock / water ratios at 400*C, for starting materials

of 25% bentonite. The patterns demonstrate that the crystalline phases are

largely unchanged, but the zeolite wairakite is present in the run product.

Figures 4.18 and 4.19 are SEM images of the run products, with EDX spectra

verifying the identifications in morphological criteria. The wairakite (Figure

4.18) displays a euhedral morphology of the sort that is typical of crystals

that have directly crystallized from solution. Smectite is still abundant in

the run products. Insofar as the starting crystalline materials have been

demonstrated to be largely unchanged by treatment, yet wairakite has formed as
0

a major phase, it is tempting to infer that the latter is largely due to the

solution of the non-crystalline, glass component of the basalt. Accordingly,

we carried out extensive SEM studies of both starting and product materials in

an attempt to locate the sites of dissolution in the starting materials.

However, those attempts were not successful. Nevertheless, we believe that

reaction of glass has produced wairakite.
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Figure 4.17. XRD patterns for 25% bentonite /75% basalt mixtures. a. Product
of Run BB62 (400*C, 81 days) b. Product of Run BB69 (400'C, 81 days)
c. Starting material, untreated.
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' Figure 4.20 shows XRD patterns for 400*C runs for each of the

basalt / bentonite ratios. Pattern B (75% basalt) exhibits very little change

from the starting material, except for the appearance of some wairakite, as

discussed above. However, patterns A (50% basalt) and C (25% basalt) show I
j

| |

| considerable change.

Pattern C exhibits the growth of substantial proportions of chlorite and

wairakite, with the loss of all or most of the smectite and pyroxene (and

presumably, the glass). Plagioclase feldspar and quartz are still present in

the product. The chemistries of the glass plus smectite + pyroxenc reactants

and chlorite plus wairakite products are, to a first approximation, correct for

a mass balanced reaction.

Pattern A (50% basalt) demonstrates virtually complete change. All of the

starting materials are absent, and only chlorite and illite are detectable by
,

XRD. Figures 4.21, 4.22, and 4.23 are TEM images showing the textures at high

and intemediate resolution. The illite and chlorite occur as packets of 10
* a

and 14 A layers, respectively. Packets of layers may be from two or three to

several tens of layers in thickness. In the former case illite and chlorite

occur in complex interlayered sequences; in the latter, they form individual

euhedral grains.

Figure 4.23 shows illite and chlorite occurring as euhedral crystals. It

is similar to Figure 4.15, which shows berthierine and illite as hydrothermal

:
products of illite / smectite, and Figures 2.4-2.6 which the typical textures for

Salton Sea phyllosilicates. Such euhedral shapes are common to all samples and

we infer that they are typical of direct crystallization from solutions with

high water / rock ratios - as compared to Gulf Coast type systems.

Figure 4.23 should be directly compared with that of Figure 2 3 which

demonstrates illite and chlorite packets interlayered in Lehigh Gap samples.
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The general features shown are the same, and in a qualitative sense we could

not differentiate their origins; i.e. the 400'C run has produced both phases

and detailed textures that duplicate the unusual phases and textures of the

analogous geologic systems.

Figure 4.24 shows AEM analytical EDX spectra for the bentonite starting

material (pattern A), smectite of run BHD4 at 300'C, and the unresolsed layers

of illite + chlorite of run BHC5 at 400*C (pattern C). The smectite at 300*C

is clearly intermediate in composition between the starting material and the

reaction products illite plus chlorite. The spectra clearly confirm that the

10 layers of Figures 4.21, 4.22 and 4.23 are illite (the K is present in

illite) and that the 14 $ layers are trioctahedral chlorite. The high
'

proportion of illite layers require considerable K. The K of both the original
,

solution and of the basalt glass has been entirely used in the production of

| illite; and only small proportions of K are sufficient to give rise to

transition of the bulk of the dioctahedral component of smectite to illite.
'

,

P

4 3.4.2 300'C Runsi

,

XRD patterns of the four runs at 300'C (BB41, BB44, BQD7, BHD4) exhibited

virtually no change from the starting materials. The one exception was in the

appearance of a very weak peak in the position of the strongest peak of -

!
4

wairakite for all patterns.
,

8Figures 4.25, 4.26 and 4.27 are low to high resolution TEM images of run
'

products of Run BHD4. These show the typical characteristics of unaltered

smectite and appear to confirm a lack of reaction for at least the bulk of the

smectite. However, the EDX spectrum shown in Figure 4.24 (pattern B) of that

smectite clearly shows an increase in Mg and Fe relative to the starting

material. Because the electron diffraction and lattice fringe images of the
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same areas for which the EDX analyses were obtained show only smectite, we
,

,

infer that the smectite has actually undergone some change through interchange

of dioctahedral cations. This is surprising in that no K is evident in the >

,

analyses, as would be expected for an intermediate stage in the conversion of

bentonite to chlorite plus illite. Nevertheless, it is clear that solid
;

solution interchange has taken place without destruction of the smectite

structure.

4

i

d

f
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6

i
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5 SUMMARY OF DATA

5.1 Analogous Geological Systems

Saectite (bentonite), when deposited in sediments and progressively buried

to greater depths by overlying sediments, is subjected to increasing

temperature and the effects of pore fluids in a manner analogous to conditions

for the repository. Given the availability of Al and K in pore fluids

(provided by dissolution of coexisting phases), smectite undergoes a continuous

series of transitions through mixed-layer I/S to illite, and illite

subsequently transforms toward muscovite.

All of the clay minerals are apparently metastable phases. The degree of

'

reaction is controlled by kinetic factors. The rate-determining factor for the

transition of smectite is not substitution of K in interlayer sites of

smectite, although the availability of K is an essential factor in the

transition to illite (a transition may occur, in the absence of K, to a phase

such as kaolinite). The rate of transition is determined by reconstruction of

the basic tetrahedral and octahedral layers with concomitant changes in

composition of the octahedral and tetrahedral sites. The former results in a

loss of Mg and Fe, originally in solid solution, to the pore solutions, which

in turn may be reflected in crystallization of chlorite or berthierine. The

transition of illite toward muscovite also involves at least minimal
a:

tetrahedral bond rupturing and reconstitution insofar as the proportion of Al ~|
l

must increase, along with addition of K in interlayer sites. This also is a |

|sluggish process.
|

,

|

Because the transitions are sluggish processes, smectite and then illite

may persist metastably in the geological and (backfill) environment. |

l
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The two reaction rate-determining factors are temperature and water / rock,

ratio. In the Gulf Coast system, mixed layer I/S persists to depths

corresponding to temperatures approaching 200*C. In samples of shales from

this system, pore space cannot be detected at the highest TEM levels, and the

transition to illite is found to occur across reaction interfaces which

gradually envelop original spectite grains over thousands of feet of sediment.

This system is effectively closed to water, the transitions apparently taking<

place with vanishingly small amounts of water at the reaction interface, with

increasing temperature (depth). Nevertheless, some smectite remains at
4

temperatures approaching 200'C, and the 1111te at such temperatures (depths) is

a relatively ideal illites i.e. it has not transformed toward muscovite.
3

i By contrast, pore space is abundant in the Salton Sea argillaceous

I
'

j sediments, where geothermal brines are actively convecting: 1 3. Where fluid

flow is macroscopically observed, the pathways in turn are d1early discerned at
;
'

TEM levels, Up to approximately 205 of such rocks is open pore space. In this

environment, silicates dissolve, compor,ents are transported by convecting

! brines, and illite precipitates in pore space as euhedral crystals directly
|

'

from solution. The illite that forms is free of smectite layers. It forms at

temperatures as low as 115'C. In this open system smeetite reacts by
,

dissolution and illite forms at temperatures much below that of the Gulf Coast

sediments.
7

The contrasting Gulf Coast (closed system) and Salton Sea (open system)

systems thus clearly define the effects of mobile pore fluids in promoting.
,

'
i

i
"

! reaction of the metastable phases. In addition, they illustrate the factors
:

) that control porosity / permeability and thus imply a means of affecting these
'

variables so as to minimize reaction rates. The texture of Gulf Coast shales

displays a matrix, or fabric, of clay minerals which is continuotml that is, ;

!
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5 *

individual saectite or illite " grains" do not exist. Compaction and'
!
i recrystallization of original grain boundaries has produced "megagrains" of
I
; phyllosilicates which envelop and surround grains of non-phyllosilicates (the ,

i

j latter are analogous to basalt grains in a saectite matrix of backfill). Such
} a matrix possesses no open pore space and constitutes a barrier through which
I

water cannot flow.

I In order to minimize porosity / permeability in a clay-containing backfill,

and thus to reduce reaction rates, it is essential to produce such an

equivalent texture in a basalt / smectite backfill by controlling basalt grain
!

!

j size, basalt / smectite ratio, and compaction of the mixture.

i
| It is not possible to define specific temperature ranges for the

i'
j occurrence (and lack of transition) of saectite, mixed layer I/S, or illite

because of the relations described above. It part, this is also because

i
temperatures to which relevant geologic systems have been subjected cannot be

accurately determined in most cases. Nevertheless, the data imply that where

j porosity / permeability are minimized, smectite may persist to temperatures in-

: excess of 100*C, mixed-layer I/S up to 200*C and illite in excess of 250*C in .

appropriate geological environments.
I

We emphasize that these conlusions, and all of the discussion above, are

true for geological systems only, where times for reactions are in the millions
.

! of years. Because the degree of reaction is controlled by kinetic factors, the
! '

I temperatures for which smectite and illite are unchanged may be significantly
i

j higher in laboratory experiments, which involve times of a maximum of a few
4

I months, or in the backfill environment for which times up to several thousand

years must be considered.
;

}

|

!
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5.2 Characterization of Experimental Starting Materials

All three potential backfill materials have been found to be heterogeneous

and the results for each are summarized in turn in the following: .

1

,

5.2.1 Illite

The type Fithian illite actually has a considerable proportion of

expandable (smectite) layers as verified by both XRD and TEM. In addition, it
,

is compositionally heterogeneous, especially in variation in the octahedra.1

components, Mg, Fe and A1. Thus it is locally variable in both composition and

!
structure . Illite occurs in large volumes only as a component of shales, and'

although the type Fithian illite constitutes a high proportion of the sample, |
*

1 |

there is also considerable quartz, feldspar and minor calcite and chlorite. '

i All of these occur, as shown by TEM, intimately intergrown in dominantly clay- 1

| \

! sized grains, and without detectable pore space. At the TEM level of

resolution, this material has the appearance of samples from the deepest levels
i

of Gulf Coast shales.

5.2.2 Smeetite

Although the commercial bentonite pr . ?' Envirogel is dominantly
f

smectite, there are small but significar ta+t ;rtions of other phases,
'

.

including quartz, calcite, illite and feldspar with trace amounts of other
'

sphases. AEM analyses shows that the bentonite itself is heterogeneous ine

i

composition, both in interlayer cations (Ca, Na, K) and in octahedrally

coordinated cations (Mg, Fe, A1, T1). TEM images have defined the textural
,

relations in that it consists of discontinuous, anastomosing layers arranged in

irregular packets of only a few layers. The unconsolidated smectite consists
! of a high proportion of pore space in the form of space between disaggregated

f 111

.
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layers and between poorly defined " grains" (packets of layers). Ibundant

dislocations within packets also provide pathways for fluid and ion transport.

t

5.2 3 Basalt

The Umtanum basalt is a typical basalt in mineralogy and texture, with

plagioclase, pyroxene and iron oxides as the principal crystalline phases.

However, there are abundant cracks along which a variety of minerals have been

deposited, including opaline material, zeolites and iron oxides. The principal

phase of concern in the basalt is a glass which constitutes up to 25% of the

whole. This glass has been characterized in detail and found to consist of two

phases, the original liquid having been composed of two immiscible liquids.

Furthermore, AEM analysis has demonstrated that one of the glasses is rich in

K. As the glass is expected to react before the crystalline phases, this glass

is therefore a major potential source of K to contribute to the transition of

coexisting smectite to illite, and therefore to cause major changes in the

properties of a bentonite / basalt backfill.

53 Experiments

Experiments were carried out at temperatures between 200*C and 460'C, over

a range of water / rock ratios, and with a solution designed to match that of the

ground water in the Umtanum Basalt.

No changes were observed in all starting materials for experiments carried

out at 200'C, even though durations of some runs exceeded a year, and the

starting materials (e.g. basalt, illite) are known from a variety of other data

!

to be unstable under the conditions of the experiments. This is not i

|.

unexpected, as reaction rates for silicates at such low temperatures are

112
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extremely slow. These results in no way imply that the starting materials are

stable or that no change would occur over longer time periods. Indeed, the

lack of change in smectite under conditions similar to those of geological

systems in which smectite transforms at much lower temperatures, simply

emphasizes that equilibrium was not obtained in the experiments.

Bentonite remained largely unchanged for all experiments except that at

460*C. In all other runs, the only changes were in the dissolution of the

contaminating phase calcite, and in small changes in composition, especially of

interlayer cations. The latter is to be expected, as exchange of interlayer

cations is known to occur readily at temperatures well below those of the

experiments. However, it is significant that bentonite was retained even

though it is an unstable phase under the run conditions, and even though some

experiments were of a duration greater than one year.

Illite samples underwent some change in runs at temperatures as low as

300*C, however, and in all runs at higher temperatures. These changes were of

two types: (1) solution / recrystallization of illite / smectite, with the

production of euhedral to subhedral illite, and (2) the formation of the I

trioctahedral phase berthierine with Mg and Fe (and other elements) having a

source in solid solution in the original illite / smectite, such that Mg and Fe i

i

were provided to the fluid through the dissolution and recrystallization of the )
illite / smectite. ,

! Basalt samples were unchanged in all runs at 300*C. Even in an experiment

at 460'C little change could be detected.

Mixtures of basalt and smectite were effectively unchanged after durations

of up to almost one year in all experiments at 300*C. However, significant

changes were dotected in all runs at 400*C. In a run with 755 basalt, the only

change was in the synthesis of a small proportion of the zeolite walrakite, but

113
.
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significant dissolution of starting phases and crystallization of new phases

occurred in two runs with 50% and 75% smectite. In the latter case reaction ;

was complete. Only chlorite and illite appeared in the run product.

|
6. Discussion and Synthesis of Data on Experimental and Geological

Systems

Because reactions involving silicates are sluggish at temperatures of 300-

400'C or below, and equilibrium is difficult to achieve, we have carried out

experiments at temperatures as high as 460*C and for the longest possible

durations under the time constraints of the contract under which this work was

done (experiments of several years are desirable but impractical). Significant

reactions occurred only at temperatures well above that which has been

estimated as the maximum to which backfill materials will be subjected

(300*c). The only changes occurring at lower temperatures involved solution of

calcite and minor interlayer cation exchange of smectite. Even at 300*c
a

changes were minimal. They included growth of wairakite in one basalt / smectite

run, and solution and crystallization of illite with growth of berthierine and

formation of euhedral illite. Even the latter changes did not occur in other

experiments performed at nearly the same conditions, suggesting that the

reactions are kinetically controlled and do not represent equilibrium

conditions. Selected runs were studied in detail by TEM in order to see if

5
subtle changes, not detectable by bulk-sensing techniques such as XRD, could be

defined. However, such subtle changes were largely confined to runs for which

XRD detected change; i.e. in experiments labelled as resulting in "no change",
]

not even TEM techniques were able to detect the kind of small changes, which

when extrapolated over thousands of years, might be significant. These results

are compatible with the experimental results of Wood (1983) insofar as he

observed only small changes in smectite and basalt systems at 300*c.

.
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However, the changes that did occur in our experiments were those to be

expected by analogy with geological systems. Given P. T, water / rock ratio and

bulk composition, the mineral phases are readily predicted. The complete
,

i
reaction of saectite plus basalt plus H O to chlorite and illite, given

2

; equilibrium conditions, is to be expected. Even the textures at the TEM level
!

] were shown to be identical to Salton Sea textures for the

; solution / recrystallization of illite.
2 i

|The changes occurred, however, at temperatures well above those for

analogous geological systems. This is precisely the result to be expected
;

) given non-equilibrium, kinetically contrclied experiments. Although such

experiments are necessary to confirm certain relations, and to protect against !

!
I unpredictable results, the analogous geological systems are far more reliable

l
j as predictors for the stability of backfill materials.

1

,

The geological systems indicate that temperatures for reaction among the
4

phases spectite/ illite / muscovite are variable, depending in part on

i
|

j porosity / permeability and water / rock ratio, and also on bulk chemistry of the
'

t

i system. In terms of the latter variable, saectite in argillaceous marine

sediments must react differently than smectite in situ in a volcanic tuff.

Nevertheless, the smectite / illite / muscovite conversions occur over

approximately the same temperature intervals on a global basis (taking into

j consideration the problems with determining actual temperatures to which rocks

*
have been submitted - a difficult task at temperatures below 300-400*c). The

Gulf Coast and Salton Sea sequences that were described in this report are

e_ specially significant as changes are thought to be occurring in those;

,

sequences today; they are now subjected to the highest temperatures to which
f

they have ever been subjected and those temperatures are well known. An |

| approximate temperature range for the reactions thus would be: (1) less than

; 115
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|

?
.

-- . - , . - . - - - ,_ . , - . - . . . - - _ . - . - , . . . . - - . - . . '



, n

.

100*C for pure smectite (2) less than 200*C for 1111te which retains'some

smectite component (3) less than 250'-300* for illite with no expandable

component.

These temperatures are still only approximate and subject to variability

especially with respect to kinetic factors. Mixed layer I/S occurs in the Gulf

Coast at temperatures up to 200'C, yet the illite forming at 115'c in well IID

#2 (Yau, pers. comm.) in the Salton Sea has no apparent expandable component.

Here, too, the geological sytems imply methods for controlling the reactions.

In the case of the Salton Sea argillaceous sediments, porosity (observed by

TEM) is very high as is permeability, and hydrothermal brines are being

actively convected through the sequence of sediments. These are prime

conditions for a closer approach to equilibrium and illite therefore forms at a

very low temperature (115'C). By contrast, TEM images show no pore space in

Gulf Coast sediments. The clays form a continuous fabric or matrix which

entirely envelops non-phyllosilicate grains, effectively producing a barrier to

fldid migration. Such a fabric is essential to a backfill material if it is to

serve as a barrier to fluid migration.
.

Reaction progress cannot be predicted quantitatively as a function of the

relevant variables such as time, temperature, water / rock ratio, permeability
,

and porosity for reasons given above; i.e. in laboratory experiments reaction

rates are too slow to even permit partial reaction over the lower temperature

range estimated for the repository; in natural systems, values for the

appropriate variables can only be qualitatively estimated. Nevertheless, the

general range of temperatures of reaction given above are appropriate for the

'

repository, and the general effects of the significant variables are defined

such that packing properties can be optimized. |
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