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Buffer Material as an Engineered Barrier

Not for Publication
PNC-5J199 84-09
February 29, 1984

in the Waste Repository System *

ABSTRACT Norihiko Fujita**

Experiments and literature survey have been carried out
on permeability, sorption characteristics, thermal stability
and manufacturing of candidate buffer materials. The results

1)

5)

are summerized as follows;

The canister emplaced in repository will contact
with ground water within 100 years after the burial.
Since this rather rapid saturation, the control
of ground water qualilty 1is important for maintain-
ing the integrity of waste form.

+
Ca-zeolite is an effective_getter of Sr . The
diffusion rate of TcOs, C1~ and Ce3t are reduced
in compacted montmorillonite at the factor of 10
As tor Am3% Eu2%, the experimental method should
be re-examined.

-2

The temperature of buffer will be kept above 100°C
in repository for several ten years. In this thermal
condition, montmorillonite may be feasible for use as
buffer, which needs the experimental confirmation.

Though the engineering experience should be compiled
in future, tailored buffer can be manufactured
within a state of the art relevant to powder handl-
ings.

As for physico-mechanical properties, R/D program

on buffer has got to the stage of large scale tests,
while more Taboratory examination are necessary

for characterizing the chemical ones.

**):

Work performed by Industrial Research Institute, Japan
under contract with Power Reactor and Nuclear Fuel
Development Corporation.

Industrial Research Institute, Japan.
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Table 1.1 Barrier Function versus Time

1.2 - Possible Chemi-sorber Minerals for Nuclear
Waste Desposal Backfill Component.

2.1.1 Chemical composition of bentonite and
zeolite used in experiments.

2.1.2 X-ray powder diffraction data of tested
materials.

2.1.3 Calculated Porocities of Bentonite Mixture.
2.1.4 Critical Wave length in unstable wetting front.
2.1.5 Summary of wetting fron observation.

2.1.6 Expe:imental Conditions.

2.1.7 Saturater zone in the mixture.

2.1.8 Permeation time through 0.3 m thick media.

2.1.9 Hydraulic conductivities and water transfer
coefficients.

2.2.1 Summary of permeability tests.
2.2.2 Calculated Kd and Kb wvalues in mixtures.

3.1.1 Selected Standard Potentials (E°} for
Actinides {25°C, 1=0).

3.1.2 Complex Formation Rate Constant for
Actinides.

3.1.3 Solubility determining Chemical Forms of
Actinides whose Oxidation States are 3,4,
5 and 6.

3.1.4 Technitium Solubility and Reactions determining
Species in Solution.

3.1.5 Calculated standard potentials assuming
log Kg = -28.9 for TcO3 and potentials.

3.1.6 Selected Equilibrium Constants K in Solution
for Zirconium Compounds.

3.1.7 Selected Equilibrium Constants K in Solution
for Samarium Compounds.

3.1.8 Selected Equilibrium Constants K in Solution
for Strontium Compounds.



Table 3.1.9 Thermodynamic Parameters Discribing pre-
dominating Agqueous Species of Iodine,

3.1.170 Radionuclides used in the distributioh
experiments.

3.2.1 Kd values of Zeclites and charcoal.

3.2.2 Kd values for BaSO, and CaSQ4-6H20.

3.2.3 Experimental conditions and obtained results.
3.2.4 Experimental conditions and results.

3.2.5 Calculated Q factors.

3.2.6 Cations dissolved in test water.

3.2.7 Kd values for Ce.

3.2.8 Relative concentrations in slices.

3.2.9 CQunt rates cof each slices.

4.1.1 Classification Scheme for Phllosilicates with
Six-membered Rings of $i0O4 Tetrahedra.

4.2.1 Rate constants of dissolution of sodium from
rock-forming minerals.

4.2.2 Compositions of Solutions’Resulﬁing of Volcanic
Rocks with Water at 1500 bars Presser for Two
Weeks. )

4.2.3 Composition of Groud Waters'Under'Investi4
gation. '

4.2.4 Analyses of Cs remaining in solution and of
pollucite formation various mixtures of clays
of shales and Cs sources.

4.2.5 Analyses of Sr remaining in solution and X-ray
powder diffraction analysis of hydrothermal
products. _ .

4.2.6 Thermal Stabilities of Fully Expandable
Phases.

4.2.7 Saponite stability studies.

4.2.8 Reaction products for alkali-saturated
Wyoming bentonite. (32}
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Table

4.2.9

4.2.10

4.2.11

4.6.3
4.6.4
4.6.5

4.6.9
4.6.10

4.6.11

4.6.12

4.6.13

Reaction products for alkali-saturated
Wyoming bentonites. (33)

The activation energy of dissolution.
Diagenesis of Clay Mineral from Lower
Cretaceous Shales of North Eastern British

Colombia in Canada.

Experiments determining persentage of
non-exchangeable K ion.

Ion radius containing in crystal structure
of zeolites.

Composition and Specific Gravity of Calcic
Zeolites.

Zeolites and associated Authigenic Silicate
Minerals in Deposits of Saline, Alkaline
Nonmmarine Environments.

Zeolites and Associated Authigenic Silicate
Minerals in sedimentary Rocks Deposited in
Marine and Fresh-Water Nonmarine Environments.
A List of Zeolite Minerals.

Sedementary Zeolite Deposits.

Authigenic Silicate Minerals in Marine Silicic
Tuffs and Carbonate Rocks that have been Buried
to Relatively Shallow Depths.

Temperatures of Occurrence of Some Zeolites
and Related Minerals.

Chemical Compositions of Igneous Rocks.

Chemical Compositions of Rock-forming Minerals
in Igneous Rocks.

Steam Stability of Zeolite XAa.
Steam Stability of Zeolite X2.

Transformation of Zeolites and Related Minerals
from Synthetic Zeolite VY,

Some Products of the Transformation of Zeolite
Y and High Pressure.

Stability of Zeolites to Anlydrous HCl at
228 Torr.
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Table

Hydrothermal Conversion of Zeolite Minerals at
1000 bars, 10 days.

Chemical Analysis Data of Starting.Material.
Experimental Data (Selected experiments only).
Chemical Analysis data of products.

Chemical Analyses data of residual solution.

Assumed physical properties in the standard
model.

Heat generation per unit volume of waste form.
Gtain Characteristics of Candidate Materials.

Ram—-type Compacting Machine.
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Fig.

2.1.11

2.1.12

2.1.13

2.1.14

Multiple barriers in HLW repository system

The attributes and Characteristics.necessary
for Buffer Material.

Schematic of permeation experiment.
Pressure Increasing Mode,
Wetted Langth from Inlet.

Water content in bentonite bed at the feed
pressure of 20 Kg/cm2.

Water content in bentonite bed at the feed
pressure of 43 Kg/cm2.

Water content in bentonite bed at the feed
pressure of 70 Kg/cm?.

Water content in bentonite bed at 80°C.

Water content in bentonite bed with temperature
gradient.

Water content in Bentonite/Quartz sand mixture
bed after 3600 sec.

Water content in Bentonite/Quartz sand mixture
bed after 21360 sec. .

Water content in Bentonite/Quartz sand mixture
bed at 80°C.

Water content in Bentonite/Zeolite Quartz sand
mixture bed after 7440 sec.

Water content in Bentonite/Zeolite/Quartz sand
mixture bed after 26160 sec.

Water content in Bentonite/Zeolite/Quartz sand
mixture bed at 80°C.

Hydraulic conductivity in Bentonite/Zeolite
mixture.

Hydraulic conductivity in Bentonite/Quartz sand
mixture.

Hydraulic conductivity in Bentonite/Quartz sand
Zeolite mixture.

(0



Fig.

3.1.10

3.1.11

3.17.12

Thorium Solubility and Species in solution.

Calculated Uranium solubilities (M) and
Species in solution. :

Calculated Neptunium Solubilities (M) and
Species in solution.

Calculated Plutonium Solubilities and
Species in Sclution.

Calculated Americium Solubilities (M) and
Species in Solution.

Technetium Solubility under Reducing
Conditions and Concentration of Scluble
Ion Species.

Technetium Solubility and Standard Redox
Potential.

Calculated Zirconium solubilities and
Soluble Ion Species. (a) (b).

Calculated Samarium Sclubilities and Soluble
Ion Species. .

Calculated Strontium Solubilities and Soluble
Ion Species.

PH Eh diagram deplctlng predominating
species of Iodine,

Speciation and distribution coefficients for
americium{a), thorium(b), neptunium(c) and
uranium{d) .

Measured distribution coefficients (Kd,m3/kg)
for U(VI}, Np(V), Pu and Am(III) [14].

Kd values of Zeolite 4 A for Strontium.
Schematics of diffusion experiments.

Water content in Bentonite 95%/Zeolite 5%
mixture. _

Water content in Bentonite 80%/Zeolite 20%
mixture.

)



¥Fig.

3.2.11

3.2.12

3.2.13

Relative concentration profile in Bentonite
95%/Zeolite 5% mixture.

Relative concentration Prbfile in Bentonite
80%/Zeolite 20% mixture.

Relative concentration of Sr-90 at a distance
of 0.2m from the canister.

Eh-PH Diagram for Technetium.

Concentration profile of 22Tc0z in 1.3g/cm?
benteonite.

997c0Oy into p
265620 sec.

1.6 Bentonite contact time

99Tcoy into p
443700 sec.

20 Bentonite contact time

36017 into p = 1.3 Bentonite, time 13140 sec.

36c1” into p = 1.6g/cm3 Nabentonite, Time
431760 sec.

36¢cl into p = 20 Bentonite, time 597300 sec.

Variation in electric potential Y between
parallel plates (Taylor, 1962).

Calibration Curve for Ce Identificétion.
Experimental procedure.

Relative Ce concentration profile.
Eqﬁipments for diffusion studies.

(a) Idealized structural diagram of kaolinite
layer viewed along the a-axis.

(b) The crystal structure of smectite illust-
rating three common types of substitution.

(c) The moscovite structure, viewed along the
a axis.

Observed variation in temperature with depth
in the Illinois, Michigan, and Northern Gulf
basins.



Fig.

4.2.10
4.2.11
4.2.12
4.2.13
4.2.14

4.2.15

4.2.16

4.2.17

Observed fluid pressures in the Gulf Coast
Basin.

Maximum cbserved salinities at various depths
in the Tilinois, Michigan, and Alberta basins.

Variation in major element concentration of
waters in the Illinois basin as a function
of dissolved chloride content.

Distribution of Eh~PH measurements of natural
agueous environments.

Experimentally determined values of the molal
ion product of water.

Kaolinite content of the <0.1-to 0.5 um size
franctions.

Calculated pressure-temperature curves in the
system Al;03-8i;-H20 based on 1 Kb stability
relationships and derived thermodynamic data,
symbols.

The system HC1-H20-Al303-K30-Nay0~Si0Op at
100°C. :

The system HCl-H70-Al;03-Ca0-Naj0-5i0; at
100°cC.

The system HCl-H30-Al;03~Ca0-C03-K30-5102
at 100°C.

The system HCl-H,0-Al;03-CO,Mg0O-~Na50~Si0,
at 100°C.

The system HCl-H50-Al,03-CO5-K,0-Mg0-Si0O,
at 100°C.

The system HCl-Hp0-Al;03-Ca0-CO5-Mg0-5i05 at
100°cC.

Mineral stability relations in the system
Mg0-S5i05-H»0 as a function of log mSi0Op versus
1/T, at tkb H»,O,

Proportion of illite layers in illite/smectite
as a function of depth in the finest and
coarsest clay fractions.

Variation in percentage of expandable layer of

mica smectites with increasing depth of eight
drillholes at the Shinzan area.
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Fig.

4.2.18

4.2.19

4,2.20

4.2.21

4.2.22

4.2.23

4.2.24

4.2.25

Temperature and depth environments forming
mica/smectites in nature.

Pseudo-diagram of P~T stabilities of chlorite
and montomorillonite estimated from natural
occurrences.

Variation of percentage of expancable layers
in Chlorite/smectites from the Ohyvu district as
a function of depth.

Extent of reaction for alkali-saturated bento-
nites after 7 days of hydrothermal treatment at
400°cC.

Relationship between time and percentage of
expandable layers in illite/montmorillonite.

Relationship between time and percentage of
expandable layers in illite/montmorillonite.

Hypothetical relation between time and percent-
age of expandable layers in illite/montomoril-
lonite.

Percentage of non-exchangeable Kvs. percentage
illite layer in natural illite/montmorillonites
and the products in the present experiment.

Temperature dependence on increase of saturated
NEK in {a) montmorillonite, (b) vermiculite,

(c) rectorite type interstratified phase, and
(d) IMII-ordering illite/montmorillonite.

Plot of interlayer charge to potassium retained
in the mineral after exchange with normal
ammonium acetate PH7.

Charge patterns of cation exchange capacity of

‘'various smectite during hydrothermal alteration.

Structure of flamework silicate.

Compositional relationships of albite,

K feldspar, and the deminantly alkalic
zeolites which occur most commonly in sedi-
mentary rocks.

The secondary building units (SBUC in zeolite
structures according to Meier.
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Fig. 4.5.4 Drawing of the tetrahedron chain as found in
natrolite showing the ordering of sluminum and
silicon.

4.5.5 The chain of tetrahedra arranged in linked 5~
rings as found in mordenite.

4.5.6 Configuration of the Ty O30 units of tetra-
hedra in the framework structures of group 7
zeolites.

-4.,5.7 Diagram showing the configuration of the
TgO415 units of tetrahedra as found in the
framework structures of the group 6 zeiolites.

4.5.8 Framework projection of mordenite structure
along the C-axis.

4.5,9 Na/K/Ca Mole~ratio of Clinoptilolite and
Neulandite.

4.6.1 Very low grade metamorphic zones at elevated
temperature and pressure.

4.6.2 Phase relations in very-low-grade
metamorphism.

4.6.3. Effect of Si-Al composition on hydrolytic
stability of zeolites X and Y.

4.6.4 Thermal stability in air of zeolite Y.

4.6.5 Time-temperature diagrams showing hydrothermal
transformation of some zeolites at 20,000 psi
‘pressure of Hp0. .

4.6.6 Vertical zonation of zeolites, albite, prehnite
and pumpellyite in sequences of sedimentary
rocks. '

4.7.1 Relations of clinoptilolite, mordenite and
albite with increasing temperature, PH and Nat
concentration of the solution in the PH range
from 6 to 9.

4.7.2 Relations of clinoptilolite, mordenite,

analcime and albite with increasing temperature,
PH and Na' concentration of the solution.

as



Fig.

Relations of clinoptilolite, mordenite, anal-
cime and albite as a function of Na’ con-
centration and temperature in the presence of
additional silica at final PH=12.

Relations of clinoptilolite, mordenite, anal-
cime and albite as a function of Nat con-
centration and temperature in the presence of
additional silica at final PH=13.

Phase relations of clinoptilolite, mordenite,
analcime, albite and K-feldspar on the section
of constant PH plane.

The model used in this simulation.

Variation of Thermal Conductivity with
Material Density and Linear power Dinsity of
Heater.

Thermal Conductivity of Mixed Minerals.

The temperature profile versus distance.

The temperature change at the inner surface of buffer
of various thickness

The temperature change at the inner surface of buffer
of various thermal cond_uctivities

.Effect of intermediate storage on the buffer temperaiure

Conceptual configulation of engineered barrier in repository

ag



Fig. 4.8.11 Conceptual Configuration of Engineered Barrier
Repository.

5.2.1 Configuration of Engineered Barrier.
5.3.1 Manufacturing Process of Buffer.
5.3.2 Manufacturing Process of Bentonite.
5.3.3 Centrifugal Roller Mill.

5.3.4 Manufacturing Process of Highly Purified
Na-Bentonite.

5.3.5 Manufacturing Process of Zeolite.

5.3.6 Manufacturing Process of Natural Quartz Sand
(Wet). '

5.3.7 Manufacturing Process of Artificial Quartz
Sand {(dry).

5.3.8 Granulating Process by Compacting Machine.
5.3.9 Wave—-type Roll.
5.3.10 . Concept of Briquetting Machine,

5.4.1 Distribution of Stress and Density in the
Compact under some Compacting Pressure.

5.4.2 Dry-Press Apparatus

5.4.3 Compression Mode in Dry-Press.
5.4.4 Wet Bag Tooling.

5.4.5 Dry Bag Tooling.

5.4.6 Semi-continuous Isostatic Pressing of Dry Bag
Type.

5.4.7 Procedure of Isostatic Pressing of Wet Bag Type.
5.4.8 Schematic Views of Large Scale Isostatic Press.

5.4.9 Schematic Diagram of Compression System in
Isostatic Press.

7.1.1 The Attributes and Characteristics necessary
for Buffer Material.

7.1.2 Migration of Groundwater and Radioactive
species in the Geological Repository.

7.2.1 R/D Program for Buffer Material in an
Engineered Barrier.
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Fig 1.1 Multiple barriers in HIW repository system

Table 1.1 Barrier Function versus Time

Item | Barrier Operating Pecicd
| Geology (basatt) [. Thermal period® Supplementary chemicil barrier to radionuclide migration
2. Geologic control® Primary chemical barrier ta radionuclide migratioa
3. Repositacy life® Physical isalation of waste macerial from man
2 Backfil} 1. Thermal period Primary chemical bacrier to radionuclide migration
. Inhibit groundwater intnusion
2. Geologic contral Secondary chemical barrier
3 Qverpack. Thermal period Pritmary phys‘ic'::.l barriecto groﬁndw:ter intrusion
' - Aids in retrievability
4 Buffer Thermal period Chemically inhibit canister corrosion in eveat of failed overpack
Canister 1. Pre-emplacement? Provide physical support and pr.oucliorl for waste form
2. Thermal period Supplement o overpack preventing groundwaler intrusion
) Peanit retrievabilicy )
3. Geologic control Primary physical barvier to groundwater intrusion
6 | Waste form Pre-emplacement and Retard release of radionuclides in the event of containment failure
repasitory life . ‘

*Time before 1000 yr of operation.
ime after {000 yr of operation.
“Thermal period + geologic cantrol.
Time from caniscer filling to emplacement in the repository.
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Characteristics

-retain integrity of

engineered barrier

minimizing the ground-water
migration

conduct heat from
canister to host rock

retarding the radicactive
nuclei

retard migration of
selected chemical
species

Fig. 1.2

mechanical property )

The Aitributes and Characteristics necessary
for Buffer Material




Table 1.2 Possible Chemi-Sorber Minerals for Nuclear
Waste Disposal Backfill Component

Radionuclides

Mineral Composition Solved
Apatite Cas(OH,F)(POy);. All actinides
Monazite R,EPO, All actinides
Vivianite Fe3(P0O4), - | All actinides
Calcite CaCO, Trivalent actinides
Dolomite (Ca,Mg)CO; Trivalent actinides
Barite - BaSO, Strontium
Gypsum CaS04-,H,0 Strontium
Cinnabar HgS I
Chalcocite Cu,S I
Galena PbS I, 103
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T3 HRTHRMT 3EED » €4 74 tOBEYROVT, BE# 7 2FRELEFRK LD
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Table 2.1.1 . Chemical composition of bentonite and
zeolite used in experiments.
KUNIPIA "MORDENITE TUFFE

(MAJT)

510, 55.68 67.75
TiOZ. 0.22 0.35
A1203 . 19.96 11.61
Fe203 1.95 1.77

MnO 0.91 G.G3

Mz0 3.64 0.37

CaQ 0.41 - .1.84

St0 0.03 0.09

Nazo 3.42 2.08

KZO 0.07 1.96

iy HZO 14.23 11.75
Total 99.63 99.60
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FREBOBEANEN21.1ERT. RAPBEAT Vv AEOMBEBER L2 $ 2400 2
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—ﬁtﬁmh.LT%%n%nEbeTWiBntoaﬁwlotvuvf~a5xb
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Table 2.1.2 X-ray powder diffraction data of tested materials

Montmorillonite from Tsukinuno BentonitertKUNIPIA}

d(a) I/Io . Mineral Speciés(hkl)
12.3 100 Mont. (Q01)

6.29 9 Mont. (002). -

4.48 16 Mont, (110),(020)

3.35 ' 1 Qz.(1031)

3.13 25 . Mont.(004) :
2.52B 13 Mont. (005}, (130),(200)
1.497 7 Mont. {0640)

Mordenite from Maji

d(a) I/I0 Mineral Species{hkl)
13.7 7 Mord. (110) -
9.03 18 Mord. (20Q)

7.94 3 Clp.(002) ?
6.78 4 Moxd., (220)

6.58 19 Mord. (111)

6.39 7 Mord. (130)

6.09 3 Mord. (021)

5.81 7 Mord. {310)

4.86 1 Mord. (131) -

4,52 .15 Mord. {330)

4.26 20 Qz.(100).

4.14 3 Mord. (420}

3.995 27 Mord. (150)

3.825 6 Mord. (241)

3.777 12 Mord. (002)

3.640 .4 Mord. (421)

3.527 5 Mord. (022)

3.472 53 Mord. (202)

3.382 26 Mord. (350)

3.344 100 0z.(lol)

3.29¢ 7 Mord. (222}
3.220 33 Mord. (511)

3.192 19 Mord. (530)

3.094 3 Mord.(061),(441)
2.993 7 Mord. (600),Clp. {(044) ?
2.940Q 4 Mord. {(261)

2.898 11 Mord. (402)

2.574 5 Mord. (080)

2.518 6 Mord. (352)

2.458 8 Qz.(110)

2.426 3 Mord. (532), (262}
2.284 8 Qz.{102)




Table 2.1.3 Calculated Perocities of montmoriilonite Mixtures.

material porosity

montmorillonite 0.40

montmorillonite 30%
quartz 70% ) 0.40

montmorillonite 30%

zeolite 30% 0.37
quartz 40%

pressure
regulator

e

N

7y

reservair permeation cell

Fig. 2.1.1 Schematics of permeation experiment.



AEMOBREAF i, B—BoBEGde -5 —2BORALF YY) vF—i2kY, &
REREOEBREGEO L SCKAOHTALBREOBMR LR E3HACIE, THzy +
=R =Ty PEDTAEVIVE-Le -2 - BORLFE LR CA L VEFRETS
L EVTotke
FERRA BB EA L B, BB E L D HLAOAD S SBARES COEELN
EyaLidic, REZBMARMKEAIAALZOERESHERD o SRBRIZEHR IS
DEEZPORD. TAbLSL, FAFAAOTHEROERE2HAIL, ZoHEh A
—7VHT1I10CK 2 HERBER S ¥R, BUERKPC 1HKEBEL 2 BrEE 2R
L, MEDENPLREAFAALEERTWAKRTEEZRD 20

2.1.2 # B
1) =vEVerM R COBENATOBEEE

NERFERESFTCORDBECESE, Fr=A22-0FBACEEsS W EZEHRO
PRl s TRKOBEERFAT iR, Ablhokog sy RREBEL X 2BH 220
BWZ LR ENBTNEE BV, FRBRCREAMEREAL LY v —ORBELHR
Beo®s s 7REBKOMAIMEE RS, £, TTY 3 b0k 5 CEKEONSE
RBERr6R3 A 5 ARKERBTIEE, BHMRWAKYD ( Blob ) 347 5 ATHEHEN
Hd. INHOBhBYRSOEREEROENE, ABORESCI Y AHLLTNG, B
P37 —20BRELEMPETIERD H Do

SHEORKMOHT, EVEVRFH MEKBEENH TR I BRERCTFLER NSV E
Eibh, LEdoTEBEBIMN, 53VRBhEBISFT0ERAREEZI VR TV,
I T, 2xve) Mt AV TERBEATEGFT ORI E >V URE £1T 2 7o

AR F~OBRRKORE2 - FER 2. L2 87T, ABEZBLAKOEARZTIL, &
Bxh w2046 TARANC IV BEBE T2, Rerasha i cBELzAES:
T ofro TIEREERE, A oY ELZRBOABR XTEAROKELZZER 2. 1.
1, 2127 T, FEFToRBEEARKOEAOIYE Y, B A2 58X ERRE
BN TVWELIETHB, BERLERT0ERE, BRI VARCERS h, 3B
PHRTRIVHAMUELEEFTFRACBE—EENL TV Z LA TH B, LB T, ¥
Yy VE—ORELOBEMIIARIAORY. H3VEEARTOKROAARTEH —L R 5.
WhbRB74 v VIRRRBEECRDON LV L AR SN



Philpm(z)(s) S rhid, BURAEOREEROA MK

4T T
K=G- TPy (1)
@
.
=
b
't
p i
3 1
i
1
1
i
}
|}
1
1
- Po q !
i
t
P
t t t
] 12 -3 time
Fig. 2.1.2 Pressure Increasing Mode
kL
G . BhAELE TCoRRAN L KESR
.74 vH—02KRTHER
T HREERD
0 REEE
¢ LEIMEE

DECE>TFHENZ, KBPED L &, BhAFBRARELRD, 74 vH) v Z7HE
Z 3,
KRXODL&D A% Acritical 2453 @A 2B 3,

A eritical = 2 ® T 2
PFG

@ALY, RERDEDSVE, 5VBKEARSLAECE7 4 vH —oERE/NE( A

VAHRFLALDOLAD I LEER I I ve) rr b HTFFCOKORERHOME

REDREOCHELASPEHRETIORRETH A, —ih, K—EKOBESDHET.2 X

L0 N/n &Y, £0=10K/=, §=08n. sec? 5 ADAELLTHE2.1. 4

DEEBED. TORBIAELY LT hiE, KESE?10° M Ek & BAREREET
— 16 —



.

Photo. 2.1.1 Compacted-montmorillonite Specimen after Permeability
Experiment -

Photo. 2.1.2 Cross-section of Compacted montmorillonite after Permeability
Experiment.



Table 2.1.4 Critical Wave lenght in unstable wetting front

G Aerit m
T : .
1 1LTX%10 -
10 55X10°°
1 0° L7x107°%
10° 5.5 x10°%
1 o 1.7X10°°
Table 2.1.5 Summary of wetting front observation

to(s) t]--to(s) tz——to(s) pO(mHZU) pl(mHZO) pz(mHZO) distance(m)

4800 3000 62100 20 100 900 0.0077
4800 | 3000 159600 20 100 900 0.0108
4800 3000 419400° 20 100 920 0.0161
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Fig. 2.1.3  Wetted Length from Inlet.
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Table 2.1. 6

Experimental conditions

Materials Temperature(°C) Pressure(Kg/cmZ) time(sec)
Pg Py & t)
- 20 2 20 162u 51300
- 20 2 43 2640 72180
montmorillonite ~ 20 2 70 600 47520
80 2 8 780 48900
80(top) ) 20 2400 88320
19(bottom)
=20 2 20 1800 3600
montmorillonite :
307 - 20 2 20 1800 21360
Quartz 70%
80 2 20 3060 7200
. T 2 20 600 7440
montmorillonite
30%
Zeolite30% = 20 2 20 300 26160
Quartz 407
80 2 20 540 6540
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Fig., 2.1.5 Vater content in montmorillonite bed at the feed pressure of 43 Kg/cmz.
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Fig. 2.1.6 Vater content in montmorillonite bed at the feed pressure of 70 kg/cm2_
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Fig. 2.1.8 Vater content in montmorillonite bed with temperature gradient.
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Fig. 2.1.9 Water content in montmorillonite /Quartz sand mixture bed after 3600 sec.
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Fig. 2.1.11 Water content in montmorillonite/Quartz sand mixture bed at 80°C .
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Fig. 2.1.12 Water content in montmorillonite/zeolite/Quartz sand mixture bed after 7440 sec.
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2.1.13 Water content in montmorillonite/Zeolite/Quartz sand mixture bed after 26160 sec
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Fig. 2.1.14 Water content in mOthorillonite/Zeolite/Quartz sand mixture bed at 80°C
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Table 2.1.7 Saturated zone in the mixture

material At (sec) ¥ (m)
montmorillonite 3.0% 74440 00075
Kerm 70% 26160 00135

montmorillonite 3 0%
3600 00035

Zeolite 30%
. 21360 0.0050

Quartz 4 0%
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Table 2.1.8 Permeatien time through 0.37m -thick media

material P 102 5x10? 108
montmorillonite 417 207 4.17
montmorillonite 30% | 1.9 095 019

Quariz 70%

montmorillonite 30% 0.8 6 0.4 3 0.086

Zeolite 30%

Quartz 40%
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Table 2.1.9  Hydraulic conductivities and water transfer coefficients

Material K D .
ambient 80°C 40°C/em ambient é0°C 40°C/cm
montmorillonite ‘1.4 x 10_13m/s 7 x 10-13m/s 6 x 10-13m/s 2,7 x 10_13m/s 1.3 x 10_9m2/s 1.1 x 10_9m2/s

montmorilleonite30% -12 -12
Quartz 70% 3.0 x 10 2.2 x 10

montmorillonite 30% 12
Zeolite 30% 6.6 x 10
Quartz 40%

9.1 x 10712 -- -- o -
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Table 2.2.1 Summary of permeability tests
Contents (%) . . Hydraulic
montmorill Zeolite |Quartz density (‘?/CHD. € tnrs) radient (ij

onite ) . ‘
100 - - 1. 4 3X10"% 49,000
90 10 — 1. 4 7X10 T 50,000
80 20 - 1.6 1.1x10 13 57,000
65 35 - 1.3 8.5x10 13 24,000
50 50 - 1. 4 1.9x10 12 24,000
85 - 15 1.5 1.1x10 18 36,000
70 - 30 L7 2.6x10 713 61,000
60 - 40 1.6 3.7x10 13 29,000
50 = 50 L6 6.4x10 13 28,000
30 — 70 1.7 29x10712 30,000
80 10 10 L4 2.2x10 12 51,000
70 10 20 1.5 3.3x10 13 54,000
60 10 30 1.6 45%x10°1 28000
50 10 40 1.6 7.4x10 "4 29,000
30 10 60 1. 6 2.3x10 12 29,000
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Fig. 2.2.2  Hydraulic conductivity in montmorillonite /

Quartz sand mixture.
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Fig. 2.2.3 Hydraulic conductivity in montmorillonite/
Quartz sand /Zeolite mixture



| Calculated Kd and Ka wvalues in

Table 2.2.2 .
mixtures.
o s ey Fa@/s) Kb (m/§)
10 | 8.1x10™ > 3.6x10 14
20 1.2x10" -3 2.1x10” %
35 3.9x107 13 7.7x10714
50 1:9x10” 12 8:7x10 4
15 7.0x10" %2 3.0x10714
30 1.1x10713 2.2x10" 14
40 2.4x10" 13 3.9x16 14
50 5.5x10°13  s5.4x107M4
70 2.9x10™ 2 8.7x10” 14
10 10 1.6x10™ 1% 4351014
10 20 7.5x10" % . 4 0x1074
10 30 2.5x107 13 3.7x107 4
10 %40 5.7x10" 3 5.0x10” 1%
10 60 2.3x10™ 12 8.2x10 *
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3.1 HMTAEHICKRTZIHHUBREOBRRELFERE

WRAG SN VAVERYPOBHETRY, F+ =25 —0f#, BTKCLS
W, BEM, REPORBEETEMB~LBTTIRB T, &40 BEEELER
T54), ZL2UFMEOBR» 01, ¥BHoRVKOBECHREEHEH a5 2L
BRETHD. Flaid, ®Np, ®Pu, *Pu, *Am, **Am, *Cm, **Cm, *'Cm, #U, 1,
2y, By, BUE7 2544 FLHE, PRa, @Th, ®Th, P Pa S0 BEHE, Fic, Cs,
¥, ®8r, *Te, ®Zr, P ¥Sm K0 7 4 v ¥ e VIR EZ FAET LR B,

B TF~V YRR ITHBEFOBEEE G, Axil, BEA—KBEEEOA + viE
fER, ah~ofhE, CLEREFRTL CTEFELEHO BRLBFRASIC L > TkEL
BBEhd, X, 4«07 v e ARBBOFERBLC X > THEECR - HHEEET B
b, BERTEESRBEL Y EEL TR, MTKDOEL, pHB X USEAERICEETE
20T VEERERLL T, ERLEEELHET I LVAEFNCEBETCH B, 22
THRECAZENLTVWS, BEARERA=F ¥ —, EHEERER, HEESR, BEREL
BEEM SO BNTF— 2y, BRI HEN BB L FEBRC - & BT 5,

KAk, $SEBREA A+ v 2L TOH,, HCO;, CO%Y, H,PO;, HPOY, PO, F,
s@:cz'%om%4fv%;w,ﬁsv®,7»%@%@%%4ﬁyﬁﬁﬁ?éo%
BREBREXBATR L, BERTASRCE, 0.3~8mMo b —#& 1 COX14+vHE, 0001
mMQ$®F-ﬂﬂJ@?4%7E,0£%~42mM®F”ﬁ$%.Qm~&mM®S%—.
0.05~1mMAOCL 44 v REENBo X, BEA A VELTR, 73 VB, 7AKBO
b—FAT, Bm~20m/ BEO, BTRASFESEsh T3 BT ARORBEL,
ShBA A VEDHEERER» SHEIT L, OH &, REEA4 vE, 73 v, 71
FBYFCEETH D, T/ FH4 FOREESE, Ev pH BB TIRe Ve 3 v gk,
REEESE L VEEI ANV, 7§ VEBPEBT &84T, AnoBSAE~0REH
BokdETT3P LoREs b5, LALED, HREACET BHRRIRERELS O
e, ZITREBRL RV KBERFOBREFERREERET 57 2 —4—-L LT, pH,
Eh, 2B FREA A vERECH 2K > TEBL T<o

3.1.1 77F54F

Th, Pa, U, Np, Pu ik, 3~7 0{ERAE Am, Cm it 2~ 4 oE{bikaER

550 %3118 ERERTRIGOBERICETEL £RL 208, ABEETE TR 4



Bk, Amid3fio20BREEZE 5. %, Thb 4 fli0 20 REEE 50 3,456 0B
(CREET, SHBEHEL TWing + v, 2hEh, AL, A, An'C}, AnOX T3
B, zhboe ¥rd v, RES#HGOLEHNERL, BEELAGYNEREREXS.
1.2 Rto

Anx (OHD y (CO: )z OB ERER 2 Kayz 215 &, KBERFOBEHER,
Crotal = SKxyz « (AmIOHY(CO:)* Tk D, Zh e RETHBHLEHE, X400
BBz 2T, F31L3ERL %,

LLF, & EndefE, p(ICO) &fFcovt@bhri, BRI LoBERE, BTFEREC
DWTEIBL T,

Eh&#: KRR EEMBLTWIHTARERL T, Eh=0.8—0.06pH,£EJ§ﬂﬁ‘Fm:%J‘L
T, Fe(I)/Fe(l)y 7 7—F4bb, En=02—006pH £Ex 3, X, EKENEHE
L RITEBAMIC L » Tk, Zhllfto Eh £HE2E X5,

p(ZCO0:) ¢ REAAM 4 vEEFBVWEBALL T, p(IC0)=21(7.9mM{RE, 4757
/L), BEVBE&LLTp(ZC0:)=33 (0.5 mMBE, 30m/ L) 2Eid, BENMT
Ko p(ZCO:) i, ALYV ZnHREIEEENS,

Pable 3.1.1 Selected Standard Potentials (E°) for Actinides

(25C, 1=0)
E°, V
U Np Pu Am
An*t+e”= An* —0.52 0.15 1.01 2.34
AnO;t+4H" + e~ =An""+2H,0 : | 0.46 0.65 1.10 1.10
AnO#*+ 4H' —2e™=An*"+ 2H,0 - 0.27 0.94 1.03 1.35
AnO;**+e”= AnO:" . 0.08 . 123 0.96 1.60




Table 3.1.2 Complex Formation Rate Constant for Actinides {An)-

(OH)~ -\C03)2 and SoTubility Products for Actinide Complexes
(25°C, Ionic Strength= 0)( ) Rate constant K is defined as K =
(Anx( y COS)ZJ/(AnJ (OH)y[CU']Z for the relevant reaction
xAn + yOH + zCO3 = An (OH) (€0,)_: and Solubility product is
determined by Ksp = [An) x[OHJ§fCO )% for the reaction

xAn + yOH + zCO3 An (OH) (CO (s)

Values in parentheses are est1mated by extraporation.

" log K -

»yz At ant* an0,* Ang 2

Pu Am Th u p Pu u Np Pu u Kkp Pu
110 a 6.5 10.8 13.4 12.5 13.5 {4} 5.1 4.3 8.2 8.9 8.4
120 a 11.5 21.1 25.5 25 25.5 , 156.1 {17.8) {17.6)
130 a {15.5) 30.3 36.5 36 36.5 {21) {23} {7z}
140 -a {19} 40.1 46 46 46.5
150 ? {s81) - ({50) {51)
220 a (14) (2n (26) (27) 22.4 21.5 19.7
350 a {37) 544 {53} 48.4
110(s) {-9} -9.1 -9
120(s) ~22.4 -22.2 -23
130(s} a {-23.5)
140(s) 49,7 -56.8 -56 -57
01 a & (5} 5.9 b 10.1 b {9}
102 a 10 {10} 11.1 b 16.7 b (15}
103 2 (13} 15.3 16.3 b 23.8 b (22}
165 36.5 b b
06 60.1 b b

¢

101(s} - -13.8 b b
203(s) a 231
i3 c € {42) .
231 41 b
331 43 b

2 Same as for Am assumed.

b Same as for U assumed. © Same as for Pu assumed.



Table 3.1.3 Solubility determining Chemical Forms of
Actinides whose Oxidation States are 3,4,5 and 6.

AnzCOs (s) (An®") = exp (0.5 logK;— 1.5 1og CO3 )
An(OH); (s) [(An*] =exp (logKg+42.0-3pH)
AnOQ2 (s) [An*"t) = exp ( logKg+56.0 -4 pH)
AnQO,OH(s) [AnO,*) = exp (logKs+14.0-pH)
AnOs (OH)2(s)  (AnO,%] = exp ( logKs+28.0-2pH)

() bV &Th
KERH T +4 BOREO L& LB BMEE ThO: () NERI L - TREEH,
KD@<lf%m/zm#—f—ﬁ%%(ﬂ&Lliﬁ)ﬁ%ﬁﬁwpﬂﬁﬁuﬂm,m
R I BT 5 IE RN Th (0H) Th oo X, REESEHEIHMLATVAV,
@ 9v95=294U
Kﬁﬁ¢?fﬁt@mﬁﬁﬁ+4k+ﬁf%éo@&LZK,4@%@%@&#%%
BB 5RMEL, BEBRBERL o
@mmﬁﬁfu,U%(Mﬂﬂwﬁﬁﬁﬁ%ﬁﬁbrﬁn,ﬁﬁ*v%ﬁmﬁ%+6
®4w?ﬁﬁ$ﬂ?éo&pﬂﬁﬁfm,Uof,%pﬂﬁmfm,um(mhh“,
(U02)3(COs)e™ %, REESGEEMT 5, LBFERMA A VEREOHERICH-
<, REBEEGOEEIENL, BREIESLSE LD, TOHAIFPH>6TIL
KBETH Do
BREEETE, BRERUO () IVHEIND, BRPTHE, pH6~THUFT
U0 , pH8~ 11 D& ik, BILIRE+ 6 DKEBREE (U02)s(C09s°, 00 (COs D ©
ﬁﬁﬂféoﬁﬁﬁm,@mm%#@%ﬁambr,z~3¢—ﬁ—@<,m*~w*
M/ L DEBETH Do
@ HFv=v2aNp
B LE &fE, BTG EECTHERERRET 5 BERLENMI N0 (D TH S,
(mgaLaﬁﬁ)o@m%%#fmﬁﬁﬁméﬁmm%<,1vazutfﬁéo
%ﬁ%%abfu,ﬁﬂ~ﬁ&$?,Nﬁwy%nutwpﬂﬁﬁfu,mmmo;%,
Mﬂﬂcmh“%m,5ﬁ®%mﬁ%®ﬁﬂﬁﬁ¢ﬁ$ﬂféoﬁ%%fvgﬁﬁ%%
ﬁ,%pﬂﬁﬁwﬁﬁgﬁ@%u%M?éo%ﬁm%#f@,ﬁ@ﬁmé&wﬁa1w7
M/ﬂﬁTf%éoﬁﬁ%%ﬁpH%ﬂﬂqu.NNDm4,%ﬁuL®pHﬁﬁTNp
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Fig. 3.1.1 Thorium Solubility and Species in Solution
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Fig. 3.1.2 Calculated Uranium solubilities (M) and Species in
So1ut10n.(3)
d4: Eh=0.8-0.06PH : p(2C03) = 3.3
b: Eh=10.8 - 0.06 PH : p(2C03) = 2.1
¢: Eh=0.2-0.06 PH : p(eCO;) = 3.3
d: Eh=0.2 - 0.06PH : p{eC0y) = 2.1
(25°C, 1 atm)
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Calculated Neptunium Solubilities

logC

T I
i | 1 | | T
| eoz” NpOgm -
— NpOyCOy” ]
-zl NpOOH -
KpOy (€043 “NpOgicogn5~ =
f— e —
N (NpOgizic0 )5~ |
10—
[ i | ] | | ]
5 6 7 8 2 10 1
d ! 1 | I I | |
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| NpOyio1 /
— ~_NploHls |
-10 : HpiOHIg™ ,:
™ wpion,2e N0zt Mploly” ApdiCOg3" j
| l |
5 8 7 8 °_ Mp

(M) and Species in

Solution.

a: Eh =0.8 - 0.06 PH, p(iC03) = 3.3

b: EH =0.8 - 0.06 PH, pCiCO3) = 2.1

c: Eh =10.2 - 0.06 PH, pﬁiC03) = 3.3

d: Eh =0.2 - 0.06 PH, (E£03) = 2.1
{25°C, 1 atm)




(OH)S NV Th g 4flinEBRBoL Ve ¥V FEAEHT 5,
4) FAb=%4aPu

314, BRELEEMN & vEREXTL o

BRLIS &ML, BREE PO L VHATENS, BEMBEIX, pH4 TPV,
pH4 ~6 O EIET Pu’ 0,%, pH 6 ~9 NEET Pu” (OH),, pH9~10 Ll ET Pu™(OH)s
DEBT B, BEREA & vEREXSET &, & HEBRT, Pu0,(C03):% ANEd
BREIC Do BTMGHETHR, BRELHET S CAYoHBEBE pHEHFIK IV E D,
pH7~8X D{EVv pHERTiX, Pu,(COs)s(s), TH X & pHHFETiX Pul,(s) i X
D, BREFHEShG, BRED, BEpHEETH»R VBV, BEP L LTI, pHE
~9 DEHEAT, B3 ®PuCOs", Pu(COx), FAXFHEML, pHO~10 LA ETHE, B
(b8 4 0 Pu(OR)S BT 5o WEREA + ¥ 58I 5L, pHE~10 0RETHE
REFETHML, Pu(C0:): " BEBT 5 HRSHEAT 5,

(8 7 AUy AsAm _

TAY YT ARKBREPCRIMELTCOBRELET B, BHREZHETIILEDOT
REERIS. 1.5 X5 ic pHOBEREEA 4+ VBB X VRS, pHO~10 T Tl Am.
(CO3)3(s), #Hl ko pHEEK T, Am(OH);(s) HIEMEEZMRET 6o pH6 LT T
WIEMRED, 1ph VB Ab, BEBEBLLTE, pH6~T7LUTFTTAN™ Zh Ll EopH
ﬁﬁfﬁ,Ammm,mmcmxxAmm@m*&zmﬁm4fvﬁﬁ$ﬁ1@,@ﬁ
REA + vEEECHEMI, B oHEABROBBECBRELEMEZrEBZ T,

(6 Hofl

Pa, Ra, Cm S 4NERERBT— 28 FAELTRY, ZoB0ZERETSC

LAHERV, ThOTROBNENERT - 2D FHERVEE N5,
3.1.2 oS ERY

72FHA FLRRY, BOHARYREROBBES LRV, BRESHEREHBLHE
FTARERELT, Zri 2V TR HSIOLBEDEREL /o
1) 727597 A4Te

—126+7 2 ToORBERERMON DM, KBEEPTIE, 2,3 4,7 0RBHEFEL,
Te?*, TeO', TeO?, TeO  HENFENE L LhB, HTREHETE, +4 L+70835D
BELRBERETH 5o Teid, +4fioRBTHE e Fr¥ VEGAEZERTOIZ L
BHIBNT WS, Te DEME, BLIUBHFIAVEBREZRAE T SHERILE, 0T
BERE®EI1LLETLE, X, Te A+ vECHEFRTIBRELELRICOEEEMNTE
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Fig. 3.1.4 Ca]cu?atéd Plutonium Solubilities and Species in
Solution §3) o
a: th = 0.8 - 0.06 PH, p(iCO3) = 3.3
b: Eh = 0.8 - 0.06 PH, pCiC03) = 2.1
c: Eh = 0.2 - 0.06 PH, pGiCOS) = 3.3
d: Eh = 0.2 - 0.06 PH, p(2003) = 2.1
> (25°C, 1 atm)
o T T T T T 1
§,u

Fig. 3.1.5  Calculated Americium Solubilities(M) and Species in
So]ution(3)'

Valid for Eh = (0.8 - 0.06 PH) ~ (0.2 - 0.06 PH)
(25°C, 1 atm)



Table 3.1.4  Technetium Solubility and Reactions determining

Species in Solution (4)

Oxidation state Reaction ) log K

7 Tcog' + ' = MTc0,(s) _p8

4 Tc0F + OH™ = TcOOH™ 12.6

4 Te0?t + 2007 = TcO(0H),, 24.6

4 Tc0?" + 207 = Tc0,(s) + H,0 -28.92

3 Tcot + OH™ = TcOOH ?

2 7c2t + o = Teon® ?
a Solubility product.

Table 3.1.5 Calculated standard potentials assuming log KS = -28.9 for
TcOz(s) and potentials (4).

Oxidation Reaction ' Standard
states potential, V
7-4 o Te0," ¢ aHt + 3e” = TcO,(s) + 24,0 0.738
7-0 Tco,” + 8H' + 7e” = Te(s) + 4H,0 0.472
4-3 TcO,(s) + M+ e = Te0t 4 H,0 0.319
4-2 TeO,(s) + 41" + 27 = T2t + 2H,0 0.144
4-0 TcO;(s) + 4T £ 4e” = Tc(s) + 2H,0 0.272
3.2 Teom + 20 + o7 = TP 4 H, 0 ~0.031
3-0 7c0t + 20" + 3e7 = Tc(s) + H,0 0.256
2.0 T2t + 267 = Te(s) 0.400
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Fig. 3.1.6 Technetium Solubility under Reducing Conditions and
Concentration of soluble Ion Species.
a: Eh = 0.2 - 0.06 PH
b: Eh = 0.3 - 0.06 PH
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Fig. 3.1.7  Technetium Solubility and Standard Redox Potential
(PH = 7~9.5)(4)
Table 3.1.6 Selected Equilibrium Constants K in Solution for
Zirconium Compounds (25 C, 1 atm)‘s). '
log K Ref.
Zr(OH) * <= v4 SR -52.0 [ 6]
Zr0, %+ 4H" == zpi* 2H,,0 -1.9 [ 6]
ZrSi0, %+ 4H* <= v R H,S10, _12.02
ze% + M 0=zro0*? + W 0.30 [7]
zr** 4 2H 0= Zr(oH)g” + 2HF -1.70 [ 71
73 SN 3H,0==> Zr(OH)] + 3H" _5.10 [ 7]
4+ R + -
ze* 4R, 0= Zr(OH), + 4H 970 [7]
7rht SH,0 == Zr(OH)] + SH -16.0 {71
szt AHzoﬁZrB(UH)i*’ + 40" -0.6 71
BZrlH' + SHZU-‘ﬁZI‘}(UH)57+ + 5H+ 32.70 [73
v A BHZU#HZH‘J}_ + 5HY ~17.89
7%t 4 H.0=== zr02%% 4 2H* 2.05

2




3.L5KMLE, ZhonF— 2 bRiidhe, BTV EHEC BT 2BHFA+ vHEE
E%K3. 1.6IRLik,

Eh<0.27— 0.06 pH DBV ETLHEE T, TSV BEBELHEEL TR, P~
TAH VBRSO BRER 10 MU TCRES, BEAA VEBLLTIE, i~ pHH
IR T TcO(OH),, € pHMERTIX TcO" R EMT 5 (X3.1.6 (a)EBR ).

0.27—0.06 pH<Eh < 0.5— 0.06 pHOHHETIE, TeOABEBETHEL TR,
R~ 7 v ) BB RFOBRRER, 10°'~10°MBECET 5, BB L TG,
BEEKE~T A7 ) BEFRET TcO(OH)2, {E pHELT TeO B B8+ 3(K 3. 1. 6 B B0

0.5 —0.06pH<Eh »FH TS, BMELHET 51LEWHIX TeO:2(s) -t%/:.azﬁ, by
EEBEMLO FFCf->TRABEHEAL (H3.1.782R), BFHLL T Te0 BEMT
BFRIZE Do ZHEMTeO4(s) DEVWEHEEDDHLEELI BN D,

@2 vrz=9aZr

+4flOBEREBOAE L Do KBERFOZr BRECHEET 3FERIL L 20 FEE
Br, B3LE6KFRLk, Zr DERETRET 5LG6%1E, Zr(OH) 4(c), Zr8i0,(e)
ThBo LT, BAHO HSIOBESR 00OBEE, 10 mol (FEOEME ) ic
W, BEEFHEL, K3.1.806), GKRL ko | |

BRAICHSiOBFEEL AVvE SR, BEREZZr(OH @k XV REshH, pH

CSETE, pHI0HETE 10ME o S EREERT. SRS, PH 6.6 T
T, Zr0%, pH6.6 LLETHZrOs THd, | |

BRAAEL FEAFLCVBERE, Zr 0 BREIFERCIE<n s, BEW

FBi: pH6 LLFCZrO®, pH6 L ET Zr (OH)s ThH B0
(3 #=<V 7 4ASm

KBWFTE, +30BEREOHE2L D, KERPO SmFEHRECEET 2 #KIG
¢, TOVPEERER3LTRET Lo X, BERBAA VERE102M, 100°M0 %
BE2OVT, BEAA VEOREL, BHEE2K3.1.96), ORFL o BHEER Sm
(OH)3, Smz (COs)3icX »THEESHh B,

p (3CO;)=21nH4 ¢ pHC 9.6 Ti&, Sm,(CO3)3, pH>9.6 Tk Sm(OH): AR
ErfRT5L880LA 5. BEMEBLL TR, pHC82 TS, pH>8.2 T SmOH¥
RRxBBT 5. PE~7 4 2 ) EEROBBREREVWDY, pHOoETrf-TaHK
BRESEAT S,

p(2C02)=33 DB A | pH<8.4 Tid Smz (COsz)3, pH>>84 TIL Sm(OH) ;4% IFfEE
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Fig. 3.1.8 (a) Calculated Zirconium Solubilities and Soluble Ion
Species.
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Fig. 3.1.8 (b) Calculate Zirconium Solubilities and Soluble Ion Species.

(810, ) & 1074 moin

Table 3.1.7 Selected Equilibrium Constants K in
Solution for Samarium Compounds (5)

. (25°C, 1 atm)

; log K Ref.
Sm{OH) ;* = sm”* + 304" -25.2 [ 6]
. 3+ 2-
Sm, (CO5) %= 252 + 3C03 -32.5 (6]
2Sm(OH) % + 3C057 == Sm,(CO.).*+ 60H" -18.0
o3t o a2 2 120505
m + 2U¢-—SmOH + H —8.31 [ 81




p(1C04)=2.1 p(1C05)=3.3

sz(COB)3 ESm(OH)3

-10 -107

(a) pH

Fig. 3.1.9

(b) ) pH

Calculated Samarium Solubilities and Soluble Ion Species.




ZHEBRI 20

WEEEL LTk, pH<8.4TSm', pH>84 T SmOH #EX%x E#T 5o

p(FCOx)=21nBBHET L, BERERLZEIRY.
4 Ab=m */-'5*\71_\81—.

BELRIEE +2 0B KBERFD A b r v v ABRECHET s #BRIE L T VHE
SR E, £3.18KRLI, SrOEAEKELL TH, SrC0s, Sr804 Srs(PO42,
SrF, ERM LR TVWER, BENHTREGTE, SCOPRIEETH Do KT,
WIERERL 4+ VERE 1072, 107¥MoBakc>»T, SroBFREZHEL, K3
1.10(a) W) ERL 7o

WFhoBAad, pHCT TR, BREXFAZ VRV BEFBELL T, pHI3T,
Sr?t, pH>13 Tid SrOH* X4 BEHT o

BREEA o VEREREVEETE, Src0s, Sr(OH), 0, RREEHFSFETIL
NEE D HBR, ThECHET RGO FEEHI L (P> TRV,

5 4 aCs ‘
LB +1 i B0 X, H,0—CO,—CsFTH, BEMLEHIFEET, BH
WRBECs " DA TH Do
6 =2vEKI,
avim—Lo,L5,7%,%<@@mﬁ%ﬁﬂ6nfw5o%§@mﬁ%ﬁ®%
EERTEMLE, £3.1.9 LR ko KBERFOLE RRIRELL TR, —1, 0,
5 ik bi, F3.L1i0MEk, k41, 1, 105 BLUHIOEOHBEEZ L 5, BF
O T A TE 105, HIOHEL 2, Flx X Eh=08-006 pH o £k BILE
%#fm,pH3uT®@@ﬁﬁﬁﬁh,%nutmpﬁﬁﬁfrwﬁéﬂTéoEm=
0.63—0.06pH L D $ BEHLBETE, 2pHARK LT OARPERT Do =
vHRiE, BEOBMTASEECE, REEERBEEMERRL 2V,

W, %316, 3LTBIFEILOILBOT, FEEROMAZIHL TVIEVS

P, EEARAEERAF—F— "0 e EnT SEEHLAET S 5o

— 61—



Table 3.1.8 Selected Equilibrium Constants K in Solution

for Strontium Compounds {25°C, 1 atm)

log K Ref.
2 2-
STC0;*<=Sr oy co3 -9.25 [ 9]
Sr0¥*+ 2HY ==sr* . H,0 41.13 [ 9]
sttt + OH ==sroH* . 0.81 [9]
. )
Srt o+ 2H20T—ﬁ5r(0H)2 + 2H* -28.51 [g9]
p(Z 00;)=2.1 p(2C04)=3.3
0 .
] ' © .
w0 SrC04 ) StC04
o (@]
3 -
-5 . -5 Sr2+ /
Sr2+
SrOH+
10 SrOH" -10.
Sr(OH)2
| Sr(OHI)?_ | . .
6 8 10 12 8 10 12
(a) pH Pl

Fig. 3.1.10 Calculated Strontium Solubilities and Soluble Ion Species.



Table 3.1.9 Thermodynamic Parameters Discribing Predominating

Aqueous Species of Iodine.(25°C, 1 atm)

E9 (v)
-1-0: 21" = 12 + 2e 0.62
0-+5: 1, + 6H,0 == 2HIO; + 10HY +1De 1.17
5-4+7: HIO; + H,0 == HIO, +2HY + 2e 1.62
— + - - —
HIO, === n* ., 105 log K= -0.7

Fig. 3.1.11 PH~Eh Diagram depicting predominating species of
Iodine. ‘
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Speciation and distribution coefficients for americiuvm(.a.},
thorium{. b), neptunium(C) and uranium{:). Distribution data
as in Fig. 2-5 (AIZOB: Iuitial‘ concentration: SII (SI for
U){cf. Tablei0); 0.01 M HaCloq).Rela:ive concentration (Crel

calculated from data in ref. 2.(Each concentratien curve

)

identified by xyzh. corresponding to Mx(OH)y(COS)zn)'



Table 3.1.10 Radionuclides used in the distribution experiments.

Nuclide Initial concentrationa
SI, Mx10’ SII, Mx10’

232044238y 3.0 2.5

2335, - 0.004

233, )1 _
235,237 19 Lo
237Pu+239Pu 0.6 0.6

241, 2.9 2.3

a . . .
Concentration in the solution at the start; the concentration in the

233P

stock solutions were about 10_5 M, except for a.
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Fig. 3.1.13 Measured distribution coefficients (Kd’ m3/ kg) for U({V1), Np(V),
Puand Am(i)[14]. [U] = 9.5x10" 12 M, [Np] = 2.0x10" 11 u,

[Pul=1.8x10"1T M, [Am] =1.5-2.3x10~ 2 m.
Aqueous phase : Artificial Groundwater [16].
@ quartz, A biotite, Oapatite, ¢ attapulgite, 0 montmorillonite.

(1 week contact time}.
Dashed lines indicate the range for major minerals in igneous rocks.
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Table 3.2.1 Kd values of Zeolites and Charcoal.

Material Kd (m1/g)
Ca-Maji 9 x 107
Itado 3 X 102

4 A 6 x 10%

5 A 1 x 10t
Charcoal 5 x 10
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Table 3.2.2 Kd values for BaSO4 and CaS0, " 6H,0

4 2

Material time Sr concentration
(hr) | 3x1077 1x10°%  1x10"%mol/1
23 5x10 0 0
Baso, 43 7x100 0 0
115 1x10% 2 0
23 0 9 9x10%
Cas0, 2H,0 43 0 4 | 8xloz
115 0 9x10 8x10
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Fig. 3.2.1 Kd values of Zeolite 4A for
Strontiim
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Fig. 3.2.3 Water content in montmorillonite 95%/Zeoclite 5% mixture.
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Fig. 3.2.4  Water content in montmorillonite 80% /Zeolite 4A 20% mixture.
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Fig. 3.2.6 Relative concentration profile in
montmorillonite 80%/Zeclite 20% mixture.



Table 3.2.3 Experimental conditions and obtained results.
Material density porosity operation Dobs(mz/s) Kd{m1/q)
time (s)
montmofill—- -1
onite 100% 1.6 0.4 5076G0 2.9x10 7.2
montmorill —
onite 95% -13 2
Zeolite 4A 5% 1.6 0.39 423000 4.6x10 4.5x10
montmorill —
onite 70% -13 3
Zeolite 4A 20%1 1.6 0.37 517140 1.6x10 1.2x10
1
C/Co montmorillonite
-
~a
107t}
1072}
1073}
montmorillonite 959
1074
Zeolite 4A 5%
10'5 montmorillonite AQ%
Maji zeolite 60%
W
-6
10 d
1 10 10% 10°
Time (years)
Fig. 3.2.7 Relative concentrations of Sr-90 at a distance

of 0.2m from the canister
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Table 3.2.4 Experimental conditions and results

ion density porosity operation time D
(g/cm’) (sec) (m?/sec)

1.3 0.51 90300 a.7x10"11

Tc0; 1.6 0.40 265620 3.0x10" 1!
2.0 0.25 443700 1.0x10” 1!
1.3 0.51 13140 4.3x10" M

o 1.6 0.40 431760 2.8x10" !
2.0 0.25 579300 1.4x10~ 1
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Table 3.2.5 Calculated Q factors

- z . :
ion densrty D/Di (ﬁ )? Q
1.3 0.036 0.12 0.30
TeQ, 1.6 0023 . 003 0.37
2.0 0.0077 0020 0.39
1.3 0022 012 018
ce - 1.6 0.014 0.063 0.22
2.0 0.0070 0020 0.35
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Table 3.2.6 Cations dissolved in test water

ion concentration _
Na™t 41 ppm
K+ 1.1

M7z 0.9 0
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Table 3.2.8 Relative Concentrations in slices

Sumple No. distance (mm) Relative concentration(10 ° M/#)

1. 2.3 7 4.00
2. 3.3 8 2.8 4
3. 4.7 3 0.9 7
4. 5.95 0.7 5
5. 6.7 4 0.31
6. 8.6 9 0.13
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Table

3.2.9 Count rates of each slices

No Am (C/5m) Eu(C/m)
1 37 95
2 32 8 8
3 20 85
4 17 9 2
5 12 90
6 17 8 7
B. G. 23 90
PRESSIRG and
PRESSING DEVICE CYLINDER PUKCH DEVICE CUTTING DEVICE
73 ”". 7 7} 13,
) 0
NS NN 7T .
SN 7R L
a1
FIZZZA =
1,
DEFFUSION CELL ‘L‘l

Plungar

Cyltnder

Mffusion cylinder

Base

Parous filter holder
Porous f{lter
Parforated support plate
0-ring

0~ oA oW R -
gl

6.
n.
12.
13
4.
15.

Fig. 3.2.19 PEquipments for

- 100 —

Clay body

Layer of diffusing specles
Plunger

Cylindar punch holder
Cylindar punch,
Mcromter serew holder
Mcrozeter screw

diffusion studies



REFERENCE

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

Olofsson, U. and Allard, B. (1983)'Complexes of
Actinides with narurally occurring organic substances-
Literature survey: KBS TEKNISK RAPPORT 83-09, 27p.

Allard, B. (1983) Actinide solution equilibria and
solubilities in geologic systems: KBS TEKNISK RAPPORT
83-35, 48p.

Allard, B. (1982) The geochemistry of actinides: in
"Geologlcal Disposal of Radioactive Waste - Geochemical
Processes", NEA-OECD, p49-68.

Allard, B. and Torstenfelt, B. (1983) On the solubility
of technetium in geochemical systems: KBS TEKNISK
RAPPORT 85-60, 8p.

Lieser, K. H. (1982) The geochemistry of fission
products: in "Geological Disposal of Radiocactive Waste -
Geochenmical Process", NEA/OECD, p69-82.

Sillen, L. G., Martell, A. E., (1964) "Stability Con-
stants of metal-ion complexes": Special Publication
No.17 chemical Soc., London.

Baes, C.F. Jr. , and Mesmer, R. F. (1976)  "The hydroly51s
of cations": John Wlley and Sons, New York;

Frolova, K. K., Kumok, V. N., and Serebrennikov, V. V.
(1966) TIzv. Vysshikh, Uchebn. Zabedenii Khim. i.
Khim. Tekhnol. 9, 176-9. '

Parker, R., Wagman, D. A. and Evans, W. H. (1971)
"Selected values of Chemical Thermodyhamic Properties
Tables for the Alkaline Earth Elements (Elements 92
through 97) in the Standard Order of Arrangement"- NBS
Technical Note 270-6.

Garrels, R. M. and Christ, C. L. (1965) "Solution,
Minerals and Equilibria": Harper & Row, New York.

Barner, H. E. and Sheuerman, R. V. (1978) "Handbook of
Thermochemical Data for Compounds and ‘Aqueous Species”:
John Wlley & Sons, New York.

Allard, B., Olofsson, U., Torstenfelt, B. and Kipatsi,

H. (1983) "Sorption behaviour of well-defined oxidation
states" : KBS TEKNISK RAPPORT 83-61, 17p.

— 101 -~



13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

G. W. Beall, B. Allard: Chemical aspects governingrthe

choice of backfill materials for nuclear waste
repositories, Nucl. Tech. Vol. 59 (1982) pp.405-408.

R. G. Dosch, sandia National Laboratories, SAND 78-0710
(1978) .

E. J. Nowak: Composite backfill materials for radio-
active waste isolation by deep burial in salt, Sandia
National Laboratories, SAND 80-1377C (1981).

E. J. Nowak: The diffusion of Cs(I) and Sr(II) in
liguid-saturated beds of backfill materials, Sandia
National Laboratories, SAND82-0750 (1982).

B. S. Jensen: The geochemistry of Radionuclides with
Long Half-Lives, Ris@g National Laboratory, Ris¢-R-430
(1980).

E. J. Nowak: Composite backfill materials for radio-
active waste isolation by deep burial in salt. Sandia
National Laboratories, SAND 80-1377C (1980).

B. Torstenfelt et al: Diffusion measurement in com-
pacted bentonite, Scientific Basis for Nuclear Waste
Management. Vol. 6 ed. S. V. Topp, North-Holland {(1982),
pp295-302.

T. Eriksen et al: Ion diffusion through highly compacted
bentonite, SKBF/KBS, Teknisk Rapport 81-06, (1981).

J. S. Mackie, P. Meares: The diffusion of electrolytes
in a cation-exchange resin membrane, Proc. Roy. Soc.
A232, (1955), ppd498-509.

R. E. Beck, J. 8. Schultz: Hindered diffusion in micro-
porous membranes with know pore geometry, Science. Vol.
170, (1970) pp1302-1305.

A. J. Sethi, et al: 8welling pressure in clays, McGill
Univ./AECL WS-20J-74667 (1980).

I Neretnieks: Diffusivities of some dissolved
constituents in compacted wet bentonite clay-MX80 and
the impact on radionuclide migration in buffer, SKBF/KBS
Teknisk Rapport 82-27 {(1982).

KBEALFEE, 15, BHXLFEEL&H|(1958) ¥\

SPC2EE, BESFEEE (1961) AE

- 102 —



27)

28}

29)

30)

J. K. Register et al: Clay meneralwbrine interations
during evaporite diagenesis: Lanthanide distribution

- in WIPP samples, Scientific Basis for Nuclear Waste

Management, Vol. 2, ed. C. J. M. Northrup Jr. pp445-452,
(1980) Plenum Press.

J. A. Marinsky: The complexation of Eu{(III) by fulvic
acid, SKBF/LBS Teknisk Rapport 83-14, (1983).

B. Torstenfelt et al: Transport of actinides through

a bentonite backfill, Scientific Basis for Nuclear Waste
Management, Vol. II, ed. W. Lutze, pp659-668, North-
Holland, (1982). '

R. Pusch et al: TIon/Water migration phenomena in dense
bentonites, Scientifié Basis for Nuclear Waste
Management, Vol, II, ed. W. Letze, pp649-658. North-
Holland, (1982). .

— 103 —



§4. &M ORER

R A TORRBERDAE T » /5 Achd b, By <A RAEREEY (HLW)
i, WEZHERERRBERCERT I LV IEATPRIBENTHE D, ZOLDDE
EHRBBHIR I >V TORE RSB OFRETH %,

HLWABER~EBZ B4, BEAR» b FHSNRELMA THLWH®
BEEEEOBEIC L), RBFIGHREZ 5, 0, WREMIARMNECEY BR%k
HToprhsB2tFRERTALEND B, ¥+ =A% —RUEEH 0BLIZEL T
RN EEREBRUSEECBOE CHMELBER SN TV 3, BT — 2 2REH oWk
DIESHE TOMNERNE (0ES) SrEASh s FREREN500 0BER ¥
ﬁ%#é%%%&&ﬁﬁ%ﬁéhé@mHLW@ﬁﬁzﬁmﬁ,ﬁ@ﬁ@%ﬁawaﬁt
EBLLBE, FESATIVIGEREERZ, FETHEZH»Z2BO00, BB N 60~
300CHEHEETLENTVS, LrLAadb, MTHRBECRVWTREAOEACKD,
100028z 2BEPETE~FEFECEIV R T LI HBRAERTE 2V, HLW
BrE 0 BE b, BEHOSER cET s MER REMcEZREEOMRFLV I AR
LELEHELBRENLISOTHS,

WMEBLRT L O, BEMLL TOBERH T HRELERTET 2, ThbH05
BEEHE L TERSWIBHEIRIBRT 2 0l L8 — Hic<virf bz
R—RELEdDOTHY, BBSHEEEYABRCERLESA TV 252 ORE (L4
SAV)E, ThbbEAF VRBEOH 7 F e A BRET 6N, TOETRAMFICS
VvrFA P BEELLBoMIEY, BECEAFVBRELLURHMTF R ARAET
il LRBEEOBERIE SWTVE 2 —F 5, RREHEWORE & EFER FuK
sETonEt, DEOEERNES, BERCAIHRELCEOHBE» KT, RE
e BB A BRI 55RO TH B, EEAT VA, RTFRALBAE
FHhELTBRKERERE R AV, EOERER SN EHBRE DU EOLFETH
Fe b L O BREEER LU cREsheBMBAC > T BT %o

4.1 34 oiEE &b SRR
Wty agmosBLEBRy ABEGHICBL, BEE 2 RTHRBB ) 2d 27 1
BEEOREC L o TR EShTVa. Bk 7 4 BEgp R, EOHARBENIBOEN - B
PEFIRFILEERIC ko> TRFTLEA TV 3, F4 L1 CREMAKLEYOTHEKE

— 104 -



Table 4.1.1  Classification Scheme for Phyllosilicates with Six-Membered Rings of 8i0, Tetrahedra -

— G601 -
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S HYDROXYL O ALUMINUM

O OXYGEN o SILICON

Fig. 4.1.1 (a) Idealized structural diagram of kaolinite layer viewed along tht a-axis.
Modified from Brindley and MacEwan {1953).

BEIDELLITE

CG(HZO)?? L
= S NONTRONITE

Al* ror Si*

)]
S eg —— Fe?*

Fig. 4.1.1 (b) The crystal structure of smectite illustrating three common types of substitu-
tion (modificed from Brindley & MacEwan, 1953).
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Fig. 4.1.1 (¢)'The muscoviie structure, viewed along the a axis. Approximately one-half of the unit cel
_ is shown. Open circles in increasing size indicate, respectively, silicon, aluminium, tetrahedral oxygen,
octahedral oxygen, 2nd potassium. Hatched circles are hydroxyls (from BrinoLEY and MacEwan

{1953]). {Quoted in Brown [1961].)
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Temperature, 'C
0 50 100 150

5

Fig. 4.2.1 Observed variation in temperature with
depth in the llinois, Michigan, and NMNorthern
(Mississippi} Gulf basins (Graf et al,, 1966): the
Alberta Basin (Hitchon and Friedman, 1969); and a

portion of the Texas Guif Coast (Jones and Wallace,
1974)14)

Pressure, bars

0 500 1600

5

Fig. 4.2.2 Observed fiuid pressures in the Gull"_ C;oast
Basin {stippled region}. Data f_rom Janes (1908)
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Table 4.2.1 . Rate constants of dissolution of scdium from
rock-forming minerals determined by laboratory expen-
ments at 25°C and 0.1 MPa of parial pressure of carbon

dioride 8
Rate
constant k

Mineral mole-m™ -5 Reference
Albile 2.5x 1071
Oligoclase 1.7% 1077 | - BUSENBERG and
Anorthite 32 % 107" CLEMENCY, 1976
Orthoclase 5% 1079 ’
Muscovite 6.5 X 1074 Lin and CLEMENCY,

1981

® Recaleulated from the rate of dissoiution of silica, 2.4
¥ 107" mole-m 5" and the molar mtio Na/Si in the
sample of muscovite, 0.027. Congruent dissslution is as-
surned.

) )
Table 4.2.2 Compesitions of Selutions Resulling from Reaction of Volcanic Rocks twith Water at 1500 bars Pressure for Two lr‘\."t-cks(lla

Concentration in solution (ppm)

Temp. Rockiwater

Rock (°C) ratio Cl F B 50, NH; Li Rb Cs Mg
Basalt 350 b 250 6 1.4 = 4 03 _ _ —
’ 350 29 390 3 25 )] 4 0.5 <0.2 <0.2 0.2

500 1 305 1 1.6 25 3 0.6 0.3 <0.2 —_
[ ) B 1 260 3 1.7 —_ —_ 0.4 <2 -+ <0.2 -_

Andesite 230 27 52 10 2. —_ 3 0.5 —_ —_ —
350 2 270 8 8 — 7 15 — — —

400 1 125 14 3 73 i 1.8 1.4 0.3 0.4

500 1 140 5 11 . 35 2 1.7 08 0.2 0.5

Dacite 250 2° 40 15 1.9 42 3 0.7 — —_— —
400 1 60 1 O 27 46 2 0.7 0.3 - 0.5 0.9

500 i . 110 9 7 61 2 0.2 12 0.6 1.8

680 1 110 7 5 — —_ 0.1 — —_ —_

Rhyolite pumice 200 1 10 20 03 30 1 1.0 — _ —-
300 1 150 50 0.6 35 i —_ — —_ —

400 | 0.25 157 33 0.7 32 i 1.8 0.6 0.3 0.4

500 0.25 168 ) 1.6 34 2 0.8 0.9 0.7 08

Rhyolite 350 2 1190 19 0.4 8 4 1.2 — — -
400 1 105 24 1.1 175 8 1.4 0.3 <0.2 0.7

500 1 270 35 5 125 7 0.2 13 0.8 0.4

600 1 290 29 7 _ — 0.3 2.0 1.4 —_

* Runs at 500 bars pressure.
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5 | 1 1

Fig. 4.2.3 Marximum observed salinities at various
depths in the Illinois, Michigan, and Alberta basins.
The two profiles on the left show the variation in salin-
ity in shales and sands in the Manchester field, Loui
siana Guif Coast (Schmidt, 1973; Osmaston, 1975).4

10 : T T T 1 T T
\:—Ncrmo! Secwoler Chlorimty s Bassin

—

Cdncentralion in Brine versus
Concentration in Seawater

2
T

! I 1 ) t 1 .
o] 20 4Q &0 80 10O 120 140
Chloride, %o

Fig. 4. 2.4 Variation in major element concentration of waters in the Iliinois basin as a func-
tien of dissolved chioridd content. Values are normalized with respect 1o sea water of the same
chloride content. )
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Table 4.2.3 Compositidn of Ground Naters:Under Investigatioém

Ground-Water Cbmpositions )

Grande Ronder  Brine B . Tuff Granite
Chemical Species (mg/1) © (mg/1} {mg/1) {mg/1)
Na 263 . 115,00 51 7.5
K- - 1.9 15 4.9 - 4.8
ca®" 1.3 900 14 9.6
Mg%” 0.0 . 10 21 2.0
Ba" | - A 0.003 . 0.3
srt — 15 0.5 - 0.07
Fe3* - - 2 004 0.8
si 60 - — 8 7.9
Li'. —_  —  0.03 0.03
Rb" U S — —
cs* — o 1 — —
c0,>" B A — 0 0
HCO3™ /s B 10 120 5
oH™ 1.4 — - —
c1” 148 175,000 7.5 2.3
s05” 109 3,500 22 5.1
O 37 _' — 2.2 0.3
Br~ ' ' — 400 —_ —
- — 10 - _
BO3” - 10 — _
N3 - — 56 —
pH ‘ 9.9 6.5 8.5 —
POy — = 0.12 —
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Table 4. 2.4 Anaiyses of Cs remaining in solution and of pollucite formation from various mixtures’ of clays or shales and Cs

sources. 1%
Weght of 00°C 2rC ) 00
cfav® ar
<hale® + Weight Pollucite Potlucite Potlucire
. Cs pnase of Cs added® T Ciin formauon < Ciin furmation S Cein formanes
Sample fmgy {mgl solutron by XRD soiunon by XRD solution by XRD
Cs. MO, source
Kaolinite 120.8 12.9 29.7 ND~* 88.4 st 15.9 Sl
Montmordloaite 127.8 172 537 ND 55.6 ND J8.8. ND
Mica 120.5 125 92,1 ND 7711 ND 42.5 St
Jilice 123.6 17.8 g13 ND 68.3 - st 4.7 V. 5t
Chlorite 114.4 9.0 973 ND 838 Tr 69.2 St
Salona shale 1209 3.0 89.1 ND . 443 M 134 V. St
Auntnim shale 1266 16.5 93.5 ND 753 M 5.2 V.St .
Brafticr shale 125.2 15.7 923 ND 4.9 M 103 V.St
Conasauga shale 124.3 15.2 83.0 ND 17.9 Y. 5t 5.0 V. St
Caskill shale, reduced 1345 215 9.4 ND 710 St 46.2 V.St
Caskill shale, oxidized 129.9 18.7 B&.1 ND 66.9 - St 74 V.St
Csl source ‘ '
Kaoiinite 125.2 129 — — — _ 929 ND
Montmorilionite 133.6 17.2 — —_ _— —_ 494  ND
Mica : 124.5 12.5 — — — _— 315 ND
[ilite : 1348 17.8 — _ — _— 754 .. ND
Chlorite . 117.6 9.0 — _— —_ —_ 31.8 St
Salona shaile 125.5 13.0 —_ —_ —_ —_ 303 V.5t
Antrim shaie 132.4 16.6 — _ —_ —_ 49.4 St
Brailier shale 130.7 15.7 —_ — — — 843 ND
Conasauga shale 129.7 15.2 — — 85.0 ND 63.7 . ND
Catskill shale, reduced 1421 21.5 — — 99.9 ND 68.6 St
Catskill shale, oxidized 136.5 18.7 — —_ f— —_ 48.9 Y. St
CsOH source
Kaolinite 114.6 12.9 —_ — 54 i — —
Montmonlloaite 119.6 17.2 —_ 34 V. 5t —_ - —
Mica 114.5 i2.% —_ — 19.7 Tc —_ —_
Mite 1201 i7.8 —_ — 4.8 St — -
Chiorite 1i0.1 . 90 — —_ 3.0 ND —_ ——
Salona shale . 114.7 13.0 — — 17.6 V.St — —_
Antrim shale 118.7 16.6 — -_— 18.9 V. 5t - —
Brallier shale : 1i7.7 15.7 _— —_ 17.6 V.St _— —_
Conasavga shale - 117.1 15.2 — —_ 8.1 V.5t _— —_
Cartskill shale, reduced 1243 21.5 — —_ 26.4 V. St _ —
Catskill shale, oxidized [21.1 18.7 —_ —_ 4 V.St —_ —_
B-Cs; U0 source
Kaolinite 1414 129 379 ND 73 St 9.0 Tr
Moaimoritionite 1553 17.2 193 ND 35.5 ND 254 ND
Mica 140.2 2.5 30.5 ND 19.8 ND © 55 St
Illice i 157.2 i7.8 3ta ND 31.2 M 20 V. St
Chlorite 128.9 9.0 351 . ND 16.3 ND 74 Tr
Salona shale 141.9 13.0 19.5 ND 0.5 - ND - 4.3 St
Antrim shale 153.3 16.6 18.5 ND 249  ND 9.1 St
Brallier shaie 150.5° 15.7 20.5 ND L4 ND 5.8 St
Conasauga shaie 148.7 15.2 35.2 ND 17.9 5t 27 St
Catskiill shale, reduced 169.1 115 9 ND 1.7 Tr 36.7 Tr
Catskill shale, oxidized 160.0 13.7 17.0 ND 1.9 ND 225 M

! Hydrothermally treated at 100°, 200° and 300°C/300 bars for 4, 2, and | months, respectively.

2 Weight of clay or shale is 100 g in 3l cases.

? Xofar ratio of Si in clay or shale to Cs added in all cases is 8.

* ND = None detected; T = Trace; St = Slight; M = Moderate: St = Stroag; V. 5t = Very strong.
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Table 4.2.5Anulyses of St remaining in selution and X-ray pewder diffruction analysis of hydruthermul® praducts.

v

Wyight of Sr 2o C 130 o
wdded 1R mg -
sumple € Srin \ineralogicuk ‘i Srin Whimeralogmcal
Sample Limg} suiunn® chanpres by XRID ottiuan changes by XRD
SeCl, source
Chlorite ' 9.46 I08.2 No obvious change 815 No obvious change
Rlite 9.6 100.1 © No obviaus change 86.3 No obvious change
Kaolinite 9.46 52.7 No obvious chunge L 79.6 No vbvious chunge
Montmorillonite 9.46 744 No abvious change 70.2 15.5-A spacing cullupsed
C - ) T1o 12,4 A: quanz formed
Clinoptilolite 9.46 556 No obvious change 3.2 Cristobalite{"s formed '
Mardenite 9.46 73.8 No obvious chunge 641 Cristobalitet?} formed?
Antrim shale %.16 96.3 No obvious chunge 43.8¢ : Feldspar disappesred:
' illite and chiorite better
crystallized
Brallier shale 9.46 104.5 No obvious change 62.0 Nou obvious change
Conasauga shale 9.46 100.5 No obvious chuage 69.0 Feldspar disappeared:
illite and chlorite better
cryslallized '
Salona shale 9.46 38.8 Strontiunite formed 358 Strontianite formed: ilfite and
chlorite hetter crystullized
Sri GH), source
Chiorite moe 357 Se.MeSi0; formed 2 Sr.MgSi,0; formed
Mite 10.0 3.6 SralSi0,0 formed {.5 SrALSLO, formed
Kaolinite 10.0 3.6 SrALSiI0O, formed 1.2  SrAlSiLO, formed
Montmurillonize 0o 32 SrAlLSi0), and 1.1 SrAlLSEO, furmed
' SraMeSiL04T) formed .
Clinoptilolite 10.0 - 1.8 Se-wuirahite formed 4.2 Plaginclase, Sr-wairakite
and SrALSILO(? formed
Mordenite 10.0 i3 SrALSILO, formed 5.1 Sr paracelsian(?) formed
Antrim shale 14.0 1.6 Se-wairakite(?) formed 394 Hlite and chlorile better
‘ erystaullized; SrAlSiA),
. formed
Brallier shale 10.0 21 SrALSIL0O, furmed 1.1 THite better crystallized:
_ Sr paracebian formed
Conasauga shule 10.0 L6 5rALSILO, formed 1.8 SrALSLOY, furmed -
 Strontianite formed 1.3 Strontianite ind

Salona shale 10.0 2.5

SralSe0, formed

¥ Hydrothermally treated at 200° and 300°C30 MPa for 17 weeks.

2 Greater thon U indicates capuerimental error,

3 May have heen present in starting material.
* Indicaies leaked runs.
_* Indicates Se-anorthite.
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(1) Serpentine + 2 quartz = tale + H, O
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Murrier and Warre (1969)
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llveragerdi,

Iutma and Utapa (1970).
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KINF 5 ADEBEERHEL TEF S A P BET S0, Saline — alkaline lake & TL
BURBEE N5, Hay DD x, 242 54 b OEBLFTA b AERLTOB 7 — 2
EBOPEBL TV B, Saline water BTIX 100CUTFOBRETAA 7 54 ki 4o
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ARTRALBBATA bR w T4 b ~BF B BUGRAEER 0B o T
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ﬁ:bp THhonEHOLB LIV BERPCBETHL 1 4 vRKBRIEO et A %
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LEbEN B, Boles 2
ROWMBIREERDI, A2 2784 D4 54 MMERIEER, LRERIERROMNE, £ 0
BABEEFCHESLTVE X5, KIUF AP BERLEA A7 54 F O—F2R5H
LT 20BEMRTBBIDAA 724 X0 TKB - BESHA T4 bEBED LW

SR B 60(30) % @Jimi(?’l)

X, Gulf Coast WRWBAAZ 24 DA F4 FMLEIGIZFE

Montmorilionite = illite + Kaolinite + quartz

Montmorillonite + KT = illite + K — feldspar + quartz
LEDLXNDI, INOLORGEEA -7 V— TR TR 2 24 b LBRIEIETA3HBED
RisgRc B TE 500 RRRURBREOBU LRTHE, BHEREA 2254 b~
BREENDHEG TR, YV - RIBE - Y1 BEEHL L HoALCERT 5 L 4%
Vo Yk, BFHIERPERL ZVWEE, LEORERZFSLWEHEOEA A2 5T,
ZOoZiik, HLWOBEMHOBRER L o TERBEARL TR PARATHIERZLR VAT -
5o
4.2.4.2 ZBROPRE

F4.2.6 RUP4.2.7 G2
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_'Ii._a_blfz 4.2.6 Thermal Stabilities of Fully Expandable Phasesm

Elements in

1-2¢b pressure

Type 2:1 larctice Reference. temp, °C
X dioct (A151) Velde, 1869 230
K dicet (MgAlS{) Velde, 1973 400
Na dioct (AlS1) Sand, et al., 1957
Koizumi and Roy, 1958 350450
Ca dioct (AlSI) Clatrerjee, 1969
Hemley, ec al., 1971 300-500
Hg trioct (MgS1) Esquevin, 1960 ’
. Velde, 1973 23250
Yg trioct {MgAlISi) Velde, 1973 430
Na triceoct
beidellite {MgAlSi) liyama and Roy, 1963 550
Na trioct’
hectorite {MgAlSiNa) I{yama and Roy, 19563 800
. - L
Table 4.2.7 Saponite stability studies.
) Run lime Stability limir®
Authors Mineral* hiys) )
Ames and Sand (1958) Na-saponite . 1-8 750
Mumpion und Roy (1956) Na-saponite >14 (1.3 kbarn) 560
Me-suponite 565
Cu-saponite it
Ph-suponite 570
Keizumi and Roy (1959) Nu-suponite 7 350
liyama and Royv (1963a) Na-suponite 3-10 575
fiyama and Roy (1963b) “special trioctuhedral -
sodium smectite™ 3-10 850
Whitney (this study) K-saponite 00 400
Nau-saponite 200 400
Cu-saponite 200 S00

' Mineral names are those used by the authors cited.
* Pressure = 1 kbar unless specificd otherwise,
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Table 4.2.8 Reaction products for alkali-saturated Wyoming benlontte |

AG® Interlayer.

Reaction Temperature and Time

Hydration .
Cation (kKcal/Hole) Loo®c, 7 days Loo®°c, 30 days 300°C, 30 days
K -2.62 c/x {(25) ¢/x (20) /% (40)
kaa, fspar, qtz -kao, qtz qtz
Ro* -2.66 e/x (15) cx (13) e/x (30)
7 kaa, qtz kao, gtz kao, qtz
cs’ -2.90 ‘¢/x (40) c/x (20) /% (35)
kao, qtz kao._qtz kao, qtz
Ma* ~3.37 rect (50) rect (50) smectite (100)
qtz : ‘kao, gtz ‘qtz
Lt ~5.59 smectite (100) Li-tosudite smectite (100)

{high charge)
kao, qtz

kao, qtz

kac {trace}, qtz

All of the mixed-layer phases show regular interstratification (see RryvoLps and 1lower,
1970). C/X (40} = a mizxed-layer clay composed of collapsed and expanded layers of which
40°, are expanded; rect. = a rectorite-like, perfectly ordered, 507, expandable mixed-layer
clay: kao = kaolinite: quz = quartz; fspar = fleldspar. Free encrgies of interlayer hydration
for a montmoritlonite are from Garrets and TarDY (in preparation}

Table 4.2.9 Reaction products for alkali-saurated Wyoming bentonites VB&

AG® {nterlayer Reaction Temperature and Time

Hydration
tatlon {Kkcal/Hole) Loo*c, 7 days " koo®cC, 30 days 300°C, 30 days
+4
-Ba -5.96 smectlte, rect rect, smectife smeczite
) . {total exp = 91} (trace), 14 A (1) qiz
kao, qtz " kao, gtz
+ .
Sr -6,00 rect, smectite rect, smectite smectite
{total exp = 75) {trace), qrz
kaa, qtz kao, qtz
++ .
Hg -6.60 rect, smectite sample smectlte
{total exp = 59) lost kao (trace),
“kao, qtz : qtz
+ ]
Ca -7.42 rect, smectite rect, smectlte smectlte
{total exp = 80} (trace), 14 A (7}, qrz
kao, qtz kao, gtz
pett - rect . c/x (40) smectite
(total exp = 50) {iM and IHI1 qtz
kao, qtz _erdering}
kao, qtz

Total exp = 91 means that the percentage of expanding layers for rectorite + smectite = 957,
Sex Table 1 for an explanation of other symibols,
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EoERR. RERCETh3BA 4 VvEEHE - BREMF 20T, B—v 4 vEH
B TWEROBDOTHD, RIGRBPEHOA + vHEHI O3 RABE LI VEVRT
ﬁiﬁﬂﬁﬁﬂfpﬂz&ﬁ%&otfﬂtzéﬁégnﬁﬁ@4ﬁv@#6&é%?ﬁ
FICBETRERM 4 vHOXANIEEEI 50 20k, fladNa—-RA 2 754 b iZ
KAAVH{ETIHR. N —-RIVERECEABEE M AESTCHD 5, B—1 4
VEORMNH B, K. Rb. Cs DREMEL T. 2hlSoRB— F vEORLERI +
VEOROBTEABOBSELOBR LB Y5 L, BECEVERD b5, Na —
AA7ZA T BREBEROERHHBENECHREOBEBREB2ETCEE VI P51 b
AT B, —FH, Na—RA7 24 Vo KAAVHEETIRTR, RA227%84 iEd
HRABEEBOESED DREER TS 54 +~EibT 3, 20k R OEWIZ,
Bl Bz HEELOBE D L BECER T,

F—= b7V —FHTDR 27 24+ OBERERTIZ, BEROERIUN M 0BIEY
BECHET Bo TOBERYOBREROPHEHIC L > TRABo BEEHET TR,
BABOENc A+ ) +4 + 2 E0 AL BHEmsERLEY 720 2 ForREL
5%*54b%ﬁﬁﬁi&f&?uC@:&ﬁCs%Sr&%ﬁﬁﬁ&%ﬁﬁﬁiﬂ%a
RS ReTbAETHS (Ra210425%),
4.2.4.3 BEERNLEE

AA7 24 B—BRECR- B TLRHLACHEBOEAGLELT S, 227
AP OREABEETA A r~ELTaRIEEAT I ERECOHERNOIA A
Eber] &Hower, 3> Roberson & Lahamn®® it k o T A bR T3, 20 5DOEBEH -
ERIZ, 42100 Thsd, HHIRABMRARLEE —F—RRLEL TH-
T3, Eberl & Hower OiKPToOREL 5, BEEBEROEHRH{A=FL ¥ 12196
+ 3.5 Keal /mol 2\ 9EEMRB SN TWSB, Roberson & Lahann }XP H= 90, Na &
KA A vk ET s BRPTORGIFLT25~ 35 Keal /mol &5 iEHEL=F1¥—
#f8T\ 5, Roberson & Lahann @ 5 — % @ TR X Eberl & Hower @ 7 — & LT E—H
LTWaEH, L5, 229007 -2 2kET 5 LKA4 vEHAOKM=2ArF-DKRER
BA A v RARET IR CERBEBOBICHT 2V #-F - VRIRBEKREVWZ LER
LTW3, #oT, RicNa kD CaoMg BEETAIHEOFBRINDY E—-FT -3 v
PHEIAEVWLTFESN S,

EHt=3A¥-0REVE, A— b2V —TERBEIZ3I0OETTEL, KAROHER
BHMERBONZIFA L/ AA754 VEEBOEAL» bHBRELESC THEH S
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Table 4.2.10

The activation energy of dissolution. A comparison of activation energies for the

claysacid or alkaline solutions reactions

(2

activatlon

raferanca

9400ppm {Na )}

Nsaction mineral pH of solution axtra cation temperature nnargy
: (*c) {keal/ingl)
sttty | et e o w e 2 -0 | a1 - ostiaus (1955
My,Fe,hl palygorskite 2.5 N (el) 60 - 50 8.4 Abdul-Latif'et al.

dissolution seplolite 5,0 N {1969}

dissorieion | glauconita 0.5 N (lCL) 50 ~ 80 14,0 - 18,2 Thampson ?ig?,;)

atedoleilen | ctinochlore 2.0 8 {ucl) 25 ~ 60 21 Ross (1967)

aeStiBg 4 pentonkie 1.0 N (HCl) 67 ~ 103 7,27 Granquist et al,
: (1953])

K,M . . o
dlssoiuiion | Phlogopite o™ 0.2 M (ca’h) 25 - 80 9.4 Inoue et al.(1981)
+
si . Na~- t lo- -
dlesortion arﬁzzamoril o 9.0 (lico,”) 400ppm {i ) 200 - 350 5,2 Lahann et al.
4100ppmik’) . 10. 4 ({1980)
9400ppm({Na ) !

i exp. layer | yal with Ebarl et al.

in 1/H K-baldellite 4-5 260 ~ 190 15.6 (1976)

‘ o + Robereon et al.

1 exp. layer | Na-montmorillo-~ 400ppin (K ), ; :

in 1/n " nite 9.0 (Heo ") bp 270 - 350 ¢ 25 - 35 (1961}




?:aﬁvgéo%E@”ﬁﬁﬁ@ﬁﬁ@moﬁ—uv%=7?-ﬂi9ﬁ%E%&®%
Mift= & A & — 12410 Keal /mol TH5 & BB » %o Foswlos & Kodama (197 4 ) ©8)
P F X OBERERBEOA T4 /222 24 VREEBOBELEBE~teo B oD —
5 (ER4211)EST, FELABCERL=F L2 RBBL, 80% 2 2 7
FAMpB20%A2 754+ EFTEATHEEOMEIZN 35Keal /mol L\ HEREHMRE S
NBo BOBARAI XA b 550%AL2 24 + OEOEILIE S L THH 1 0 Keal /mol
EVIER A D, REDCELE» LB LN 5EH{L=% 1 # —~DfHIX, Roberson & Laham
DFRICEV. HA4.2.16RF 421707 -2 63Worikife, BABOTfX50
BLYVAA7 ZAVEHDEVEAGBHROFEMESWAEARS S, 20 ki, B
ERECORIGCHEERBOE G L VBt A F -8B T 32 L 2ERL TV B
dLhkve

RBERTEAZA Y/ A7 24 r BABER BRI F AL ¥-DEZ1025385
Keal /mol kR VEEH D, RARDERFEERE TS L, TOfERX207ZE 30 Keal/
mol BETHS 5, LaL, WM REOBER X ViEHEL=% 1 ¥ —ofERFLT
BZLIEALNBILY, SRECHEBLEZRNTELLETH 3,
Ma.2.2234snEH bk L F-DFEHL T, —ERBESMAE (1000) ERITS
BEBOMMELERLLEOTH B, H4.2.23 1, FE{x XA+ -2 0Keal &30
Keal OB &R 3EELERLASOTH S, FEEEHIIEberl & Hower ik o T
RODhEETANTOBALER L. BEPNCELD L, BEHLLTHVE R 22
EAVOEEOWER10C~10° FULRFEINBZLREEL WV, A 2224 FRE
BARBIEBTIHBATE, A2 7224 VBEPT0%EEEh330THRZE, TOA
2754 EBYRCERRDbN AV, R 4.2.22, 4.223 TR, 0kl
#H ST Safety Zone & Dangerous Zone 8L 7 {HitA A2 %4 A 54 FER
O = %A ¥ —2320Kcal /mol THB LF5 &, BEHA 1000 T isothermal iz
MBEShEES, 10 EFBTL0%R27 84+ ORABBIT 5, BEifb=gr¥—
# 3 0Keal/mol ThhiZ, 1000T40% R 47 24 b OBEAB~ET 312X, 10°
FRCTHB, Mtk 4.2.22, 4.2.23 © Safety ZoneDHIMH L L T34, EiE
fb=FnF -3 20Keal /mol OHEFREHOERT 2 HSEELZ 100CE2-ARVL)
R ABUERD 3, 2 ZCHEALK Isothermal ®F ARFREHTH Y, EBiC R
BHOBREZBMEXCETL TN, -1, BEECREE{(LIXN4.2.22, 4223
@ Isothermal € FALREARY, BEHOBRRTIGREECL > TEVE SR B
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Table 4.2 11 Diagenesis of Clay Mineral from Lower Cretaceous
Shales of North Eastern British Colombia in Canada.

Pexcent Burial depth in Temp. gradient
illite in illite (ft) prior to of 2.1 F/100f
2:1 expandables uplift (1.2 C/33.33m)
25 4.5 x 10° 170 F (77 ©)
40 - 50 6.0 x 10° 201 F (94 C)
70 - 80 10 x 10° 285 F (141 C;
80 - 90 12 x 10° 327 F (164 C)
* Surface temperature at 75 F. Example (4.5 x 103ft x 2.1 F)(100£t)

+ 75 =170 F.
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Fig. 4.2.22 Relationship between time and percentage of expandable layers in
illite/montmorillonite. The curves were calculated for various activation
energies as an isothermal condition of 100°C and in A = 11.81/day.
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4.2.24 EERPCRLEL I AELENZTHES 9, BuEBROEA LT THEMSL
ZHEANF—PREIBAECENL2.24 LEIoLBoRBEAZ—VvELEZADZTHS 50

Eberl & Hower i3/ 54 'R OEM,A =%+~ 1964 35Keal /mol ZA A7 Z
4F%ﬁﬁQSi—0%%&@%?5@Kﬁ%tl*w¥-tﬁﬁdﬁtomen&m—
berson® 1% Roberson & Lohann D EB & A—&BFT, Na—R A2 24 b5 Si &
BT s OEE{b= 24 F —1k, 25~35 Keal /mol X D/h& < 10.4Keal/mol &R
BoTWd, 1734 v/ A2 2724 PEAB TR 4225 T Liic, BREOEHRME
BA A vEEA T4 rRSOBRE—N—ERLET, FXRERI A+ vEOHVPFILKE
BIEETTe TOBERIX, AA2724 B4 4 b~BhT 88T, BEELLID
EEREL 0 25 CEFTBE V5 & 2BRL T aS0 Bl <BBT 5 5,
BLBowREL (AR CECOHHE) &, BEBOBEZELLVY, KA 4 voEEL
Vo e {bFEHABEA KELXREN TS, LizZEJ %k Eberl & Hower X, Roberson
& Lahann OE#L=d 1 ¥ —0ERRSBOBEE AR T2 0Th ), KROR

TR 5 BT E B sBoE =20 % — OFfi cBL TR REZ BT 5,

4,3 BERICHE I HEEL
EEMLLTAVLNARVIFM tOBED L 2ikd4 & VRBEXRS S, iz A2 7
2403 OKREEBAA vRBER, BREMLLTERLFETHS, JOEHTR, *
A7 &4 P QOBERICHER S CECOBEDWTRAT %0
43100 pakgsEcRA 24 ERIESE 2, CECOBLETRLESOT
H3, CECoER, BENLR - BROEBMEL> THIL TV, CECORIE
B L CREKA A YoEEEAENL, BEROBICHE I BABOHRAET 5,
wﬁgoﬁ¢M%%BthECOW&%K4¢V®Hﬁ§®%m;D%Enrﬁﬁbr
wao B43.1%0 Al e e kAl TCABL LBOEBK S+ voOBERED
ML EECBEBRETLABDTH B, TV EYRFA TR, BEOEFroh TKA
FvoBEEBRERABIENT 5, BERERK—=vE)rrAtOhHCa—evE)R
FAPLDBREV, A—FaTq TR, BEO LML KA+ Vo EEROH
mExEvE) 4 L OBALY BV, BABEH T, EEREOEINEHSZEEL
Foer@Evoh®, BEREZRISLKS 4 vOBEELBHE D BEHOBEEZLS
Y, 22784 VORBSEBRES ZBEETL H —BkERERL T, BUREK
BEIBE Vo —ARBEEN B, TREOBABEHOHEENLI, HL3. 107
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Table 4.3.1 Experiments determining percentage of non-exchangeable K ion.‘BD
mitial c:‘r::n:’r Duration ICEC. Imerluver catwons tncg MK gb 5 Nomench, . Exp.
Specimen TG nH K wn (MY tday} Sr K Na Ca sum. K wan laver
K-mont. 23 63 .4 4.1 [.3 — 70.8 5. 100
Ca-mont. 25 72.1 — —_ 2 74.4 0.0 100
K-verm. B 63.3 772 1.3 — 142.0 514 100
Ca-verm. 25 106.4 9.4 10.0 6.4 132.2 7.1 160
K-mixed Gt 23 16.8 1264 18.7 17.8 179.7 70.3 X0
K-mixed 52 25 16.6 123.0 19.0 — 158.6 7.6 20
K-moni. [50 - 6.0 0:02 13 6.1 1.5 23 —_ 1.9 10.4 100
130 6.0 0.02 20 62.9 10.4 6.1 —_ 79.4 13.1 00
150 6.0 .02 2 55.3 9.0 39 _— 68.2 13.2 100
150 6.0 0.02 48 652 10.9 2.9 -— 79.0 13.8 100
150 10.7 0.02 & 58.8 05 3.9 -— 83.2 246 100
150 10.7 0.02 9 5.0 17.9 4.2 - 811 2201 100
150 10.7 0.02 20 58.2 19.8 5.8 —_ 838 336 100
130 i0.7 0.02 30 457 21.7 32 —_ 70.6 07 100
150 10.7 0.02 43 573 243 23 — 819 290 100
150 6.0 1.0 5 36.0 11.9 26 —_ 50.3 23.6 100
130 6.0 1.0 10 39.9 13.6 3.9 —_ 57.4 23.7 100 .
150 6.0 1.0 12 63.0 213 1.9 — 38.2 242 100
150 - 6.0 1.0 20 50.6 18.8 3.6 —_ 73.0 258 100
150 6.0 1.0 30 46.1 17.5 3.4 —_ 67.0 26.1 100
200 10.7 0.02 1 49.5 0.8 74 210 98.7 211 >90
200 10.7 .02 6 43.3 37.7 3.9 —_ 84.9 44,4 =90
200 10.7 0.02 12 8.6 6.0 35 —_ 70.1 37.1 =00
00 0.7 0.02 26 37.4 37.9 5.3 _ 80.8 46.9 >80
300 9.7 0.02 9 6.2 85.7 6.4 —_ 125.3 66.8 ~40
300 10.7 0.02 1 37.0 78.5 10.7 -25.0 151.2 519 ~30
300 10.7 0.02 5 340 36.3 _ _— 0.3 623 ~40
300 16.7 0.02 10 Mo 59.7 1.0 -— 847 70.5 ~30
300 10.7 0.02 30 33.1 96.6 4.2 —_ 133.9 721 -410
300 6.0 1.0 5 32.6 99.8 1r. _— 1324 754 -—40
300 6.0 1.0 30 126 97.7 — — 120.3 81.2 -30
Ca-mont. 150 16.7 0.02 5 70.3 30 4.2 —_ 7.5 3.9 100
150 H.7 0.02 10 62.9 4.0 —_ 1.8 68.7 58 160
150 10.7 0.02 16 53.7 5.5 - 10.0 17.8 57.0 6.3 100
150 10.7 0.02 36 500 5.7 3.8 16,0 0.5 . 8.3 . =03
300 9.7 0.02 9 40.4 239 12.2 7.4 103.9 250 =80
300 16.7 0.02 5 49.0 56.7 29 128 1214 46.7 ~90
300 0.7 002 10 47.6 39.3 29 N4 132.2 4.9 ~80
300 10.7 0.02 20 435 48.6 i3 356 129.¢ 31.7 ~70
K-verm. 150 8.7 0.02 5 36.6 98.0 1.3 3.2 139.1 70.5 50
130 9.7 0.02 10 33.5 88.2 1.9 — 123.6 714 50
150 10.7 0.02 4 38.0 128.2 29 - 169.1 758 50
150 10.7 0.02 7 30.0 126.8 4.8 —_ 161.6 78.5 50
150 10.7 0.02 7 33.5 i19.8 3.2 _ 156.5 76.6 30
150 10.7 0,02 34 215 913 8.7 _— 122.5 75.4 50
150 10.7 0.02 35 401 174,14 48 . — 219.0 79.3 50
200 16.7 0.02 4 296 126.2 1.6 — 157.4 802 50
200 10.7 0.02 10 14.5 1125 . 15.2 —_ 142.2 79.1 3
200 i0.7 0.02 2] 13.9 815 6.5 _— 104.9 ’0.6 50
200 190.7 0.02 24 L1901 10850 3.6 —_— 126.8 82.1 S0
300 10.7 0.02 10 12.8 162.4 —_ 15.3 190.5 853 <5
300 10.7 0.02 30 43.2 105.5 s 100 1622 Ha.1 <5
Ca-verm. 150 .7 0.2 b} 99.6 16.7 9.0 la6. 158.9 29 4
130 10.7 G2 16 77.0 418 6.1 iz 131.1 4.2
1530 10.7 0.2 20 58,1 43.3 3.5 — 124.9 M3
150 10.7 0.2 30 Rl.8 48.4 1.6 2.9 [34.7 a9
00 10.7 0.02 5 6.8 578 6.1 3718 138.5 41.7
300 0.7 0.02 11 367 601 4.5 12.8 117.1 51.3
kit 0.7 0.02 kit 14.1 3.2 a.d 83.9 199 8 47.2
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Table 4.3.1 (centinued)’l

- Initiad LEC Intctlayer cations (meyl 16K} g)
Initial cone. of  Duradi i Noneexch. % Enp.
Specimen TECH pH K jun (M} (day) S\.' ¥ Na Ca sum. Kion tayer
K-mixed G 100 6.0 0.02 9 17.4 129.8 9.0 253 S 1913 67.8 50
) 106 6.0 0.02 20 7.4 130.0 17.7 16 189.7 68.5 50
160 6.0 0.02 29 el By 133.6 20.9 24.6 0.8 66.3 50
160 6.0 0.42 .41 17.0 131.5 19.6 246 192.7 68.2 5o
150 6.0 0,02 19 18.2 1347 18.7 6.4 198.0 68.0 50
150 6.0 .02 X8 17.8 127.9 5.4 203 184.4 69.4 50
150 6.0 0.02 34 18.4 132.4 18.7 264 1959 67.6 50
150 6.0 | 002 48 17.4 129.6 18.7 26.4 1921 67.5 50
150 10.7 0.62 - 7 . 17.8 129.2 203 6 191.9 67.3 50
150 10.7 0.02 It 18.2 132.8 610 26.0 238.0 558 50
150 0.7 .02 2 17.8 130.9 8.0 19.6 186.3 70.3 pt}
150 10.7 0.02 a8 19.7 T 1298 272 7.1 178.8 2.6 30
150 0.7 0.02 41 194 1292 8.0 10 {87.6 68.9 50
300 0.7 0.02 10 2.4 114.0 1.6 i6.b £38.0 1.6, ~50
00 0.7 .02 20 15.7 147.1 52 16.0 1840 80,0 -~30
‘ 300 10.7 G102 a7 17.6 1_23.3 0.6 3.0 147.0 #4.2 ~350
Ca-mixed G 150 10.7 .02 19 . 159 121.5 16.8 242 178.4 68.1 50
150 10.7 0.02 36  13.7 9318 4.2 210 142.7 65.7 50
150 10.7 0.02 49 18.2 137.9 15.1 296 190.8 67.0 50
150 10.7 0.0 &4 5.1 123.6 13.5 24 173.6 7.2 50
K-mixed S 100 6.0 0.02 10 16.5 1245 206 — 161.6 770 20
160 6.0 0.02 22 1A 122.8 19.6 —_— 157.9 71.8 20
100 6.0 .02 31 16.5 1221 20.0 —_ 158.6 7.0 20
0 6.0 002 45 211 123.6 19.3 —_ 164.0 754 Bt
150 10.7 .02 5 16.3 123.2 18.4 — 157.9 78.0 26
150 0.7 0.02 11 16.8 129.2 21.6 —_ 167.6 T7.1 0
150 10.7 0.02 29 17.0 " 128.5 203 —_ [63.8 715 20
150 10,7 0,02 33 7.2 253 21.6 — i1 76.4 20
300 10.7 0.02 10 16.3 {40.5 9.3 —_ 176.1 79.8 ~0
t K-interstratified mineraf from Goto Mine.
* K-interstratified mineral from Seigoshi Mine.
0 100 200 300 0 0o 200 300
100 L T i T 7799
(a) Montmorillonite (b) Vermiculite
80— b -—{ 80
o
= @
& o B —{60
=
wi
. o _ :
< so}- ® - O Lo
=
E 20 — & —20
=
m -
Zn 0 1 1 1 1. 1a
=2 -
?C’ (c) Rectorile-type (d) 1mqit-ordering
Ll 40F T )
=z
&
" 20 e -0
< ° ‘ y
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Fig. 4. 3.1 Temperawre Jependence on increase of saturated
i NEK in {a) montmorillonite, (b) vermiculfile, {€) rectorite-
type interstratified phase. and (b IM1-ordering illite/mont-
maurillonite at pH = 10.7 and K-concentration = 0.02 M.
Satid and open circles indiciie K- and Ca-specimens, respec-
tively. 80 :
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B.2lmT Lok, KAA VOEERRAAZ24 'O ABHE LEBICERT 5, A £
724t OBEERLCFEERELLE, —N—HEL TETET, WEOHBEBRT
BT 50, ZEOBREHOBERCHRZ I YBELEZAEIES, FboofbzE
Etféﬁﬁ%%ﬁ;wmo%&EKE%%£w5&%@&5O

KAL28RU 429X dL, AA7 24 bBABEIT S 7 e A X BREIEA
AVBILEoTRA>TWS, K, Cs, RbZBHEEUR 22214 3BECLR
Bo TEHEENCRBERB XEAT 5, Na, LiRUFTAMIVLEAF v &b A2 2744}
X, H5ERELELZBATHL TESBAEHEN 3, ZORERTIESER50%
ArA7 24 EBORAUNEEARRBTHD, RAkkic, 7754 P~BET2ZN\EMER A
272401, M4218ERLEL9550% 2054 F—50% RA 7 241F0HEB
HREABA~TERICELT 5, 20k ) sELBEROEVWIR XV FHEh5 CECELAS
F-vEBRANER 433877, M4.3.3IRLAECECHEE, FRIERAE—A+
VEBOBREDOF -2 bTFHENZI0THY, BHE A A VORERTOE L Z —Vid

Moz —verTeELONDS,

4.4 HEEHORERICETDEM

4.4.1 HAVFA b
BKERBUFRROERPRT LS5, 24V 74 rik80~100C k) BEVWEREL
HTTEREETCHDo AV 71 PEBREBHTCHML TLELRY, ¥F 54 v 2
E@@@ﬁ%“gﬁféoﬁf?%b@%&hd%PH,%Smmw%#ﬁﬁgﬁﬁm
SHPRAZI00CLUTORIBARBI %, o T, LRV Salinity2 FT5HBHORE
RFRENZHLWERSETE A ) 714 t 0ORERIRETE AW,

4.4.2 BEEA
B R EB IR ARV REREY ThH b, EA IR VS VANEATIREEH
300CHEEE TRIEXN D, Fex @0H G, BRILFACKEBLRTTERTA 27 £
AR 7N =1 P ~EET 3, SoRIGE, F3LWEEREEE2RT 20, LkE0#
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Fig. 4.3.2 Plot of interlayer charge to potassium relained in the mineral after
exchange with normal ammonium acetate pil 7. The samples were dried at 20 C
(+). and at 105° C (O). Sky = montmorillonite, Skyrvedalen; BIM = beidcllite,

" Black Jack Mine; Uat = beideilite, Unicrrupsroth; CB = montmorillonite, Camp
Bertcau; Red == montmorillonite, Redhill; Wy = montmorillonite, Wyoming.#0

TEMP. —

Change patterns of cation exchange capacity of
various smectite during hydrothermal alteration.
(1) -Na-,; Li-,-and.alkaline earth-smectite; (2)
chlorite/smectite; (3) K-, Rb-, and Cs-smectite.

Fig. 4.3.3
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4. 4.3 AAZAA L
ARAZEA VR RAOCERBEET CIR50~60CETRETHY, FrBEERLRETS
EAFA /A2 2M VEBBERTCRERAEA 4 + ~ET3, zoF iz
< RARRAERANERL T 72w, BEDERKEY., BABOELET 3 EER,
#1200 CTETTH D BT C1X, BABOFET s REREAARSERA~TL 3,
RIEERBBRE LED v,
KBECORERER T, BRCAN= AL ¥ -OREABAF v EFH AL 7 24
PELERE CHRERZRFTIILEAFREATVS, ZO0FE, D, Na, Mg, Ca—
Ax 7 EA T BEEMLL CEEHTHS, LrL, M§F, Ca DL 274N LEA
FYERUHE, BERPROBEIEHTHY, SEOWRIELETH S, “AEHGH
TV=ZAEFEEDOA X7 24 P OFBPBPELETHA I LARERTWE R, Z/\HE
BAA2E4 M3, Z\HEEREOZDIERTRRATOEREIDNE »,
BEBHBOEECEL T, BRATEA 2224 04 714 MMEREOEREAL=X
F—OfHik, 10~35Keal /mol ODEXABELRL TV, K cFEElb=xr¥-%20
Keal/mol L+ 3L, HLWEEHEENI100CBRELH X 2 bhicBg, AA 224}
B8 O0%A FA L —20%R 47 54 P RAB~ERTEOR10~10 €253, Rk
Na, Ca, M# R LY OBA 4 vERFT2EHLR, BEE=FALF -BEIRAE A 3,
foT, BEMELTNa— 222754 AT LE, BEROVF—-F—va v
EBHRATHD. LALERE, ThboFElb=%A¥ -0 BB R, 2XTELA
BEOPE-TRY, SEMREET 5,
HLWEBSORES, ROOKFTHI00CECLAL, TofBFEMEHs 0~
sonﬂﬁmﬁﬁﬁ&knéo%ﬁﬁ—%mx;yﬂ4r—@%£mﬁ%iﬁ%ﬁ,%0
CBEZFEARIPEIALFTE IV

AAZEA P OERE, BEFEZT TREFHRELE > TR RELEREEN B,
KRTE, (EFHBROEVWKC LY, REFHERATHB. A4 251 P OB EHCHE
EROETAL¥ME T, PH, PCO., salinity ¥ Thd, ZhboETFi, HMERE
REVEBHETHED, A2 724 OBHEETRTBE, B+ &GTToERAER
ERATOEROMEERECEDBZRETH B,

— 153 —



4.5 BE(EASA b)) BOBELHE
451 BEEORMMEE L bHER
‘%Eﬁﬁ7»ﬁuam7»ﬁuiﬁ&ﬁ67wf/&4@ﬁf,%@%Emsm4am
ALQ, OMEZ ONBEORER TR I NTHFENLEON, ZRITHCERCERL L
AN TH B, ABROBEEDI EHL LT, AEPRAVH D (R4.51 ), BBAEIEZS
K OKDFEERETFFEERFTLLTRATE Y, ZOXKGFEMBAZLIREL L -
T—HEBEWMAGET 2, ZHEBEIXSFHABHBEL 28I REH Tl A,
BAEOEBEFEESENZTAAVERR7AS V 2ERBTEMERCA F YRR T 5,
BRBELELEDE, BAL, AAYRBLIBEVIATHRAL TWE A HEOEY
EREST 20, REEHCBTIBREE L, BARICBY 32 ZRITANE B REE
ThHd, COBEOHEF EBELLcBERRET, TAabb, 41kl Xok, B
REECHIMTEDRPK, kX, BHOBELILMUREL Y, L2ELBERBRAT
ST 18 ERESE o # Fohic T & TV B IR & £ h 5 KA TRl A A+ v B,
KRBT B0k, FENLRTERSEOELEIRD Shiv, BFEER ( Si, Ae) 04M
B RSRTHEEREHL, ERcBEALLBARE (7T r41BIE) Th 5,
sittraldt romcoBEMEREROEDE, TAA YRR T AN ) LERKS
Fr A BAEoERBEPLEENT VI LALETILITE 3, BEOKREEES
DEFOAEE, Si LALOBROERIBACERICIVRL D, %k, 7THAVEB
YU7AL Y FEoM A v ERRIAF vOBEILIVREARS (F4.51 ), LEF->TE
2 DL LILFEAR E b >WERPEAYTON DI LTS,

Table 4.5 1. Ton radius containing in crystal

gstructure of zeolites.

Nat 0.9 7
K 1.33
cat 0.99
Mf: 0.6 6
Fé 0.7 4
Fe®' 0.6 4
NiZ" 0.6 9
Al 0.5 1
si* 0.4 2
ce 1.81
0%~ 1.4 0

-~ 154 —



(10}

Fig. 4.5.1

®
@)

{(8i, A1Q,]

Structure of flamework silicate

n

silicon or aluminum

(]

oxygen

— 155 —
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\No +1/2(Ca+Mg)

Symbols for Zeslites
nonsedimentary phillipsite
maring phillipstle
phillipsite ol saiini lukes
chabarile
erionite
chinoplilolite
mordenitle

0+399>€

K teldspar
i t Si

50 60 70 BO 90 ' (e}

Fig. 4.5.2 Commositional relationsnips of albite, K felaspar,
and the dominantly alkalic zeolites which occur most commonly
in sedimentary rocks. This diagram is the silica-rich part of
a ternary diagram having as its end members the atomic propor-
tions of Si, K, and Na + 1/2(CatMg). Both alkali-rich and
calcium-rich analyses of chabazite, phillipsite, and mordenite
are represented. Analcime is indicated as a sodium zeolite
ranging from 2.0 to 2.7 in its ratio of Si to Al(43)
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S4R S6R S8R D4R D6R
TsO0y 41 Tg 044 5-1 T190z0 4-4-1

-~
m

Fig . 4. 5. 3(a) The secondary building units (SBU) in zeolite stiuctures according to Meier (32),
Only the positions of tetrahedral (T) silicons and aluminums are shown. Oxygen atoms lie near
the connecting solid lines, which are not intended to mean bonds. The 4-1 unit is based on the
configusation of § tetrahedra present in the structures of group 5 (Fig. 2.44). The 5-1 unit is
based on the configuration of S-rings found in group 6 {Fig. 2.47). The 4-4-] unit is based on
the configuration of tetrahedra found in group 7 {Fig, 2.50).

(b} Sume polyhedra in zeolite frameworks: & (26-hedron Type I) or truncated cubocta-
hiedron; 8 (14-hedron Type 1)'(Table 2.1) ot Lruneated octahedron; 8 or double 8-ring; DER or
double 5-ring (hexagonal prism); v or 18-hedron; and € or the 11-hedron (34),
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Fig . 4.5 4 Diawing of the tetraliedron chein as found in natrolite showing t_he ordering of
aluminum and silicon (1). Small open circles, Al; filled circles, Si; large open ciscles, O.

Fig. 4.5.5 The chain of tetrahedra arranged in linked 5-
rings as found in mordenite (159).
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Fig. 4. 5.6 Configuration of the
T10029 units of tetrahedra in the
framework structures of group 7
zeolites (32).

() D6R:7+—vasd b, ¥454 F 2 €454 Y. BHE, ~Lv54 L,
74V VHE, ¥AF4FZK—8) ¥454bL', €454 b Ba—G
V) TOw . Y- &#A, A2 VvAHBAE, #HBE FAYVYHEAR FVvFAFEA, =
sV VBE
(v B0y : TAFVHE, FETAT4RE WHE 7= ) =AWE, €L b
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ITHEHEERER TV 0EROBARKE, BEFSTHO DLV, ¥4 74
bP =W EA AW L0/ — T BTE LEL ONBA, EATA M,
YA T4 pFr €454 PN SREETETH B,
'tﬁ@%ﬁﬁ@k#ﬁmgiiaztﬁfo::T@%(@%Eﬁ@ﬁB,%ﬁH&b
TRHEN TS 247 YBEBL UMY F 2 v BB OWE S X F R OBE & i~
%o _
@ =ATF A OEH L AR
EATVHBART O OBETREELZERREFBATHY, (8i, AL)0 I
Eﬁ@%ﬂﬂ@&&B,HE@%@@&E&MA&T%%E%Mﬁbf%bht%@@
E¢57t%énfw50SV%@#S%%D,%Eﬁ@¢fﬂ99ﬁ®ﬁﬁ§ﬁﬁ%@
w(ﬂ&az)osnﬁiw&kbéﬁmbawo:@:&ﬁﬁﬁﬁ%ﬁtSikAzﬁ
BFRLZOHEL, $rESNTNCET 2R+ vOoRBITEH A hoBA L) &4
BOC b eFT, BENCREEROMCARR: FARESY, NRBRERD CH
FEicHEL Tvs (K 4.58 ), BEMICENa L CatEAR, KegberTFvla
BERER» SETETHIH, FATRAUNFYZAFOEROL 5Bk BEzOR
BHOEND, TVTFFA r OANERE, K45 2RmEhh38BBRCH S,
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Table 4. 5. 2 CourosiTion aAND Speciric Gravity oF CaLcic ZEoLITES

Zceolites are arranged in order of decreasing water content relative to Al (Coombs and
others, 1959, p. 79). Data are taken largely from Deer and others (1g63).

Dominant Bpecilic
Name cation Formula® gravity
Stilbite Ca, Na Cao 5AlSiz ¢.9,807.2-9-2.8-3.5H:0 2.18
Chabazite Ca, Na Cag sAlSi1 7 _5,0064-8.0-2.9-4H20 2.08
Heulandite Ca, Na cao_sAlSigJ_aJOz.{_g.j +2,5-3.1 H0 2,18
Epistilbitc Ca, Na Cao,aAiSiz_.g_a_zO:_s._a.g +2.6-2.8H,0 2.25
Phillipsite Ca, Na Cag sAlSiy 32904 684+ 1.7-2,4H0 2.0-2.3
Gismondine Ca, Na Cag sAlSiy1.204_4 4-2-2.2H0 2.1-2.2
Laumontite Ca Cag 2 AlSisOg-2H0 2,29
Scolecite Ca Cag gAlSi) 5051 .5H30 2.27
Thomsonite Ca, Na Cag sAlSi1_1.1044.2- 1.2H0 ‘ 2.37
Wairakite Ca Cag_sAlSi20 - H20O 2.265

* Formulas are standardized in terms of a pure calcium end member having one alumi-
num atom

@ F7F e AWEOES L EHER
S BaoBERBEBACEUTS S, ERHRE~NER (7000 ) £ TN#x
NTIBELLEZRZ Eh v, H4as2kmih3 X7 FurblizesrT vlA
ERRIC YY) AIZE R, :@ﬁf%ﬁ%ﬁaﬁtéoﬁf%wi«?éﬁEcDSi/Az i 4.25
~525 ChY, EEENIBIA 2L Tk, BEMCEBELULLERGNCa 241
BLOIEN, 7oAV A4+ VONa, KESE (K459 ) BEMIZIZT On 2BL,
EREROBEEET 5,

‘Fig. 4.5.7 Diagram showing the configuration
of the TgO 4 units of tetrahedra as found in the
framework structures of the group 6 zeolites (31).
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—~——g=18,13A—

Fig. 4.5.8 Framework Projection of Mordenite
Structure along the c-axis

Fig. 4.5.9 Na/K/Ca Mole~-ratio of Clino-
ptilolite and Heulandite
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4.6 BAKHETTOREM |

BTN BB N WEEE, LEEEOL LT, BIRERME~L LT 5, 2
RERFI~LBAT 52 T BT sBEREESCENI&GORVCREZS, HLWOE
B4t OYBEY, CEHBRELEREALET, TICER LA EENSEDNRICH
Ko TRELFRL OB E) p2MBedicil, BEHLL BV LA HERTERT
EDX SR TCERL, BMHOBIZ 0L ARG EL £ 2 FHOERS &
BB TILESEH 2, ROBERROBCIBRFEACTEEASEALTE. 3848 4
HEDT, THhoRBIZDMOWPRBEELEETL CELSZ LizEEA D L 1S
Vo ZOXILEBHP CERCERNBE2ILE, RIGKEAEL 9B LSHER TR
REEREMCND I LRELVILES VR, Z0kI REEREBC b LT,
RBCTRONBEY 0 KEBRLMIBYBH N b 5 RIGKBIS L it 0 5 5 B8 1L
FERFEZOWTOREBEB OIS Z & AE N,
4.6.1 HAEEOER LERRE

COECRBEH L TERTMERSBRNE L TWE AT VA, 750 LM
AL, REOABLERS IVESATIBAUNCEWOER LARBE R~ 3,
Ba61, 462RshsE 5% grmermmod Bl BEO&ET
TET 3,

14

zoisiie and
grossular N
,\

G,
7%\, loumontite

& Fyfe (1965)
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l el
o] 00 200 306 4QC 500 8O0
Temperoture in °C

Fig. 4.6.1Very Low Grade Metamorphic Zones at
Elevated Temperature and Pressure
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I: Pu+Pr+Ch+Q
Y Pu+Ep+Ch+Q 14

II: Pu+dce+ Ch+Q
CPu+Ep+Ch+Q |1~

Pr+Ac+Ch+Q
IL: PreEp+Ch+a |
Pr+Ep+Ch+Pu

S
a'l
)

400 500
°c

Fig. 4.6.2 Phase relations in very-low-grade metamorphism. H,0 pres-
sure is equal to total pressure.

lawsonite + 2 quartz + 2 water — lawmonite

B—Y54 b A BHA
(48) _ 49
Crawford & Fyfe XV RahAZoRGORBLZOBRE, ENSEME, Nitsch ™,

Thompson &% Liot®P %1 D, 2000 T 2.8 0.2kb ; 2500 TR 3.0+ 0.2 kb;
ZLT3000TIx3.1+ 02k kKhE3Z Lok, £, BRARERECHEMZHY,
B 2K BRI
1 lawmonite = 1 wairakite + 2 HzO
BHRE @ ATy ABEA

PEEERCL, TOBRER Lion e X ni¥l kb T255°£5°0, 2 kb T282° %

5°C, 3kbT2970F5CTHB, 3kbEEANTEHLY GRTCRENRZ D,
315C, 3.5 kb ; 3600, 4.0 kb DO&EETT
1 lawsonite + 2 quartz = 1 wairakite

r—vrFAF HAE T4 554 BE

ORILERI T,
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ve Sr4%aE, 462K THED
2 wairakite + nH, O —> prehnite + montmorillonte + 3 quartz
74554 HBA KEE¥SH =E=vEIRVA A%
o R & o 307
945#4ﬁaaﬁlwnmﬁﬁﬁﬁf%iﬁkabnaﬁ,Lmﬁmt;n&mmﬁm
X RAE~NOBL ThbLTREORER
wairakite = amorthite + quartz + water
v17r1hh KRA Bx
330CT0.5kb ; 3500T1 kb ; 3700T2 kb ; 385CT3 kb ; 3900T 4 kb ®
HETRZ 5o
PSR O L 5, MEBARAMHMRE D SEVIT TRBAB R I 2 BEROERER
B, —BERECERHEY, ROLSAHFHRTLh T3, ()xr 7 v#hE, i
REAT VA HERRS  (BHES ({71 5 7 1 BaEH, FHRBERCE T 3RS
#eini® cner v s BrmBRsmicr sl on, MRESE+AVRY —Fi+ 2
PS4 V2V VAF A+ T 2F /A7 e 34 FROSGEVRENL TV 5,
EAHE3 kb LTORBCREFALRT 2BEE, 715 r 1 HAGEBALY 4 RE
FHETHIERT 2T LBEHAOERMOHRESN TS, £/, BEEHOMEEL Tix
AT VHBA=BHA+ERA+AEE+K
b 7] =—BEF+ERE+EE+K
BwHa =vASr4AHa+K
BREND, BFAOARBCRE OB ERSHESYEET 225, “h b HRREE
FeBWIRRELEEL, 770 A BE, BHE FREOLS K, EROPS:
NO3EBEEREDLL THLLAB3HEDH 5, EEBERCBV TREERAOBETEL S
thslAoBEaE, BENBAA VEESHWTISETLBIEROL HIZE 3o
Ca #H AR VAR, FAETVTFA v, BEBA, VEBR
"Ca, Nai g AV 54 b, PAYVEHA, F42Y VA, EBERE, =AFVvER
Na @A LY —FHA
K, Ca, Na #F . K+F#HA
WEEOERE Ed~<r Lok, (MECERCL3ABRLICER (HRIEHR) 0
BETEL S 0 (NBRBE, ThALLEAOBEEAF Y285, PHREREE, &
FAA VESOYELMWELRGORAIBRIABEATOAREFEEBL, BBEoEG2EH &
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&r@%k%@;M%ﬂﬁwﬁ-T»%Dﬁmﬁolﬁt,ﬁﬁﬁ%n&EE(@twﬁ
BRE, 7oh VRE REBRE, PHELAFTIVIRIPEECEGETCERLLS
O;VKREDERPREEET 28 0% BHETONZ, THhODERPFOBECED
BRE, XBBEORRE, REoBEROMRCE LR L VW IHEE2FET 3L, R4
6.199 16249 1634Y 41549 1659 L5 6WWhmn,

BAFrrBALELT VBARETWFRLOBR—HELTETEZILEH BB, 5k
WEDEEHL L TURBK b > AL, BKEEE, GRIEAEST cmE, H-
TAh ) HRRO VT 205 MEAD NG, —RCEREE X HTEEY, 0
FVBAXHTFrr BRIV EEL THADPRX5ERY, ARCERASLTHL L
WotOBAEAHRLTL 3, ErERCRBRERIRAMMEREEI S (AL
hakoiehy, 77 rrBREOSENIEGREBI T2, BAEEHBEIC W TEH
ZF e ARy bUOBA~OELEBKIRO HEET TR, BRCRRIAERT
LSV, BEER CREGHECT < KRV, BB HRE~LELL T aP
HooHMB I LEDP, P IRAIBAFIFO—HLEEL T3, BREEVFEL &
B3k, BOUREHBRESCLVIZL2EECERALARTRELGE, #7FerBiE
REATFVHBERBEO LRI -T, hoBARPEA~NLELILLAZET I LATE
559 EmoTar ) Wok s aBERETCR, BRERCT AL ) LEDREST AL
2 ) EESAEEME L TERL T aAaEnT0 V08 -y s omBoBRERER
ERRHAEEFREZI RO B k2o tErbhdo T, BENM
bREOEERBCEE2RETERSH 3 LEL dh b,

—B iYL OBtV T, KR, EELGETER T LEL LN IBEESHL
Hofagick, BELAREOEHARS, BROBE K, 2L TLELRT v+ i
SHREERFCTHD 9, LT, HLWIEFEY A b ic B s h 5 BE5H B RHRBIC D
o TEPM3PBLENRECDVWIRNTILREEL D,

4.6.2 HLWERYA b 0B teiis

HLWEEY M F 0pBEpBEoBERXT TR 4 2.1 BTNk, ilfid4 6.1 Tk
~fe X 5, salinity, alkelinity BEVWEEFETTRTAZ IV CELHAERC 72V R
BOERPEBNCRED bhd, $BERFORETCRRIEDVEROoND I LIS
Vo BEZZTAREOERCI-> T ELHEWERRE > TV 5o

HEEDBEE 810, A4 05 K0, N2 O, b OPEEER/MBOKRELY 3%
Vo (£ 4.6.7), ThIEREHGAVRERCANAD L IR OHEZILHEMHES W
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Table 4. 6.1 Zzoimzs awp ASIOCIATED AUTHIGENIC SILICATE MINERALS 1M Derosrrs oF Satine, Arkatve Noxuaning Exvieoausyms
Abbreviations for zeolites are asfol]mn An, analr.unc, Ch, chabazuc. Cl, clinoptilolite; Ep, epmulh:le Er, ericnite; Lm, laumonnlc Na, natrolite; Ph, phil-

lipsite. Abbrevi for lites are: Alb albite; Cel, cel ; Kip, K [eldsp Sh,
stratigraphic unit, Authigenic silicate Depositional Maxi burial
Ases an:l I%Tcaa‘:lon * th:g:mu Lithology of host rock environment of beds depth (in feet) Relerences
1. Recent sediments, An Hllitic mud with wona, Sodium-carbonate lake o6 This report
Lake Natron, goylussite, and of high salinity
Tanzania nimonhc
Ph ephelinite ash Jayers  Margin of sodivm- o3 This report
carbonate Jake
2, Recent and late . Ph*, 8ls, O, An hyolitic ash iaym Sodium-carbonate . . 1-16 Hay, 1064; Cook and
Pleistocene, Teels wu: trona and lake, both pkiya and Hay, 1965
Marsh, Nevada Baylusite petennial .
Lace Pleistacene, Rhyolitic tuff Saline, alkaline lake 467107 Hay and Moiclz, 1g63;
o Searles Lake, California Kfp', Sis, An Rhyno:i:.ic t:lﬂ‘ and Saline, alkaline lake 481-780 this report 9si
accous clay
An Basaltic or andesitic Saline, alkaline lake 220
tufl
Kip*, An, Sls Nontuffaceous clay Saline, alkaline lake o875 (Kifp only
with wona, gaylhssite, below 170 feet)
e,
4. Recent and late Phe, A", Er, Sls Elgyoﬁli: taff and Moderately saline, 68-548.2 Hay, 1964; thit regort
Pleistecene, China accous sandstone alkaline lake
Lake, California
An” " Nontaffaceous elay o710
with gaylussite
5. Late Pleistocene, Fh, O, Er, An Rhydlitic tufl and Saline, alkaline lake 366-650 Hay, 1964; this report
Owens Lake, California aceous sands .
and clays
6. Drill core of late Er*, An, 1, Ph,Ch = Reworked trachyte tuff  Trona salt pan and =173 Hay, 1964; this repart
Pleistocene and Recent interbedded with highly saline lake
sediments, Lake trona
Magadi, Kenya
7- Recent soil, San An Saline, alkaline soil + Unknown Less than t L. D, Whitiig, pergpnzl
Joaquin Valley, communication, 1554;
California ) Schulz and others, 1654
8. {a) K Ieldy, Kip®, Fh*, Sls, An Trachyte tafl Moderately saline, About 150~250 Hay, 1954; this repost
@ hl.lhpnl:;irfwﬂ. ? . e Y sodium-carbonate lake ’
Ecd 11, Otduvai
. Tanzania
(middie Pleistocene) Kip Claystone (both illidc
and montmorillopitic}

(b Prullspsite facies, L', Ch, An Trachyte tuffy, re Dominandy fluvial; About 150250 Hay, ; thi
.Iic::ts.r::nfd 1Irli,ﬂ ’ e worlsct,i tfls, and a[somecrhan ’;md 05 oy 1964; this r:?url
Olduvat Gorge, F3e ates
Tanzania
{early and middle
Pleistocenc)

(c) fl;hillipani‘ieed-crionile Ph°, Er* Trachytc tufls Land surfacc 300—350 Hay, 1964; this report

Cies, N
Olduvai Gorge
{carly Picistocenc)

(d) Analcime-chabazite An°®, Ch*, Ph (rare) litic claystones Playa lake o150 Ha ; this r
{-ferric onide .Ch*, Ph, An Tuff Pla;a lake go—-lgo Ha;: :ﬁ. thg t:g::
facies), Beds 11, 111, An®, Ch, Na Clayey veleanic Margin of playa lake  as-100 This repart
and IV, Olduvai roudfiow deposit
Gorge, Tanzania with dawsonite
(tate Pleistocene)

{c) Phillipsite-natrclite  Ph*, Na*, An, Ch Nephelinite wufl Land gurf: 50 Hs b
facics, Beds 1V and V P e 3 s 196303 1964
(late Pleistocenc)

Iduvai Gorge,
Tanzania

() Recent ash deposits, Ph Nephielinite ash Land surface o5 Hay, 1963b; 1963

Olduvai Gorge,
Tanzania
g. Peninj Beds (middle Er*, Ph, An, Kip Trachyte tufl; some Highly saline sodium-  o-250?. Isaac, 1665; this repert

Pleistocene), west side contains casts and carbonate lake

of Lake Natron, melds of trona and

Tanzania gayhessite

Kip, An Iilinie clay Highly saline sodium-  0-250? Isaze, 1965; this report -
carbonate lake
10. Waucoba Lake Beds Ph, Cl Rhyslitic tufl Suline, alkaline Inke Aboul 150~250 Hay, 1964
{carly Picistocene),
Big Pine, California
1t. Hay Ranch Formation  Er, Ph Silicic tuff 100 {at tap) 10 Regnier, 1960

{middle Pliocene to
middle Picistocene),
northecentral Nevada

12, Unit 6 of Esmcralda
Formation (laie
Pliocenc or carly
Plcistocenc), west-
central Nevada

Ph, Kip, and Cel

Rhyalitic tull and
tuffuceous sandstone

Kfp®, Sls, (2, Au (rarc) Claystone

Saline, alkalinc lake

Suline, alkaline lake

Saline, alkaline Juke
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P. T. Robinson, 1
Ph. D. thesis, Um?'&"
California



Table 4.6.1 . . Contimed
Age, stratigraphic unit, Authigenic silicate ) . Depasitional Maximum burial
and jecadon mincrals Lithology of host rock  environment of beds depth {in feer) References
18. Pliccene of central Er', C1, Ph Rhyolitic tufi’ Saline, alkaline fake? 1000 of lexs? (at top} K. 5. Defleyes, 1058,
Nevada Ph. D. thesis, Princeton
Univ.; 19594; 1959b
4. Late Cenozoic, Arizona  An Tuff Playa lake 50? Ross, 19283 1941
ts. Pliocence(?), southern  An, Cl Bentonitic tufl Saline, atknline lake?  Shallow Amat and others, 1958
California . i .
18, Miocenc, Kramer, An, Ph, G, Kip Silicic tuff Highly aline sodium- Approx. 25007 Beoda and others; 1gfe;
California e lake g pont
An, Sls, Kip Mudstone, shale with  Highly saline sodium-  Approx. asoo? Erd and others, 19613
sodium-barate mincrals borate Jake Smith and others, 1958
17- Wagon Bed Formation (1°, Er, Kip Acid tuff and Saline, alkaline lake About 500-1500 Van Houtcn, 1064
(middle and late tuffaceous mudstone
Eocenc), Wind River
Basin, Wyoming
18. Middle and late An Tuff? Pomibly saline, About 1000~1500 Tourtclot, 1946
Eaocene, Lysite alkaline Jake at
Mountain, Wyoming .
tg. Green River An®, Kip, Alb; varied  Silicic tufl, ¢il shale, Moderately to highly Approx. 2000 (at top)  Milton and Eugster,
Farmation {early, borosilicates; acmite, dolomitic marl paline sodium-~ to 12,000 {at basc){1)  195¢; Milton and oshers,
middle, and late amphibale, elpidite, nahcolite and shoctite  carbonate lake lggo; Smith and Stan-
Eccene), Utah sepolite, e, in saline facics Reld, 1964

ga. Green River Forma-
tion (early and middle
Eocene}, Wyoming

21, Rio Sali Formation
(Tertiary), Argentina

22. Chubutiano Group
{Lare Cretaceous),
Argentina

23. Continental Intarcalaire
{Early Cretzceous),
Sahara, Africa

24. Late Jurasic and
Early Cretaceous,
Congo Basin, Africa

#5. Dark Victor
Formation (Late
Triassic), Argentina

26, Lockatong Formation
(Triassic), New Jerscy

a7, Papo Agic Member of
Chupwater Farmation
(Triasic), Wyoming

28. Chinle Formation
(Triassic), Utah

29 Early Permian of
nongcm Caucasus

3o. Early Carbonifercus
of Tuva, Siberia

An®, Kip®, Alb®;
varied borosilicates;
acmite, amphibole,
biotite, tale,
loughlinite,
montmorillonite, e,

An

An*, Na(?)

An’, Quz; little Alb,
Kip

An

An®, Alb

Alb

An®, L, Ep(?)

Silicie tuff, oil shale,
dolomitic marlstone;
trona, halite, and
shortitc in saline
facics

lite-montmeorillonite
cla|¥(?) with calciled
oblites, urm, an
spluble fz?:

Acid or intermediate
tufi and tuflaceous
sandstones

Ferruginous
analcimelites,
sandstones, argillites
Analcimolite, sand-
stone, argillitc
(cammonly
ferruginous)

Tuff

Dolomitic, illite-
chlorite mudstone
(argillite}

Ferruginous an- .
alcimolite, siltstone,
and claystones,
Maontmorillonite is
dominant clay minerat.
Ferruginous an-
alcimelite
Chemogenic(?) albite
layers, ted beds with
dolomite, phosphorite,
argillite

Analcimalite, tuff,
argillite, siltstone

Meoderately to highly
saline sodium-
carbonate lake

Between 1000 and —

4000 at top and
25005500 at base

Saline lake Unknewn

L ine, possibly Maxi; is 10,000
saline o lem

Playa(?) lake basin 4%00~-5000
Dominantly conti- 750-4000
nental; lacistrine,

paludal, lagoonal,

esaring

Nonmarine (saline 10,500
lacustrine?)

Clesed toda-rich Possibly as much
saline lake a1 gooo

Lo,
aya; ine
5 alkaline i
Lacustrine?

Lakes of semiarid zone

Lake or lagoon,
probably saline and
alkaline

10,000—1%,0007

10,000-15,0007

at lcast 30,000(2)*

Unknown

Milton and Eugster,
1959% Miglé:n ‘;‘f’
others, ; 1565;
Bradley, 1 Y H
b; Deardort), 1983;

196403
Fahey and Mrose, 1962;
Banssi and Siegel ia
Teruggi and _‘Andrci!.
1963

Teruggi, 1552; 1964

Joulia and others, 1959 .

Vandetmm;m and
Verbeck, 9!359; 1964;
1

Vernet, 1

Baldwin, 1944

Vi H
g

Keller, 1952; High and
jeard, 1685

Kellcr, 1953

Levina, 1959

Buryanova, 1960

* The commoner minerals.

t Burial depihs are estimated from the following sources of stratigraphic infermation: (1), Stanficld and others (1954); Hunt and others (1954); and (3),

Nalivkin {1g60).
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Table 4. 6.2

Abbreviations f&r zeolites are as follows: An, analeime; Ch, chabazite; Cl, clinoptilolite; Er, crionite; Fi, [aujasite; Gn, g

NONMARISE ENVIRONMENTS

ZEOLITES AND ASSOGIATED AUTHIGEMIC SILICATE MINEwmALs IN SEDiMeENTARY Rocks Deposrrzp i Masmune axp Fresu-\Waren

; G, gi dine; Hl, hew-

landite; Hm, harmotome; Lm, laumontite; Md, mordenite; Na, natrolite? Ph, phillipsite; Sc, scolecite; St, stilbite; Th, thomsonite; Wr, wairakite. Abbre-
viations for non-zeclites are: Alb, albite; Cel, cetadonite; Chl, chlorite; Crs, cristobalite; Epi, epidate; Kip, K feldspar; Mnt, montmoritlonite; Mus, muscovite;
Nnt, nontralite; Pmp, pumpellyite; Prn, prehnite; {1z, quartz.

Part A. Deposits of Probable Quatcrnary Age

Depasitional dMauz:ix(num Imna‘l’f
e, siratigraphlc unit Authigenic silicate environment epth {or degree
Ae andul%::al:iun ) miner Lithology of host rock of beds deformatian) References
r

5. Recent sediments, An, kaolinite, Leucitic volcanic glass  Shallow marine o—15 ¢m Miller, 1961
Gulf of Naples hydromuscovite,

Qtz, chalcedony, opal

2. Retent and late An, g/rluhabiy illite Alkali wachyte ash Decp-sea floor Vexy shallow Norin, 5g58
FPleistocene, nt; possibly layers :
Tysrhenian Sea Na and Fh

3. Recent? sediment, Ph Mud with voleanic Deep-sea floor 8-161 em Zen, 1959
Peru-Chile Trench lass (dominandy

asaltic) and K feldspar

4- Recent and Pleistocene  Ph, Hm; locally Ci, Pelagic scdiments; Decp-sea floor Very shallow Murray and Reoard,

' sediments, Pacific and  Na; commonly Mnt domtpandy palagonitic 1891 ; Bonatt, 1963;
Indian oceans {esp. Nnt} mud Arthenius, 1963

Nayadu, 1964

5. Late Pleistocene and Cl-HI(?) Pelagic muds eontain-  Deep-sea floor Viry shallow P. E. Biscaye, 1964, |
Recent sediments, ing illite and chiorite Fh. D. thesis, Yale Univ.
northern and southern
parts of Adantic Qccan .

6. Quarernary sediment, Ph Calcareous pelagic Deep-sca floor Very shallow (fess Dekeyser, 1958
aza floor cast of Bermuda clay Gillitic? than 50 fect) R

7. Quaternary(?} sedi- Ph, glauconite Pelagic calcitic sedi- Dcep-sea floor Very shallow {about Young, 1939
ment, floor of Atlantic ment with augitic - 3 feet?)

Ocean near Bermuda pyroclastic dewits

8. Tuffl cones (late Na, unidentified Ulwramafic palagonite  Land surface Very shatlow Denacyer, 1963
Pleistacenc?), Lake zeolites tufls
Kivu, Congo

9- Tuff cones of Honolulu  Chicfly Ph, Na, Gn, Ultramafic palagonite  Land surface Very shallow Nayadu, 1964; A.
Series (late © Mot minor Ch, An, Fj  tufls . lijima,
Pleistocene), Qahu, . communication, 1965
Hawaii

10 Tufl of Bl Point Ph, Mnt Palaconitic basaltie Lacustrine Very stullow Christensess and Gilberr,
Vudeana (late tufl 1964; Alan Smith,
Plastocene:, Mano personal comimunica-
Basun, Calsfornia tion, 1965

11. Basic Tuffs Fj, An, Md, 8t, Cht Palagenitic basalt tulls  Land surface or beaeath Peacock, 5926
{ Pleistocenc), leeland icc-cap

Part B, Deposits Considered Largely or Entirely Tertiary -

12. Weepah Member of Ph Basaitic lahar Land surfiee About fect? Moi i peTso
Esmeralda Formaton " - uE e e co:::nkl.llln:cgast?:;l |964nal
{late Pliocene or '
Pleistocent), western
Nevada :

13. Phiocene Leds of HI, An, Cd, and Rhyolitic ignimbrites;  Land surface; Mluvial About ro0o feet at P. T. Robinson, 1964,
Esmeralda Formation, Mnt silicic tufls and + and |acustrine top; possibly as much  Ph. D. thesis, Univ. of
western Nevada reworked tufls 23 6ooo lcet at base California

14. Esmeralda Formation (=) CI, Md Rhyodacite and Fluvial, lacustrine (2) 1500 fecrat top o Moiola, 1964a; 1964b;
{Miocene and Pliocene), rhyolite wi and Buoo fect at base  * personal communication,
weslern Nevada rewarked tulf 1964

(b} An, Kfp Rhyalitie tufl and (b) 8200 feet at top,
. reworked tull G100 fect at base

15. Pliocene Oak CI-THI, Ch, Md, An Rhyolitic tuif Land susface 1500 to 0400 fect Gibbons and others,
Sprina Formation, J?rbo; Hinrichs and
southwestern Nevada kild, 1g61; Shepard,

1961 ; Hoover and
Shepard, 1960

tb. Lare Miocene and Cl, opal, Mnt Rhyolitic vitric tufl Lacustrine About 1000 16 §750 K. 8. Dcﬂ'qm, 1958,
Pliocenc, centeal Nevada feet? Ph. D. thesis; 1939

15, Predate Miocene, Kip, Cl, Mnt Rhyoliric? viteie il Lacustrine? 4000 feet or Jess? K. S. Deffeyes, 1938,
central Nevada Fh. D, thesis} 19504

18. Olizocene to early Rhyolitic vitric wff Lacustrine Possibly 4000 foet at Kegnier, 1960
Pliocene, north-central top, about 16,000 feet
Nevada at base

19. Siesta Formation An, 5t, Chl . Bagaldic talf Lagustrine Abuut 5060 foct? R. J. Young, 1961, M. 8.
[rarlyli’liocmc} (Formerly palagonitic?) thesis, Univ. of California

and
Grizzly Peak Cl-Ji1 Limestonc Lacustrine Aboul 5000 fcet? Marshall Maddock,

Furmation
tearly Pliorroe),
Berkeley iills, Ualifornia
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Table 4. 6.2 Contimued

N Authigenic silicate itional dMa:iznun: burial

¢, stratigraphic unit, uthigenic silica . environment th {or <c of

e and llg:al:ion minc Lithology of host rock of beds epdet'nrrna't.:i'i:rn) References

20, Santa Margarita cl Arkosic sandstone Shallow-water About 2500 feet Gilbert and Mc-
Formation with Iresh rhyalitic marine . Andrews, 1648
{late Miocenc), Santa glass shards #

Cruz County, California
21. Late Miocens, C1-HI, Mnx Bentonite with some Marine 10,000 feet or less? K e
"Ventura quadrangle, ' shards of frash glass or feu €T 1931
California

22. Lower partof 1, Mnt Silicic tfl Marine 5000~£0,000 foet Bramiette and Posjnak,
Monmcy Formation 1933
(late Miocent),

California

ag. Columbia River Basalt  An, Ph(?), Nnt, Mnt Patagonite tufl-breccia  Sub 1+ lake or 100 feet or 1 N.

3 {Miocene or Pliocent), ’ {basaltic) river 3 orlen ayadu, 1964
Washington

24~ Tertiary sediments, Ph, Mnt Palagonitic pelagic Deep-sea floor Very shallow Goldberg and Arrhenius,
northern part of mud 1958; Griffin and
Pacific Ocean Goldberg, 1963

as. Tertiary? corc samples  An Sediment derived from Marine (dt:p—m?) Vi shallow Gold| d Griffin

3 from Mid-Atlantic Ridge basalt . i t;&‘berg sad Griffi,

26, Late Cenozoic Ph, Mat Palagonitic interior of  Deep-sea floor Surface and near- Nagadu. ;‘?64; Bonatti
;:mw nodules, manganese nadules surface and Nayadu, 1965

27. Dredge samples of - C}, sepiolite, Mat Montmorillonitie Deep-sca floor Very shallow Hath; and Sachs,
Cenozoic(?) rock, (pt':\mg:y detrital} brown clay and i |9={li5 vy ©
Mid-Atlantic Ridge . consolidated coccolith

ocze

28, Miacene, Plato Ph, Mnt (possibly Pelagic clay, Mnt Deeprsea floor Viery shallow P.E, Biscaye, 1964, Ph.D.
Seamount, western detrital) ' thesis, Yale Univ,; 1964 .
North Atlantic

29. Middle Miucene, a TufTaccous phosphorite  Shallow marine 500 fect or lesa? Rooney and Rerr, 1963
North Carclina U. S, Geological *4

) Survey, tghgh

g0. Miocene, southern Lm Feldspathic sandstone  Marine? 1£,000 feet = present Kaley and Hanson, 1955
California - burial depth :

31. Miogene and Pliocew, G, lucally Mt Clasy ricls in siliceous Marinc; imemedioe 285068 m Murata amd Lad, rgby
eastern Pacibc and eafcarcous micro-  between e ”
{Guadalupe siic, fomils; contains small  and pelagic
Experimentat Mohole) to large amounts of

] dacitic or rhyolitic glass

432. Middic Miocene to Ch, Fh, Th, An, Malic and intermediate Marine Unkoown Crock, 1963; personal
late Pliocent, Fiji St, Mnt voleanie conglomerates, commaunieation, 1964
Islands sandstones, and

mudstones
33. Wainimala Series Alb, HI, Lm, An, Basaltic lithic Unknown Unknown, but greater

{Eocenc to middle
Miozenc?}, Fiji Islands

34. Miocene, Shinjo Basin,
northern Honshu

95. Miocene, northicrn
Honshu

. Oligocene and
* Migunc. Caucasus

lohn Day Formation

late Oligocene and
carly Miccene),
north-central Oregon
48. White River Formation
{Oligocencl, South
Dakota and Wyuming

37

49, Jacksan Formation
4 '(|la|= Eocenc), Texas

40. Latwe Eocene,
western Oregon

4t Ohanepecush
F ion {Eocene),
western Washington

Md, St, Prn, Pmp,
Epi, Mus, Chl

() G, Md, Cn,

Mnt, Kip
{b} Hl, An, Qtz, Alb,

P
{c} Lm, gtz. Alb, Epi,
(@ o 1B, Eri
1z, L
%us. Chl, ifl' ,
Pn{?)
Cl, Md, opal, Mnt
An, Md {or Cl-Hl)

€1, Kip, Cel, Mnt,

Crs; miner 111, wace
d:

CL, Er {Soumh Dukotn)

Cl (Wyoming)

Cl or Hi
Ph, Na, Nt

Lan, Wr, Alb, Chz,
Pen, U, Epi

gra
an

ackes, argillites,
lavas

Dominantly silicic
prroclastic rocks

Silicic vitric wil

Sandstones and
siltstone

Dacitic 1o rhyolitic
wi and reworked wif;
rhyolitic ignimbrite;
cluystone

Rhyolitic vitric wil;
glass deminanly
unaltered

Tu; lithic arkosie
sandstonc

Pillow-palagonite
complex

Dacitic and andesitie
volcanic clastic rocks

Taminantly marine;

minos nonmarine

Marine and lacustrine
Unknown

Domirantly land-laid;
locally water-worked

Fluvial
Shaollow marine?

Marine

Fresh waler or marine
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than that of middie

Miccene and upper
Pliocene of Fijipll:fands

(a) 0.g~2.0 km
{b) 2.0—2.8 km
{c} 2.8=3.0 km
_(d) 4.0~5.6 km

Unknown
so00 feet or less*(1)?

Aboul 1000-4000 fect
at time zcolites were
formed

Possibily 1000 feet

{Sauth Dakota)
00-1000 et

'?\\‘yoming)

2000 fret or les?

5000-Roue fect?

Mare than yooo-5500
feet at top; more than
14,000 feet~s5 5,500 feel
. base

Crook, 1563

lijima and Utada, in press;
AL, Utadn, 198y, M.S,
thests, Tokyo U’ni\'.

Sudo and others, gy
Ermolova, 1055

Hay, 1g62; 106303
Fishe r,glsgﬁ'z ;9:?{:3

Wanless, 1g22; Deffeyes,
1959a; Van louten,
gty

Weeks and others, 1958;
Weeks ant Eargle, 1963
Nayadu, 1964; Bonatui
and Nayadu, 1965
Fiske and others, 1963;
Wise, 1959



Table 4.6.2

Continued
N Depositional Maximum burial
Age, stratigraphic unit,  Authigenic silicate envirgnment depth (or degeee of
and logation minerals Lithology of host rock of beds deformation) Reference
42. Harutord Formation Ci, Mnt Dacitie vitric wf Lagoonal coal basin 63500 fcet Lijima, 1961

(late Eocene), Hokkaido

.
An, Na, Ale, Chl

43- Eocene, Jamaica Palagonitic tuff Marine Rocks highly deformed; Raw and Matley, 1943
burial depth unknown
44. Tongue River An Ligniti¢ coal Nonmarine 2000 [cet or les? Rasendal, 1956
Formatian (Paleocene),
South Dakotx
Part C. Depmsits Considered Largely or Entirely Mesozaic
45. Late Mesozoic or An Tarry fouilifercus shale  Marine 2000 feet or lem? Milton, 1936
early Cenozoic, Texas
46, Cretaceous and Md (or CI-HI) Quartzose sandstone Marine 3000 feet or lesy (1)° Rengarten, 1945
Paleagens, castern slope .
of Ural Mountains .
. Cretaceous and Ct, Mnt {possibly Calcilutite with Deep-sea floor Very shallow P, E, Biscaye, 1 Ph.T>.
i gaé:ocene. Indian detrital) montmorillonite thesis, Y:\.lz Unis\’f;"lgﬁ.; :
wn
48. Livingstone For Dominantly Hi; lesser  Dominantly andesitic  Nonmarine; domi- Burial depth at top Raberts, 1963
{Late Cretacecus and Lm, An, Cl voleanic clastic rocks nantly fluvial nat d; depth
Paleocene), Montana at base greater than
13,000 [eet
49. Pierre Shale (Late Cl, Ph, Crs, Mnt Altered siliceous or Marine 8000 [cet or less? Toaurtelot, 1g6a;
Cretaceous), northemn intermediate ff Bramlette and Pogjnak,
Great Plainy, U.S.A. {bentonite); also 1933: Schultz, 1963
tuffaceous shale
50, Judith Fancy Wr Tuflaceous imestone  Marine Unknown Whetten, 15652
'ormation {Late
Cretaceous), St, Croix,
Vingin Islands
51. Late Cretaceous, Hl, Alb, Qez, Kip Chalk Marine 2000 feet or less {2)° Schiner, 1960
Germany . towrmaline .
52. Late Cretacecus, Cl-HI Chalky mari Marine 2000 feet or less {1)* Shumenko, 1952
53. Cretaceous of Pucrta (a) An, Alb Acid and intermediate  Subacrial, i tooo~Boco 5
Rico l:l:vas and veleanic © possibly fr;:::’a‘:érm‘i @ fet Orilora, 1964
clastic rocks
{b} An, Lm_, Epi, Alb {b) Booo—13,000 feet
{c) Pem, Epi, Alb, Pmp {c) 13,000-16,000 foct
54 Middle Cretaceous, Lm, Alb Silicic voleanic Shallow-water About 70, thers,
Alaska sandstane, wuif marine(?} feet at base of u:imce Hoaee and o 1964
. Middle Cretacesus, An Clay, 1, chalk i ° in is
% Urato-Embinsk ragion, limestone ~ e Madine aoncfeemorles () Asdun in Busyanova,
U.SS.R.
56. Blainnove Formation Lm, Chl Sandstane; lithic- Nonmarine Abour i
‘(S.a.rly f:reuccé:;u), volcanie and feldspathic " 14 25,000 feet ?;6':“ 2ad Mellon,
57- Late Jurassic and Lm, Alb, Kip Saudstonc, graywacke  Marine Unknown Gilbert, 1951; Bai
gnlti!?:rmnia narthern: and othcn,gslgﬁq. ey
58. &:_:?‘Ia:f;tlt: l‘:’a;:l:ut, (a) HI, St fl:r;dsmnc, il 3 Dy ly ine  (a) 1000-4000 foct Zapocozhtieva, tg6o;
Siberia - (b} Lm, Cht {b) 4000-12,500 fect zlahpumr;esun and
others, 1961
() Se (<) t2,500~13,000 feet é(hmowhya and
. ) tav,
(4) Pra, Chl, Mas (@) Greatesdham 9000 " O
. et
$9. Jurasic and Md, pomsibly CI-Hl;  Clay, sand arl, Mari YO i
Cretaccous, Russizg Qrz, opal, c‘{ldccdu:ay, andychalk 3000 fect or less? (1) Bushinsky, 1950
platform ' glauconite
Bo. Wahgi Valley (a} Lem Andesitic ), Marine (a) 14,000 feet at o, Crook, L
m:%rﬁe l‘I‘(e.l(h'cnm:et:n.u) graywacke to 28,000 feet :rﬂ:m " 198
(®) Pra, Pmp (b} 16,000~28,000 feet
6t. Knoxville Formation Lm, Alb, Qtz, Cel Silicic i Marine 17,000~39,000 {eet G. C. Willi
? h ] g M . is, 1961, M.S.
(Clal-,:e Jurasic), Chl, Epi thexis, Univ. o(ggaﬁl'omia
61, Late J ie, Yenisei St, HI Sandstone Monmarine? 2000 feet or less (1)" Za, h
Y Piglare + porozhtseva and
R‘."“' arca, s'm othery, 196¢
63, t[::tl: ur:ufxc, Lm, Th, kactinite ::r:;:::n;:ﬂi‘;hic ﬂc:::&tge)nla.l (chicfly 3000 lcet or less (1)* Koporulin, 1961; 1962
wuthern Slbma conglomerates
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Table 4.6.2

Contintied

Age sratigeaphic unit,
und location

Authigenie silicate
mincrals

Lithology of host rock

Depaitional
cuvironment
of beds

Maximum burial
depth (or degree of

deformation)

References

fig. Middie? Jurassie,
Kutais-Gelatsk region,
Georgia, U.S.S.R.

65. Twin Crecks
Limestone (Middle or
Late Jurassic), [duho
and Wyoming

65, Early and Middle
Jurassie, central
Oregon

67. Late Triassic and
Early Jurusic, nocth-
central Oregon

668. Early Jurassic.
northern Caucasus

9. Early Jurassic,
o Victzr‘lra. Ausralia

70, Mewark Group (late
Triassic), Connecticut
. and Massachusetts

1. ‘Bodga Limestone
? (Triassic), south of Ural
Moauntaing

72, Early to Late Trinssic,
New Zealand

73. Late Permian, Russiua
platlorm

74- Late Permian,
Ruszian platform

73 T Creek Formation

- wmnw' 2)e Wichita
Maountzins, Oklahoma

+6. Permian of Caspian
Depression, U.S.S.R.

77. Early Permian,
scuthern part of
Ural Mountains

78. Permian, northcast
New South Wales

79. Currabubuia
Formatioa {(late
Carbaniferous),

Bo. Upper Kuttung {late
Carboniferous), north-
east New South Wales

81, Coal Measures
{Casboniferous),
No

4
An

An, Alb, Quz

[1l, Len, Alb, Kip,
Pen, Pmp, Cel

Lm, Alb, Quz, Pro,
Cel, Pmp, Epi

Lm, An, Chl

Lm

Lm, Ally, Kip

An, Lm

(a) An, HL, Cl, Lm
{minar), Alb

(b) Hi;, Len, Alb, Pmp

(e} Lm, Prn, Alb, Eps,
Kip, Pmp

A

An

An, Na, opal

Searlesits, unidentificd
zeolize, and
hillcbrandite

An

HL, An

An, H1, Cl, Kip, All,
Cel, Chi; Lm near
base of sequence

1, Md

An, Alb

4

B2. Carboniferous,
Derbyshire, England

83. Pennsylvanian, West |
Virginia

8. Northern Oncga
Bauxite Depr;';z
(early Carboniferous},
Ruggian Platform

85. Early Carbonilcrous,
Germany

86. Parry and Tamworth
Geoups (Dovanian

and early Carboniferous)

northeast New South
Wales -

87. Middle Devanian of
Tuva, southeast Siberia

88, Early Paleozoic or
Preeambrian, Georgia,
U.5.A.

9. Beresov Suite {carly
Carboniferous),

southern part of Ural
Mountaing

An
An

An, Ph

An, Pro

Lm, Prn, Pmp, Alh,
Kip, Chl, Epi, Quz

Lm, Mus, biotite, Chl

Lui, Ch, Qtz, Epi,
Cel, saponite, Alb,
Pmp, Mus

G, Qtz, All, Epi,
ChI,antilmlitc. P
unidentified zeolite

Shale, siltstene,
line-grained
sandstune, coal

Silicie tuff

Andesitic and
rhyedacitic wif;
andesitic graywacke

Rhyalitic, andesitic,
and basalde tuff

Pisolitic ironstonc,
sandstone

Carbonized woad
cmbedded in arkesic
sandstone

Arkosic sandstone

Limestone

Acid and intermediate
tulffs -

Limestone, marl,
sandstone

Polymictic sundstone

Anocthasite graywacke

Latite(?) tuff and
tuffaceous halite

Silieie vitric tuffs
Vaolcanic sandstone.

Acid and intermediate
volcanie sandstane,
conglomerate, tuff, and
ignimbrite

Vierke tuff

Adtcred basaltie tuff of
volcanie cone{?)

Basaltic wil inter-
bedded in limestane

Coal bed

Bauxite and
assaciated bauxitic
rocks

Altered pillow-lava
complex

Aundesitic graywackes

Arkosic sandstone,
conglomerate

Rlyolitic welded tuff
and anclesite-dacite
conglomerate

Reworked tuffs,
tuffaccous sandstones

Nouamarine

Marine; locally
hypersatine?

Macine

Marine

Macine

Unknown

Fluvial

Marine

Marcine

Marine

Marine

Fluvial

Marine hypersaline

Marine {*shaliow
piedmont sea’)

Fluvial?

Nounmarine;
Muvioglacial

Noamarine
Land surfiace

Marine?
Nonmarine swamp

Land surface
{colluvium}

Subaqueous

Maring?

Fluvial

Subacrial and
subagqueous

Prohably marine or

fresh water

About 15,000 feet (1)

15,000 fect

Minimum of 12,500 feet
at top, 17,500 lect at
base; maximum at wp
probably between
15,000 and 10,000 feet

Poasibly 17,500 cr more
feet at top and is'm
[eet or more at base

15,000 feet or
more? (1)"

jone fect

About 15,000 (et for
Lm; less than 5000
{eet 1w about 15,000
feet for Alb, Kip

8000 feet or less? (1}°

(a} Possibly 10,000~
27,000 feet

(b) 27,000~33,000 feet

{e) 34,000-41,000 feet

Gooo feet or lows {1)°

000 feet or less? oy

2000 fect or less?
Unknown

Possibly 10,000 feet
or lest (1)*

Permian rocks 5700
feet thick; amount of
overlying beds unknown

5700 feet at tap o
£1,000 fect at base;
top of albite zone at
9200 feet

Unknown

Gooo-7000 fect? {3)*

7500-8500 fect? (4)"

3000 feet or less?

Dzotsenibze and
Skhirdadze, 1953

Gulbrandsen and
Cresstman, 1960

Dickinson, 1gb2a; 1g61b

Brown and Thayer, 1563

" Rengarten, 1950 -

- Gill, 1g57; Gill e

Coombs and aothery,
1659, p. 70
Heald, 1956

Kolbin and Pimbeerge.
kaya, 1955

Coombs, 1054

Boldyreva, 1953

Rengarten, 1940

Merric and [Tam, 19443
Chase, 1954

Lobanova, 1959
Khuorova and
Uinskaya, 1gbo

Wilkiunson and Whetten,
1964

Wilkinson and Whetten,
1g64; Wheteen, 19t5b

Coombs, 1?53: Me-
Kelvey, in Wilkinesoa
and Whetten, 1964
Sabine, 1963

Sargent, 19u5

Fuster and Feiche, 1948

5000 [eet o less (1)° Kal'berg and Levando,
gtz

Burial upk : ITeatschef, 196-

vocks highly deformed " 1953

17,000 feet at top,
42,000 fcet at base
laumontite; 18,000 feet
at top prechnite; 22,000
feet ax wop pumpellyite

Unknowis

Greater than 4ooo feet

Unknown

Packham and Cregk,
1960

Buryanova, 1g60

Ross, 1958

linskaya, 1g6o0

Burial depths are estimaited from the fullowing sourccs ul'slrntigmphi'c infurination: (1), Nalivkin (1960); (a.), Gignoux (1955); (3), Evans and Stubblelickd

(1929),
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Table 4. 6.3 A List of Zeolite Minerals

Name Structure Year Typical Oceurence Exgmples of Occurence in
Group  Discovered in Igneous Rocks Sedimentary Rocks
Analcime 1 1784 Ireland, New Jersey Lixtensive; Wyoming, etc. Deep sea floor
Bikitaite [ 1957 Rhodesia
Brewsterite 7 1822 Scotland
Chabazite 4 1772 * NMova Scotia, Ireland Arizona, Nevada, Italy
Clinoptilolite 7 1890 Wyoming Extensive; Western U, S., Deep sea floor
Dachiardite 6 1905 Elba, l1aly :
Edingtonite 5 1825 Scotland
Epistilbite [ 1823 Iceland
Erionite 2 1890 Rare, Oregon Nevada, Oregon, U.S.S.R.
Faujasite 4 1842 Rare, Germany
Ferrierite 6 918 Rare, British Columbia, Italy iah, Nevada
Garronite 1 1962 heland, Jceland
Gismondine 1 1816 Rare, ltaly
Cmelinite 4 1807 Nova Scotiz
Gonnazdite 5 1896 France, ltaly
Harmotome 1 1775 Scotland
Herschelite 4 1825 Sicily Arizona
Heulandite 7 1801 lceland New Zealand
Kehoeite ] 1893 Rare, South Dakota
Laumontite 1 1785 Nova Scotia, Faroe Islands  Extensive; New Zealand, .88 R,
Levynite 2 1825 Iceland
Mesolite s 1813 Nova Scotia
Mordenite 6 1864 Nova Scotia U.5.5.R., Japan, Western U.S,
Matralite s 1758 ireland, New Jersey .
Offretite - 2 189¢ Rare, France
Baulingite 1 1960 Rare, Washington
Phillipsite 1 1824 1reland, Sicily Extensive, Western U.S., Africa, Deep sea floor
Scolecite 5 1801 leeland, Colorado
Stellerite 7 1949
Stilbite ki 1756 Iceland, Ireland, Scotland
Themsonite 5 1801 Scotland, Colorado
Viseite 1 1942 Rare, Relgium
Wairakite 1 1955 New Zealand
Yugawaralite 1 1952 Japan

Table 4. 6. 4 Sedimentary Zeclite Deposits (5)

Age Location Zeolites Depositional Environment
1 Some typical 2eolites in deposits of saline, alkaline nonmaripe environmenis :
Recent sediments Lake Natron, Tanzania Analeime Sodium carbonate lake of high salinity
Recent-late Pleistocene Tecls Marsh, Nevada Phillipsite, clinoptilolite, Sodium carbonate lake
anatcime
Late Pleistocene Gwens Lake, California Phillipsite, clinoptilolite, Saline, alkaline lake
' etlonite, analcime
Late Pleistocene Olduval Gorge, Tanzanja Analcime, chabazite, phillipsite Playa Lake
Middle Pllocene to North Central Nevada Erlonite, phillipsite Saline, alkaline lake
Middle Pleistocene
Pliocene Central Nevada Erionite, clinaptilolite, Saline, alkaline lake
phillipsite
Early and Middle Eocene Wyoming Analcime Saline, sodium carbonate lake
Triassic New Jersey Analcime Saline lake, soda-rich
Larly Carboniferous Tuva, Siberia Analcime, laumontite Saline and alkaline lake or lagoon
2 Zeolites deposited In marine and fresh-water environments .
Recent sediments Gulf of Naples Analcime Shallow marine
Recent and Fleistocene Pacific and Indian Oceans Phillipsite, harmotome Deep-sea floor
clinoptilolite, natrolite
Recent and late Flelstocene  Atlantie Ocean Clinoptilolite Deep-ses floor
Late Miocene and Pliocene  Central Nevada Clinoptilclite Lacustrine
QOligocene to early Fliocene  North Central Nevada Clinoptilotite Lacustrine
Miocene Northern Honshn Clinoptilotite, mordenite Marine and lacustrine
Olgocene South Dakota and Wyoming Clinoptilolite, erionite Fluvial
Cretaceous Ural Mountains Mordenite Marine
Cretaceous New Guinea Laumontite Marine
Easly to late Trassic New Zealand Analcime, heulandite, clino- Marine
ptilolite, laumontile
Carboniferous England Analcime Land surface
Ezrly Paleozoic or Precambrian Georgia, USA - Laumontite Subaerial and subaqueous
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Table 4. 6.5 AvrHigesic Smicate MiNegaLs Marike. SiLicia Tuprg AND CARBONATE ROCKS THAT HAVE
reeN Bumiso To RELATivELy Siartow DepTus

Abbreviations are as follows: An, analcime; Cl, elinoptilolite; HI, heulandite; Md, mordenite; Ph, phillipsite; Alb, albite; Cor, corrensite;
Kip, K leldspar; Mnt, montmoarillonite; Qtz, quartz; “I'rm, tourmaline; and Ver, vermiculite

Authigenic silicate  Maximum burial

Rock type Age and location mincrals depth (feet) Reference
Silicie toff Miocene, California. Cl, Mnt 5000—10,000 Bramlette and Posjnak, 1933
Tuffaceous clay Miocene and Pliocene, Experimental Mohole Cl, Mnt go to 550 Murata and Erd, 1964
Silicic tufl Eocene, Texas Cl, Mnt approx. 20007 Woeceks and Eargle, 1963
Silicic tull Late Cretaccous, Great Plaing, U. S, A, Cl, Ph, Mnt Booo or less Tourtelot, 1962; Schultz, 1963
Silicic tufl Early Cretaceous, Wyoming Pri::cipally Mnt, Bocoto 5000  Slaughter and Earley, 1965
n
Silicic tuff Ordovician, Minnesota Kip, Mnat 3000 or lese Weins, 1954
Calcilutite Cretaceoun and Paleocene, Indian Occan Cl, Mnt less than 100 P. E. Biscaye, 1964, Ph. D.
(tuffaceous?) ) thesis, Yale Univ.; 1964
Chalk Late Cretaccous (Senonian}, Germany HI,I_Kfp,é.\lh. 2000 or less (1)*  Schéner, 1960
Trm, Qtz
Chalk Late Cretaceous {Cenomanian), Kip, Alb, Trm, 2000 or less (1)°  Schéner, 1960
Germany Otz

Chalky marl Late Cretaceous, Ukraine Hl, Cl 2000 or less (2)*  Shumenko, 1962
Chalk, limestone  Late Cretaceous, South Dakota Kip 6000 or less Crowley, 193g; Tester and

. Atwater, 1934
Mﬂrl. chalk, Middle Cretacecous, U.S.5.R. An 3000 or less {2)  Avdusin in Buryanova, 1960

meatone .
Murl, chalk Jurassic and Cretaceous, Russian Platform  Md, possibly C-Hl 3000 or less (2)°  Bushinsky, tg50
Limestone, marl  Late Permian, Russian Platform An 6000 or less (2)*  Boldyreva, 1953
Limestone, Lnte Mississippian, Cumberland Plateau Alb, Kip, Qtz, 4500 Pcterson, 1962
dolomite r, Ver

Limestone Mississippian, lowa Kip 3000 or less? Tester and Atwater, 1934
Limestone Qrdovician, New York Alb 5000 or less? Singewald and Milton, 1929
Dolomite Ordovician, Wisconsin and Minnesota Kip 3000 or less Tester and Atwater, 1934

* Burinl depths estimated from stratigeaphic data in (1)} Gignoux, 19555 (2) Nalivkin, 1g6o

Table 4. 6.6 Temperatures of Occurrence of Some Zeolites and Related Minerals (12)
Mineral Occurrence Temperature ('C)  Depth {m)
Phillipsite Deep-sea sediments 0 4000 - 5000
Chabazite, phillip- Masonry, Roman baths 40-70 Surface

site natrolite ‘
Clinoptilolite, Diagenesis Low ?

analcime
Stilbite Hunters, Boulder Hot Springs 64,73 Surface
Clinoptilolite Yellowstone 125 19-26
Analcime Yellowstone 125 - 155 26 - 60
Mozdenite Wairakei 150-230 73-300
Heulandite Wairakei —Within range of mordenite
Laumontite Wairakei ' 195-220 150-275
Wairakite Wairakei 200-250 180- 600,
Prehnite Wairakei 200 00
Albite Wairakei 160 - 240 100 - 620
Adularia Wairakei 230 - 250 385-650
Zeolite and adularia Steam Boat Springs 170 52

Note: The maximum temperatures recorded at Wairakei boreholes are 250 - 260 C.
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Table 4. 6. 7 Chemical Compositions of Igneous Rocks

calc-alkali calc-alkali diorite andesite gabbro tholeiite alkali peridotite

granite, rhyolite basalt basalt
5i0, . 72.08 73.66 51.86 54.20 48.36 50.23 45.78 43.54
Ti0, 0.37 0.22 1.50 1.31 1.32 2.03 2.63 0.81
A1,04 13.86 13.45 16.40 17.17 16.84 14.07 14.64 3.99
Fe,0, 0.86 1.25 2.73 3.48 2.55 2.88 3.16 2.51 .
FeO 1.67 - 0.75 6.97 5.49 7.92 9.00 8.73 9.84
Mn0 0.06 0.03 0.18 0.15 0.18 0.18 0.20 0.21
MgC 0.52 0.32 6.12 4,36 8.06 6.34 9.39 34.02
Ca0 1.33 1.13 8.40 7.92 11.07 10.42 10.74 3.46
Na20 3.08 2.99 3.36 3.67 2.26 2.23 2.63 0.56
K50 5.46 5.35 | 1.33 1.17 0.56 0.82 0.95 0.25
H20+ 0.53 0.78 0.80 0.86 0.64 0.91 0.76 0.76
PO 0.18 0.07 0.35 0.28 0.24 0.23 0.39 0.05

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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KEBENBK,Na,Ca,AL,81 EXRKBRFPEBHEL BRI, BRARSHERE
EBERERT B, Lo, BEHPZ0LIEL&BETEE» N5 L PH ®Eh BXELL,
ErtnNioTBETII A VEOHBIELT B L3 ELbN 5, KB+ v
# B, TLTHEFERBRRS0EM BHREYosHE, clad, AL RfboE
%%%Kk&ﬁﬁﬁﬁTéﬁﬁﬁﬁ@w,Bi@ﬁﬁ%tEmﬁﬁTamf,HLW%%
VA4 PRGOS MEMAENREOBKRISEOREL 15, 4.6.1 TRNBKEBERTE
—~TAR)BCBY SBROREARARE, SEOBROFET COBRRIGE X 2HTHXK
EV, Lo T, HLWEHEYA +r 0YEFENRER, NETIKBFROER LUBFE
TEAF vEEBEXLE 4 BRIV, BRECCH WEENEHFIE LT LEEL
bhd, BR-EVEOHERED ZoBBL IV REIEHEETSITHS 5,

Table 4.6.8 Chemical Compositions of Rock-forming
Minerals in Igneous Rocks.

. quartz 5102
plagioclase (Na,A1,51308)X(Ca A]ZSiZOS)y

orthoclase KA131308

biotite  (Mg,Fe), 5(ST,A1),0,,(0H),
amphiboles (Ca,Na)2 3(Mg, Fe)S(SiM)SO22
phroxene (Ca,Fe,Mg)SiO3

olivine (Mg,Fe)25104

4.6.3 BHHREEOBHEEL

BOGY ML oY~ ERT3BEORER VA 0BE L KOBETIBE L TREL
BRB, BAL6ILTFTLEIILAREL T4 P Na —X BRABKOEET T 3500TH
BRBEL, REFAERT LIRS, BANCTRs A SBeL TH K
PH RETL, BEOMNEEEAET, 2, €474 F XOBERIE, Nasice
REoTAAVvRBENIOREL{ BNRERFXALT 54610 0flrodHS
B, BARCEENA A vEBEC X VBWNEEEIREZ, S OBOREBRE EFH
VW, KEZKOFEETTHRARC X AMEFR L VBERFREECE IR TV, KBNS/
ALOECHAE, Si AL DEVWHBARCIERTELZC 7 V- a7 - ¥ERE TEER

= 176 —



Table 4. 6.9 Steam Stability of Zeolite X2 (112)

Sample Zeolite X X-Ruay Intensity b Adsorptionc
(111} {333) fwe %)
NaX 17 40 5.3
Na, HXd 76 35 304
NaX untreated 150 30 356
X-Ray Adsorption  (wt %)
H,0f Kre
NaX pellets® before — 26.5 60.7
after N 50% loss 14.3 24.2

o
8Powder sample 350°C, 8 hours in 100% steam £-183°C, 18 tors

Arbitrary units )
€0, at -183°C, 700 torr
YTitrated in water slurry 1o pH 5.9 with HCI (0.5N)
®Pellets 4 - 8 mesh hot pressed at 200°C, 25,000 psi
125°C, 4.6 torr

Table 4.6.10 Steam Stability of Zeolite X2 (112)

bk 350 - 375°C steam, 14 hr

Cation Form %Exchange Structured Adsorption®
K 77 -60% -89%
Na’ 100 -80% ~84%
Ca** - 84 -60% -71%
Ce®* 77 no change -21%

31 0ose powder (300°C, 8 hr in 100% steam)
Dotermined from loss in intensity of sclected x-ray powder reflections.
CAs determined from argon adsorption at - 183°C and 700 torr

HRFEh3, TOBEHIE,

Si0, MEF LV % AL0, WESOFEMAKTHEEZZTI R TN

ZrimkBA30ThB, BREFFA X EEEYAIFIA MY 2T, Hi63 Rt L

2 Si/AL DFRIZHEY, Si AL> 15 TR410CKE BV TIBERELT X
Bo EAFVBERIUVB T Fr A BERSI/ALOBIEVHECEL, MASRI X
BEALVIETEMOBERL Y QEHNED 5, BEIBMKCI EHETMBAEHS
TRV, RBHNCRERBESRNEERICES Y, 3VRHBAaliotho g wiE

ALTT B, TOFELTEREPLE I R OBBIT SN B,

Zeolite A 8900 B — Cristobalite { Buerger structure (165)3

Zeolite X M Carnegeite

1000C

Mg X XM,. Glass Cordierite

Zeolite Y M} Glass

CNHEDOEREA FA Mgy RBEOIDOTH-THIFENBA 4 VEORVIZ L DB

REMRERS (F4.6.10B8L0X4.6.4),
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Fig. 4.6. 3 Effectof Si-Al composmon on hydrolytic stability of zeolites X and Y (25).
Zeolites subjected to water vapor at%10° and atmospheric pressure for three hours, Reten-
tion of zeolite ctystal]mnty determined from percent retention of oxygen adsorption capacity
at 100 togr and 183 C.

BE» S EHS LR TI3EFCR, BEEOBEOEVWT AL I 2V y A1BETHHMO
BEBECRBEANLELT 5, R46.11 €471 P YOMEROE(LERL THDH,
5000, 20KbDHlicA LD L5 REHRBIEZREZ 6T, €451 FPRFBADOX
5 RhEERYEETRENC e AMBE~NELTsLELLND (F4.6.12 ),

$4.6.13 KRTHCL BEFcoB+ORBAOBNREE» bHBEY, —RCBRE
ST TRBARBHRENEL, ExSi/ALOKREW (YY) P EEDL ) WA D HBNER
EHERENDOTEL6.14 CREALFVHARHR7F o AA, ERELTFA I LAEET.
i, MOoBAEI VA EVWRNREEXPEENB, Z0 L) ABE, BN RokFA
B (5%, €4r54 M eSEns3Ba44v8E), PHE&H EBRELZFCIIRCEHD
BETETOBNEBHICRENE TSI LEBREEINE Y —, FI1BEHBERBY

AMAEEOBNRERRIE L4611 ETFT LI, KEROFETERBT2ENLIERE
KEEAZLRFHENSE, #4614 KFRTIOR, 1kb, 10 BREOKIE TR, #
BEOBNEERE ¥ 94 R&BTE_TETL, MoBEREcIEDHE~LED S,
EREHLALEAS D0 HEAEE, BAFRCE > THRERETRED TRVE
MzETD, £/, BEEROBELRERIRBROBE LARER X2BF5ER3LTL D
—HLANTHS 9, K465, SRBAVMBOBE~ERT sEROEES X VLYE
PFRLESDTH B8, WTHLoHes ZFRUHOERCHY, D~ 0BREER
ET+5EANS 0537 50 Fabb, WEOMYREERREREILA E < EFLTY
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Table 4.6.11 Transformation of Zeolites and Related Minerals
from Synthetic Zeolite Y

Nagq,[(AlOg ]54(Si02)ua] +260 l'lg (0]
Zeolite Y, dp=1.25

o
?gc;cc (a) 12[Nas 33(Al03)535(8i03)10,66* 15 H;0] + 80 H;0
400;(':""3“ Zeolite P, dg= 1,57

10 kilobars (0) 4{Na14(Al02)1¢(Si0)3]* 16 H,0] + 196 H,;0
Analcime, dg= 1.85

500°C

20 kilobars () 16[“"}2}2}2‘@6)41 + 260 H,0

700"

15 kitobars (4 8INasAl(Siz0p)e] + 4[NagAlSiz03] + 260 H,0

Albite Nepheline

— 100

5T
& 3
= 5o
g 053
g g
® ™3
1%
5 3

-1.0

1 1 1 I 1
360 ° 500 70% 900
Temperature { C)

Fig. 4.6.4 Thermal stability in
air of zeolite Y, Heated for 16
hours after an initial dehydra-
tion in air at 350° (116), Si/Al
ratlo = 1,75; Ca exchange = .91
€q, fraction. (1) NaY ~ crystallin-
ity; (2) CaY - crystallinity; (3)
Na¥ - loss in weight (% wiw);
(4) CaY - Jass in weight (Bw/w).
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Table 4.6.12 Some Products of the Transformation of Zeolite Y at High Pressure

(117)

Temp (°C) Pressure (kilobars 3 Product®
300 15 P
400 10 analcime
400 25 jadeite
500 5 analcime
500 20 jadeite
600 5 analcime
600 23 jadeite
700 15 albite

:Experiments perfonmed in a uniaxial “simple squeezer™ of the Griggs-Kennedy type (118),
Product as identified by x-1ay powder pattem,

Table 4.6.13 Stability of Zeolites to Anhydrous HCl at 228 Torr (120)

Ratio - Temperature {°C)

Zeolite SifAl 2000 610°
Na Mordenite 475 stable stable
Na Clinoptilolite 4,65 . stable stable
Zeolite L 3.0 stable stable
Na Chabazite 25 not siable —
NaY 24 stable stable
Na X 1.33 not stable —
Na A 1.0 not stable -

Stable = no changé in x-ray powder diffraction lines.
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Table 4.6.14 Hydrothermal Conversion of Zeolite Minerals at 1000 bars, 10 days

_(110) ,
Starting Zeolite Degree of Exchange® Temp. {°C} Phase Formed ®
Chabazite® 0.73 Ca0 230 wairakite
Li®* 0.94 310 poorly crystalline chabazite
Na®* 0.98 210 analcime
K 0.92 300 high sanidine®
™ 0.90 230 phillipsite
Ba®* 0.68 250 unknown
Harmotome (.77 BaOQ 330 celaiand
L 0.86 350 wairakite and montmaorilionite
Na®% 0.77 250 enalcime
K% 0.79 300 high sanidine®
o™ 0.52 320 celsian?
Ba®* 0.86 320 celsiznd
Gmelinite 0.99 Na20 200 analcime
L 0.96 200 phillipsite
Na®* 0.59 200 anslcime
K% 0.93 300 high sanidine®
Ca®% 0.93 220 phillipsite
Ba®* 0.90 250 harmotome
Gismondine 0.80 Ca0 235 natrolite
L 0.88 200 LASH-1®
Na®% 6.91 200 analcime
K% 0.53 300 feldspar
%% nd 235 natrolite
Ba®* 048 220 harmotome
Phillipsite 0.71 Cal 270 wairakite
Li®* 0.78 250 montmorillonite
Na®% 0.92 230 analcime
KeX 0.65 360 high sanidine®
Ca%* 0.90 260 wairakite
Ba® 0.25 250 harmotome
Stilbite 300 wairakite
Clinoptilolite 360 moxdenite

2 Depree of exchange expressed as Sum of exchange cation
total exchangeable ions
b These were identified by x-ray powder patterns and indicate the structure-type formed
© High sanidine is a potassium feldspar, KA1Si404
4 Celsian is a barium feldspar, BaA1,8i,04
€LASH-1 = Zeolite Li-A, l.i20 -A1203 . 28i02 . 4H20
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- P 10 -
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Fig. 4. 6.5 Time-temperature diagrams showing hydrothermal transformation of some zeolites
at 20,000 psi pressure of H3O (111). Compositions of starting matericals are as follows (in males

of oxides):

(a) Zeolite X, NaX
{b) Calciom X

{c) Magnesium X
(d) Zeolite P

{¢) Calcium P

() Zeolite A, NaA
(g) Potassium P
(h) Calcium A

NaZOrA1203‘2.4Si03'4.3H20

Ca0y o°Al2032.45i03nH0

MgOg 51" Na30q.1 9'Al;03:2.45i0, nH,0
Na,0* Al;0,°58i0,°4.3H,0
Ca0-Al1;03°4.98i0,°5.5H,0

Na;O'Alg()a ‘1.98503'3.71'[30

KgOo 33N3;00_|3 ‘AlgO;"‘.SSi’Dz '2.8“20
Ca0gq gNag0g 04 A1303°1.95i02-5H;0
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Fig. 4.6.6 Vertical zonation of zeolites, albite, prehnite, and pumpellyite in sequences of sedimentary rocks. Refer-
ences for data in column (1}: Coombs (1958), Packham and Crook (1g60), Wilkinson and Whetten (1964), and
Whetten (1965b). Column (2}: Coombs (1954) and Coombs and others (1g959). Column (3}: Otélora (1964). Col-
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thesis, Tokyo Univ.} and lijima and Utada (in press). .
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cime and albite as a function of Na* concentration
* . and temperature in the presence of additional silica
(solid line) at final pH =~ 12. Broken line indicates the
phase boundary shown in Fig, 2. Mor; Mordenite+
Quariz, Anl;Analcime + Quartz, Ab;Albite 4+ Quartz

cime and albite as a function of Na* concentration
and temperature in the presence of additional silica
(solid line) at final pH ~ 13. Broken line indicates the
phase boundary shown in Fig. 2. Mor; Mordenite +
Quartz, Anl;Analcime 4+ Quartz, Ab;Albite 4+ Quartz

HENBEOLEEREE 7.1, EREERICRIEFRIE>VTRE L T.2EFT,

EREHRETSeKEShAK, (BRREBECIIRZEN L, Bohlrf 7S
R ABE (RER rRELEEERcaEBHBRons ). A7 VHA, HA, R
A, AIVERTHY, REFHLLTA -2 Y A +A54 L+, AREDO VY HEWIER
xh. REHAZGRBZ O WIREANBTERESEE LT 0o
ERBI OV TRGUHOBEERLYGTL TEESHET 7o AL 05 ,» TiO: , M#0O,
Ca0, BETFHE, Nap 0, K20 i3 £0E:, HLOXBRFERVW, LrLA¥d, &M

BWHRBHTPETCHI LD SO BEHEW Lok, F4 7.3 CRENAZERHEO
FEATEET T

—%, BEEPH 2HELABEBRL CoHictklike AL 0y , TiO:, M70, Cal

ﬁ‘-ﬁ%&j’ﬁv Naq O, Kini%ﬂ'ﬁ&:

Table 4. 7.1 Chemical Analysis Data of étarting Material

(Clinoptilolite, from Itaya)

| - Wt o Mol. prop.

Si0, 67.92 1.130
TiQ, trace —
ALO, 1L.74 0.115
Fe.0, 0.54 0.004
MnQ 0.01 —
g0 0.27 0.007
CaQ 1.01 0.018
Na0 2_60 0.042
K.Q 3.82 0.041
HLOC+) 7.5 0.453
H,0(—) 5.27 0.292
Total 100.43

— 186 —

Si0; PH AEE, ek (=) /FvEEIK



— 181 —

Table 4. 7.2 Experimental Data (Selected experiments only)
Run  Temperature Pressure NaOH NaCl KOH KC1 initial final Solid
C bars (normality) PH PH phase
{(Duration; b5 days) obtained
1 200 600 0.01 1.0 - - 11.85 9.23 Clp+Md
2 200 600 0.1 1.0 - - ~12.70 11.50 Clp+Md
3 200 600 0.01 - - - 13.00 11,70 Md
4 250 800 0.1 - - - 13.00 11.73 Md
5 200 600 0.1 - - - 13.00 12.00 Md
6 250 600 0.01 - - - 12.00 9.60 Md
7 250 100 0.01 1.0 - - 11.80 6.90 Md
8 250 100 0.01 2.0 - - 12.00 7.85 Md
9 200 600 1.0 - - - 12.95 An
10 220 620 1.0 - - - 12.95  An
11 255 480 1.0 1.0 - - 13.62 An
12 250 510 1.0 - - 0.1 13.20 An
13 205 630 - 0.1 1.0 - 13.30 K-feld

Synthesized Phase;

Md;

An;
Ab+Qz;
K-feld;

Clp; Clinoptilolite

Mordenite
Analcime

Albite + Quartz
K-feldspar



Table 4. 7.3 Chemical Analysis data of products (Wt %)

{Analysed by Kusakabe)

RUN SiO2 A1203 Fe203 Mgl Cal Na20 KZO H20

1 64.69 13.24 0.62 0.24 1.15 5.93 1.33 12.80
2 68.38 11.34 0.43 0.14 0.98 6.07 1.21 11.45
3 66.34 13.23 0.80 0.23 1.04 5.05 3.13 10.00
4 68.38 12.29 0.77 0.18 0.97 4.72 3.49  9.20
5 65.25 13.23 0.44 0.21 1.18 4.78 3.31 11.60
6 68.30 11.91 0.52 0.21 0.95 2.56 3.25 12.30
/ 69.36 10.96 0.57 0.20 0.45 4.72 0.84 15.90
8 70.26 11.32 0.51 0.28 0.91 4.31 1.51 10.90
9 54.90 19.47 0.77 0.39 1.82 14.15 0.30 8.20
10 56.31 18.90 1.04 0.36 1.57  12.94 0.48 8.40
11 53.20 20.79 0.65 0.33 0.32 15.50 0.06 9.15
12 59.01 18.64 0.64 0.46 1.49 8.83 3.13  7.80
13 62.27 15.79 0.90 0.42 0.97 0.09 17.83 1.73
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ERERCESEBRRNER4.7.5 k5 2 5o Z0MERERKO PH, (K™, (Na')
DE» SRS DT HBo reversible (MR ) DEBRIZITR > TV AV, MbkoT
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Chemical Analyses data of residual solution (PPM)

Table 4. 7. 4
Run 814+ A13+ Fegi Mg2+ Ca2+ Na' K+
Fe
1 4670 10 TR | 1.6 18 32600 960
2 2570 10 TR 1.8 24 28930 850
3 1040 10 3.0 1.7 27 1440 TR
4 2920 10 TR 1.3 8.0 1750 40
5 2720 10 3.5 1.3 12.0 2190 145
6 210 10 TR 2.2 10.5 110 TR
7 270 10 TR 1.9 27.4 21500 870
8 160. 15 8.3 5.2 18.4 22500 1440
9 9700 10 10.5 2.6 13.1 19700 1700
10 9700 10 17.5 3.3 12.3 17600 9800
11 5840 10 TR 3.0 11.4 43600 1300
12 9600 25 2.3 10 2.3 22000 4500
13 3100 28 4.2 1. 16 2500 24100
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-1
cut PiNat I B, 810, 3% _ (Na' F (HS8i0j )°
(K32 T SRt

K =
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Fig. 4.8.1 The model used in this simulation.
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Table 4.8.1 Assumed physical Pproperties

in the Standard model.

COMPONENTS MATERIAL DENSITY (Kg/m") IS{%iEJFIFI C( J/Kg- ;'C) ggIE:DIi]ﬁg‘;‘?V‘[TY(W/m +C)
WASTE FORM GLASS(G—2) 2.8x10° 8.4 x10° 1.5
CANISTER SUS 304L 7.8 X 10 4.6 X102 16.3
BUFFER BENTONITE 2.0 x10° 9.2 x10¢ 1.0
HOST ROCK GRANITE 2.7 X108 8.4 x10° 3.8

Table 4.8.2 Heat generation per unit volume of waste form

Time after

Reprocessing (YEAR)

Heat generation

(w nf)
50 1.67 X 10°
100 5.34 x 10%
500 1.63 X 10!
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Fig. 4.8.5 The temperature change at the inner surface of buffer

of various thickness
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Fig. 4.8.7 Effect of intermediate storage on the buffer temperature
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Table 5. 2.1

Grain Characteristics of Candidate Materiale

(BT MREE | (HEWEREE] BM5 0F (EER R 2-))

grain density

bulk density

repose angle

cohesiveness

Mohs ‘hardness
(# /e ] (#/ch) ( deg ]
) ) 0.3~ 05
Na --montmorillonite 25~ 2.6 1.5 45~50 large
(powder)
_ 0.2 ~ 0.6
zeolite 2.1~22 4~5 45~50 middle
. (powder)
quariz 2.65 7 14~ 1.5 27~31 small
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Table 5.3.1 Grain Mixer and their Availability
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Table 5. 4.1

Ram-type Compacting Machine
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R/D Program for Buffer Material in an Engineered Barrier,



