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Geochemistry and Mineralogy Program 

K>J Introduction 

The activities In the Geochemistry and Mineralogy section of our program support three Independent and Interrelated subject areas which are: 

1. Geochemical retardationAransport of radionuclides to the accessible environment.  
2. Site-specific mineralogy and geophysical studies to establish the hydrogeology of the vadose 

zone.  

3. Past climate and related genesis of authigenic desert carbonates and silicates.  

Within the classification of these three licensing Issues, there are a total of ten intensive review and research activities that have been performed. These activities are distributed In the following manner.  

1. Geochemical Retardation: 

a. An assessment of the potential for radionuclide sorption as a function of authigenic mineral stability with respect to thermodynamic properties of zeolites, days, and associated silicates 
and oxyhydroxides.  

b. Determination and characterization of the behavior of authigenlc zeolltes, clays, and transition metal oxyhydroxides during sorption and desorption of radionuclides (and proxies) under laboratory-imposed repository conditions.  

c. An assessment of volcanic glass stability with respect to magnetic and paramagnetic primary minerals Included In the volcanic glasses of Yucca Mountain.  
d. An assessment of the geochemical and mineralogical stability of rhyolitic glass at Yucca Mountain with respect to authigenic mineral production and its relation to geochemical 

retardation of radionuclides.  
e. An assessment of desert varnish dating to determine its utility with respect to determining the 

rates of authigenic mineral formation from rhyolitic glass at Yucca Mountain.  

2. Site-Specific Hydrogeology: 

a. Utilization of tritium, carbon-14, and iodine concentration exchanged Into zeolite supercages to determine the relative age of last vadose waters of exposure, to assess the rate of fracture 
flow In vadose-zone liquid transport.  

b. To determine the magnetic stratigraphy for Yucca Mountain for use as a drilling control during 
sample collection and search for vadose water.  

3. Past climate and desert carbonates: 

a. Characterization of diagenetic events at Lake Tecopa for the resolution of hydrostratigraphic 
events as they relate to past climate in the region of Yucca Mountain.  

b. An assessment of genesis of desert carbonates with respect to the interpretation of past climate events as they can be resolved from trenches and ground-water discharge deposits.
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C. Characterization of opaline and carbonate deposits with specific reference to Trenches 14, 
17, 1, and the sand ramps.  

The basic design and focus of the geochemical retardation/transport section of the program Is to 
address the ability or Inability of the natural environment to isolate radioactive waste from the accessible 
environment after repository closure. In order to accomplish this task, it has been necessary to assess 
the thermodynamics of the vadose-zone system with respect to vadose-water chemistry, mineralogy, and 
temperature (see Appendix C: Bowers, T. J. and R. G. Bums, 1988). These information can be utilized to 
ascertain sorptlve mineral stability under repository conditions. However, predictive value is only as good 
as input data provided. In this particular case, there is a serious void In good vadose-water chemistry and 
therefore until this void Is filled, the thermodynamic calculations must remain tenuous.  

In a parallel study, the sorption behavior of single-crystal zeolites are being assessed (see 
Appendix C: Wood, V. J., et al., 1988). Crystallographic orientation, initial supercage composition among 
a host of other parameters, affect the sorption capacity of Yucca Mountain type zeolites such as 
clinoptilolite and heulandite. These studies will provide a predictive baseline of radionuclide behavior with 
respect to zeolite crystal chemistry and allow us to move into whole-rock studies In the future. This 
overall base of Information will provide an ability to address our ultimate goal which is the retardation 
capacity of fracture surfaces, the Topopah Springs Member of the Paintbrush TufO and the Calico Hills 
formation. With respect to the Calico Hills formation, there Is concern with regards to glass and 
authigenic mineral stability. This issue is being addressed with the glass studies that are described in this 
report (see Appendix C: Blundy, J.. et al., 1987, 1988).  

Site-specific hydrogeology Issues that are being addressed In our studies involve drilling and 
obtaining fracture and matrix samples that contain zeolites. Utilizing a tandetron In Toronto, we are 
developing procedures to analyze for gases such as C-14 to determine the age of the water of last 
exposure. These Information will give us a better understanding of the fracture flow mechanism at Yucca 
Mountain.  

Past-climate geochemical studies are primarily support-type studies assisting in the interpretation 
of stratigraphic events (see Appendix C: O'Hara, P. F., et al., 1988). In addition to these, specific studies 
regarding authigenic carbonates and opal are aiding interpretation of hydrologic and paleoclimatic events 
and processes for the Yucca Mountain trenches and surrounding desert region.  

Appendix C contains abstracts of papers presented at professional symposia and other technical 
documents that are offshoots of our efforts.
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Geochemical Retardation/Transport of Radlonuclides to the Accessible Environment.  
K-J The capacity for Yucca Mountain tuffs to provide radionucllde retardation for the limitation of radionuclide transport to the accessible environment Is an extremely complex Issue. It deals with the Identification of: the most likely paths of travel, potentiafly sorptive mineral availability along those paths, crystal orientation, chemical composition, mineral and glass stability under natural and Imposed conditions, colloid formation, precipitation, and diffusion. The following efforts explore various aspects of the Issue of the natural retardation barrier at Yucca Mountain to assess the capability of that barrier to provide meaningful retardation.
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Geochemistry and Mineralogy 

ISSUES: 

Can potentially sorptive minerals such as clinoptilolite, mordenite, smectite, and other authigenics 
provide retardation of radionuclides to the extent that credit can be taken by the DOE for isolation of the 
radioactive waste from the accessible environment after closure in accordance with the requirements set 
forth In 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960? Will these potentially sorptive minerals 
remain actively stable and capable to provide sorption even under near-field and far-field repository 
conditions? 

Characterization Issues: 

Can we construct activity diagrams for clinoptilolite to provide sufficient data relative to the 
susceptibility of this zeolite to further diagenetic reactions? 

Can we construct activity diagrams for mordenite? 

Can we construct activity diagrams for the smectites? 

Can we obtain sufficient in situ chemical data concerning vadose-water chemistry to be able to 
construct activity diagrams for the authigenic minerals situated in the vadose zone? 

Can we obtain sufficient In situ ground-water chemical analysis to be able to construct activity 
diagrams for authigenic minerals In the saturated zone? 

GENERAL OBJECTIVE: 

Develop activity diagrams for authigenic mineral stability relating to the geochemistry of the 
aqueous fluids and temperatures In the near and far fields, so as to be able to predict their stability under 
repository conditions and thereby assist in understanding the role of these minerals during potential 
retardation of radionuclides.  

Specific Objectives: 

Review the DOE water-chemistry literature to obtain basic chemical conditions that might be used 
for constructing activity diagrams.  

Review the open literature for the same purpose, since the DOE literature is Incomplete and 
potentially Inaccurate.  

Review the open literature for basic thermodynamic properties of clinoptilolite and associated 
minerals.  

Construct multicomponent activity diagrams for clinoptilolite on the basis of aluminosilicate activity 
and temperature.  

ACTIVITY SUMMARY: 

The stability limits of clinoptilolite and its vulnerability to changes In ground-water chemistry 
relative to well J-13 have been assessed, by constructing activity diagrams for clinoptilolite solid solutions 
in the system Ca-Na-K-Mg-Fe-AI-SI-H 2 0 employing available thermodynamic data for relevant oxide and 
aluminosilicate phases (see Appendix C: Bowers, T. J. and R. G. Bums, 1988, and R. G. Bums and T. J.  
Bowers, 1988).
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FINDINGS:

-. The results of our Investigations have been submitted to the American Mineralogist for publication (see Appendix C for a copy of the paper. Significantly, it appears that authigenic minerals such as clinoptilollte modify and are modified by ground-water compositions. We have been unable to acquire vadose-water compositions to date and therefore can make no comments concerning zeolite stability In 
the vadose zone.  

INTERPRETATION OF FINDINGS: 

The following observations are made: 

The coexistence of clinoptilolite with opal correlates with its calculated wide stability field In aqueous solutions saturated with amorphous silica.  

Clinoptilolite-smectlte assemblages indicate that the zeolite crystallized from ground water with dissolved Al concentrations lower those saturation values with respect to gibbsite.  

Calcime clinoptiloilte associated with calcite are consistent with crystallization from fracture-flow 
ground water containing Ca+2 and HC0 3 " derived from Incipient dissolution of microcrystalline devitrified 
tufts. Alkali-rich clinoptllolites correlate with ground water having elevated Na+ and K+ but depleted Ca 2 + concentrations which are associated with altered vitric tufts.  

The clinoptilolite stability field diminishes appreciably between 250C and I 00C, correlating with burial diagenetic reactions; but, confirming doubts about the thermal stability of clinoptilolite when 
exposed to repository conditions.  

- ADDITIONAL WORK REQUIRED: 

Obtain vadose-water chemical data and recalculate clinoptilolite stability using these Information.  

Calculate stability fields of the other zeolites and clays that might provide sorption retardation for 
radionuclides.  

Previous research into zeolite and clay stability will be utilized more heavily In future analytical 
efforts.  

RECOMMENDED PROGRAM: 

To continue the existing program of activities and to collect In situ data using our own drilling technology. These new data could then be utilized to calculate authigenic mineral stability more 
accurately than the present analytical efforts.  

Principal Investigator: 

Dr. R. G. Bums (MIT) with Dr. T. Bowers (MIT) are Co-Princlpal Investigators on the project.
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Geochemistry and Mineralogy 

ISSUES: 

To what extent, if any, can the DOE take credit for radionuclide sorption by zeolites, clays, and 
oxyhydroxides? Can credit be taken for. key radionuclides whose travel time and concentration limits 
might otherwise exceed the established limits? 

Characterization Issues: 

How do clays and zeolites behave during sorptlon/desorptlon? To what extent do they favor 
certain radionuclides? How does temperature affect sorption, sorption rates, desorption, and desorption 
rates? How do radionuclide concentrations affect sorption and desorption? How does zeolite crystal 
orientation affect sorption and desorption? 

How do transition-metal oxyhydroxides respond to actinide transport as colloids? To what extent 
if any do transition-metal oxyhydroxides provide sorption? If sorption Is provided, by what mechanism 
does this occur? 

Review Issue: 

Does the sorption/desorption work done by the DOE contractors cover the significant Issues and 
are their methods of analyses sound to the extent that they report conservative values? 

GENERAL OBJECTIVE: 

Determination and characterization of the behavior of authigenic zeolites, days, and transition
metal oxyhydroxides during sorption and desorption of radlonuclides (and proxies) under repository near
field and far-fleld conditions.  

Specific Objectives: 

Review the sorption/desorptlon literature provided by the DOE contractors and determine the 
value of those data with respect to providing a comprehensive understanding of the retardation 
parameters for the Yucca Mountain site. Determine whether these parameters are conservative and are 
focused towards obtaining realistic In situ approximations.  

Provide basic laboratory analyses on single crystal (pure mineral) sorption/desorption studies 
using a variety of proxies for radionuclides. Utilize co-calibrated equipment to Insure reproducibility of the 
results.  

Through the experiments with pure minerals, provide an understanding of the efforts of variation 
In temperature, crystal orientation, time of exposure, crystal size, radionuclide (proxy) concentrations, 
competing cations, sieving effects and other parameters that may be Important with respect to predicting 
In situ Yucca Mountain sorption/desorption reactions.  

Provide an understanding on an atomic/molecular basis on how, where, and why 
sorption/desorption take place with respect to each mineral and radionuclide In.the potential reaction, so 
that there Is a sound theoretical basis for future postclosure predictions of potential retardation.  

Provide similar basic Information as explained In the previous objectives for minerals In fractures 
and compare these data to similar Information collected for minerals in pores.
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ACTIVITY SUMMARY: 

Constant temperature bath exchange solutions have been utilized to explore single crystals of known composition (by electron microprobe [EM], scanning electron microprobe [SEM], and Ion microprobe analyses [SIMS]). Single crystals of clinoptilolite, mordenite, and analcime have been studied.  After experimental exposure, SEM, EM, and SIMS analyses of each crystal with respect to its crystallographic orientation Is performed. These experiments are run with variations in both solutions (proxies for radionuclides) and variations In temperatures (see Appendix C: Wood, V. J., M. S. Hubbard, 
and R. G. Bums, 1988).  

Magic angle NMR studies are made on exchanged crystals to determine the sites of sorption by 
the radionucride proxies.  

Clay minerals and oxyhydroxides have not been utilized as yet during the experiments.  

Sorptiorvdesorptlon data have been reviewed as has been provided by the DOE program.  

FINDINGS: 

Magic angle studies are beginning to Indicate where in the clinoptilolite and heulandite structures various exchanged Ions are located. These Information are preliminary and more work Is needed to 
resolve this basic Issue.  

Anaicite is not a very good exchanger, primarily because of its tight structure; consequently, it will be Insignificant with respect to acting as a sorbing barrier to radionuclide escape from the repository.  

Both heulandite and clinoptilolite are relatively good exchangers and both show crystallographic Influences for Cs (clinoptilolite shows less of an Influence than heulandite). The Cs concentration of the K> (010) face of heulandite is considerably lower than those of the other two faces, demonstrating that Cs readily enters the heulandite structure along the open channel [1001 and [0011 direction. The Cs concentrations of the heulandite (100) and (001) faces are comparable or slightly greater than corresponding faces of clinoptliolite which conflicts with older literature which states that the cation exchange properties of heulandite and clinoptilolite are quite dissimilar (see Appendix C).  

Since the ground water flowing through Yucca Mountain Is likely (chemistry unknown at present) to be dominated by Na, HCO3 , and Cl ions, these were Included In some of the experiments. The results 
of these analyses Indicate a slight enrichment of Na and a depletion of K occurred In the Na-oaded crystals (clinoptilolite). The presence of NaCI, however, decreases the uptake of Cs into clinoptilolite and 
heulandite (see Appendix C).  

Clinoptilolite crystals have been mounted on their (010) faces and reacted with 50 ml aliquots of CsCI solutions ranging In concentration from 1 M to 0.0001 M. The amount of Cs exchanged into clinoptilolite crystals decreases with Increasing dilution of the CsCI solutions. The efficiency of removal of Cs uptake by the (010) crystal faces Increases from 1 M CsCl to 0.0001 M CsCL. Heulandite shows similar effects of CsCI dilution to clinoptilolite (see Appendix C).  

INTERPRETATION OF FINDINGS: 

The findings of our experiments Indicate that various major sorption issues are not being addressed by the DOE subcontractors. Among these Issues are the effects of crystal orientation and crystal size. The mineralogy Investigators working for the DOE do not report crystal orientation for minerals described from the fractures, therefore, it Is not feasible at present to determine potential 
sorption in the fracture system.
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We have concluded that of the zeolftes present cllnoptilolfte, heulandite, and mordenite have the 
potential to be good sorbing exchangers. Temperature, crystal size, crystal orientation, vadose-water 
chemistry, concentrations of competing cations, Interactions with competing exchangers, initial cations 
within the supercage of the exchangers, among other controlling parameters greatly affect the potential 
sorption ability of the natural environment. Unless these Issues are fully addressed, the predictability of 
natural barrier sorption for Yucca Mountain Is virtually Impossible.  

ADDITIONAL WORK REQUIRED: 

Reestablish our program using magic angle NMR.  

Continue our standards exchange single-crystal bath studies.  

Start oxyhydroxide studies with actinide proxies.  

Start day exchange, Ion filtration studies.  

Analyze key pore and fracture horizons which may provide the bulk of the potential sorption effort 
at Yucca Mountain.  

Build a predictive model using the field and laboratory data collected.  

RECOMMENDED PROGRAMIEXISTING PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues relative to licensing Issues.  

Activity: 

To continue our efforts as outlined In Additional Work Required.  

EXISTING PROGRAM: 

The existing program Is moving ahead with very satisfactory progress. It will be necessary to 
obtain in situ samples from Yucca Mountain to bring this research in line with licensing Issues.  

Principal Investigator: 

Dr. R. G. Bums (MIT) Is the Principal Investigator of this project.

MY89051 d-42-



Geochemistry and Mineralogy 

ISSUE: 

Will glass Instability above and below the proposed high-level nuclear waste repository jeopardize the isolation or assist In the Isolation of radionuclides from the accessible environment? 

Characterization Issues: 

To what extent do Iron oxides, titanium oxides, and oxyhydroxides as microphenocrysts provide chemical Information regarding geochemlcal-environroental parameters during the diagenetic hydration of acid volcanic glass.  

To what extent do the iron oxides and oxyhydroxides contribute to volcanic-glass stability? Instability? In this respect, do they contribute to elevated hydration rates of the glass, and If so, by what reaction mechanism? 

How can these Information be used to assess sorption cheristry, colloid formation, and neormineralization of smectites and zeolites? 

GENERAL OBJECTIVES: 

Determination and identification of magnetic and paramagnetic microphenocrysts in volcanic 
glass In tuffs at Yucca Mountain.  

Specific Objectives: 

Identify micrormineral phenocrysts in volcanic glass at Yucca Mountain.  

Describe their distribution, magnetic properties and crystal structure.  

Describe and identify these minerals with respect to their stratigraphic position above and below the proposed repository horizon.  

Collect similar data from fresh and altered (hydrated) glasses to acquire data on Iron mobility.  

ACTIVITY SUMMARY: 

Samples have been collected from the TIva Canyon and upper portions of Topopah Springs Member of the Paintbrush Tuff. Sample collection has been made during magnetic stratigraphy investigations (see Appendix C: Schlinger, C. M., 1989).  
Laboratory data using Transmission Electron Microscopy (TEM) and magnetics have been 

acquired.  

FINDINGS: 

The Iron-oxide phases appear to be mostly magnetite-maghemifte microphenocrysts. Euhedral microphenocrysts of silicate phases have been found to be present in the upper Topopah Springs Member. It appears that the upper Topopah Springs Member has undergone remagnetization (CRM) which suggests that the time stratigraphlc depositional history may be correct. This period of remagnetization probably has occurred during the emplacement of the Tiva Canyon Member (see 
Appendix C).
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INTERPRETATION OF FINDINGS:

Magnetic and paramagnetic microphenocrysts are subject to diagenetic alteration changing their 
magnetic properties and therefore the paleomagnetfc signature of.the host rock. The geochemical 
interaction of these components with the host glass Is not yet understood as changes in funding have not 
allowed for this line of research.  

ADDITIONAL WORK REQUIRED: 

Additional TEM and probe data must be acquired to resolve the geochemical interaction of 
volcanic glass and oxyhydroxide phenocrysts.  

RECOMMENDED PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues.  

Activity: 

To continue our efforts by accomplishing the additional work that we stated Is required.  

EXISTING PROGRAM: 

Status of Previous Research: 

Although our preliminary results indicate that significant geochemical reactions have taken place 
and are probably taking place, we have not followed through to analyze the significance of these 
reactions with respect to repository performances. Future work Is scheduled to accomplish our goals.  

Principal Investigator: 

Dr. C. M. Schlinger (University of Utah) is the Principal Investigator of the project. After the TEM 
work is completed, Dr. R. G. Bums will become the Principal Investigator dealing with the mineralogy and 
geochemistry problems.
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Geochemistry and Mineralogy 

K&J ISSUES: 

Can the stability (chemical and physical) of volcanic glass above and below the repository horizon 
at Yucca Mountain affect the postclosure performance of the proposed repository? 

Can the chemical stability of volcanic glass at the desert surface act as an analog for past and 
future geochemical reactions within the vadose zone? 

Characterization Issues: 

To what extent will there be an evolution of heat from hydrating volcanic glass below the proposed repository and to what extent might heat ponding affect repository performance? 

To what extent Is volcanic glass from Yucca Mountain chemically stable or unstable with respect to forming authigenic minerals In the recent past? 

Can rates of volcanic-glass hydration be determined from soil samples? 

If volcanic glass is not chemically stable under repository conditions, how might this change water chemistry and thereby affect authigenic-mineral stability and radionuclide retardation? 

Might additional authigenic minerals be formed from future volcanic glass hydration? 
The potential future hydration of volcanic glass might change the physical properties of the vitrifier below the proposed repository. How might this affect potential future transport of radionumildes, In particular, travel-time estimates? 

K> Review Issue: 

The DOE has stated In their EA that they do not expect dissolution and that volcanic glass that could be altered has already been altered. To what extent can their statements be supported by our research into glass stability? 

GENERAL OBJECTIVES: 

Assess the geochemical and mineralogical stability of rhyolitic volcanic glass at Yucca Mountain under present conditions and under proposed repository conditions, so as to be able to predict the rates of authigenlc-mineral formation, the chemistry of fracture flow and pore-water liquids and whole-rock 
stability.  

Specific Objectives: 

Obtain geochermical data relative to the hydration reactions of volcanic glass at Yucca Mountain.  

Obtain mineralogical data for neomineral formation and authigenic-mineral stability.  
Obtain rates of potential reactions that are presently occurring at Yucca Mountain.  

Assess statements made by the DOE in the literature, which appear to be unfounded based upon lack of supportive evidence.  

Assess authigenic mineral production to assist In resolving Issues relative to the genesis of Trench 14 deposits.  
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Obtain basic Information as to the heats of reactions for glass hydration, so as to be able to 
predict future repository conditions.  

ACTIVITY SUMMARY: 

Bedded tuft cobbles and pebbles acting as clastics have been studied geochemically and 
mineralogically. Literature produced by the DOE has been reviewed.  

FINDINGS: 

Rain-water acting on bedded tuft cobbles at the surface have a tendency to replicate diagenetic 
and textural features of similar lithologies at depth In Yucca Mountain, such as in the Calico Hills 
formation. Opal formed as a consequence of glass-hydration reactions appear similar to opal observed 
from Trench 14 (see Appendix C: Blundy, J., et al., 1987, 1988).  

INTERPRETATION OF FINDINGS: 

Our findings at present raise fundamental questions concerning future diagenetic reactions within 
Yucca Mountain. We find that contaminated fluids leaking from the proposed repository may not pass 
through highly sorptive zeolite-rich tufts altered 11 million years ago, but along fractures lined with more 
recently formed authigenic minerals containing nonsorptive calcite and silica assemblages. We find 
evidence to suggest that volcanic glass at Yucca Mountain Is very reactive and that reaction rates are 
relative to the availability of water and affected dramatically by Increasing temperatures. A manuscript 
with some of our results has been submitted to Earth and Planetary Science Letters for publication (a 
copy is Included in Appendix C).  

ADDITIONAL WORK REQUIRED: 

Obtain the actual rates of reaction of surface-glass hydration and authigenlc-mineral production.  

Obtain basic geochemical and mineraiogical data from glass at depth at Yucca Mountain.  

RECOMMENDED PROGRAM/EXISTING PROGRAM: 

As a result of funding cuts, this program has been temporarily suspended until the 1989-1990 
funding period. It is recommended that this program be reactivated as soon as possible.  

STATUS OF PREVIOUS RESEARCH: 

We are presently awaiting the publication of our last manuscript.  

Principal Investigator: 

Dr. R. G. Bums (MIT) is the Principal Investigator assisted by Dr. M. Morgensteln and Dr. J.  
Blundy (Oxford).
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Geochemistry and Mineralogy 

K>J ISSUES: 

Can the rates of vadose-zone chemical reactions be determined to the extent that we understand the roles of these reactions in providing retardation of radionuclides, thereby establishing Isolation of the radioactive waste from the accessible environment after closure in accordance with the requirements set forth in 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960? 

Characterization Issues: 

Can desert-varnish dating by cation-ratio techniques be used to determine geologic ages of 
terraces In the Yucca Mountain area? 

Can desert-varnish dating by cation-ratio techniques be used to determine rates of authigenic 
mineral formation from rhyolitic glass at Yucca Mountain? 

Can desert-varnish dating by cation-ratio techniques assist in resolving Trench 14 problems and 
sandramp problems? 

Review Issue: 

Can the desert-varnish dating by cation-ratio techniques utilized by the USGS be reproduced 
with similar results? 

OBJECTIVES OF ACTIVITY: 
Make an independent assessment of desert-varnish dating cation-ratio technique by doing the 

K following: 

Review the cation-ratio dating literature and determine the methods employed.  

Reproduce this established methodology and assess the results relative to those data which have 
been reported in the literature.  

If the results do not match, determine the reason(s).  

Provide support data for the work completed.  

ACTIVITY SUMMARY: 

The following techniques have been scrutinized with respect to cation-ratio dating of desert varnish: 

Baclcscater Electron Microscopy (BSE).  

Electron Microprobe (EM).  

Scanning Electron Microscope with Energy Dispersive Analyses (SEMIEDX).  

PIXE element analysis.  

The literature generated by Dom, Harrington, and Whitney have been reviewed.
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Samples of desert varnish have been examined by the various techniques from various locations 
In Nevada and South Mountain, Arizona.  

FINDINGS: 

Preliminarily, there appears to be various serious problems with the established methods of 
investigation. Element concentrations and element/element ratios show extreme variability. Potassium, 
calcium, K+Ca, and K+Ca/'i do not consistently decrease with varnish age (depth of the varnish layer) as 
the cation ratio dating method implies. Using EDX analysis, as was done by Harrngton and Whitney 
(1987), Ba in the varnish Interferes with the TI signal, suggesting that all previously reported cation ratio 
dating values are effectively K+Ca/Ba+Ti instead of K+Ca/rl. Since Ba, like K and Ca, is a mobile 
element, the accuracy of the cation ratio dating technique Is compromised. The PIXE method used by 
Dom has the same problem as the EDX method used by the USGS. Finally, the oldest varnish on a rock 
specimen, due to its location In hollows and fractures, makes up only a small percentage of the total 
varnish and Is biased against sampling (PIXE) on analysis (SEM/EDX) (see Appendix C: Krinsley, D. and 
S. Anderson, 1989).  

INTERPRETATION OF FINDINGS: 

At present, we do not understand why the established cation-dating method appears to give 
usable minimum ages. We do not know if the method as Is or as possibly modified will provide accurate 
chronological information. On these basis, we have been unable to respond to our Key Issue or 
Characterization Issues. With respect to our Review Issue, we find that the results of our Investigation to 
date do not match the USGS data.  

ADDITIONAL WORK REQUIRED: 

Analyze desert varnish using a variety of techniques Including SEM1WDX (wave length dispersive 
which appears to distinguish between Ba and TI).  

Analyze desert varnishes for two major locations previously analyzed by Dom.  

RECOMMENDED PROGRAM/EXISTING PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues.  

Activity: 

To continue our efforts by accomplishing the additional work that we stated above.  

STATUS OF PREVIOUS RESEARCH: 

Although our preliminary results Indicate serious problems with the cation-dating method for 
desert varnish dating, we must stress that more work is required prior to obtaining reliable conclusions.  
The Information we presently have Is not publishable without additional supportive data which needs to be 
collected.  

Principal Investigator: 

Dr. D. Krinsley (ASU) is the Principal Investigator on this Project.
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Site-Specific Mineralogic and Geophysical Studies to Establish the Hydrogeology of the Vadose 
Zone.  

The complex and essentially unknown hydrologic conditions In the vadose zone and general absence of demonstrated investigative techniques that are powerful enough to characterize this environment with confidence have stimulated several alternative Investigative approaches. The following efforts explore possibilities that have been recognized as potentially useful In drilling Investigations and in establishing indirect evidence of ephemeral fracture flow.  
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Geochemistry and Mineralogy 

ISSUES: 

Is there a method, that complements hydrogeologic observations (water sampling and moisture 
monitoring), such as ublizing the geochemistry of authigenic zeolites, that will provide an understanding of 
fracture flow in the vadose zone? If such a method Is developed, to what extent does it predict the motion 
of vadose-zone water? And how would data obtained using such a method affect radioactive waste 
isolation? 

Characterization Issues: 

Can the tandetron (accelerator mass spectrometer, or AMS) Identify the presence of carbon-14, 
tritium, and/or iodine In single zeolite crystals? And, if so, can a technique be developed to do this on a 
routine basis? 

Will this technique be able to distinguish between liquid flow and vapor flow? 

Can we distinguish between authigenic zeolites In fracture and matrix with respect to their 
exposure to relatively "young" waters? 

GENERAL OBJECTIVES: 

Utilize AMS (tandetron) technology to develop a new technique whereby tritium, carbon-14, and 
iodine can be analyzed In single crystals of zeolftes to determine the relative age of last waters of possible 
exposures within the zeolite supercage. This will make an assessment of the role of fracture flow in 
vadose-zone liquid transport possible.  

Specific Objectives: 

Develop an ability to utilize more than one key ion so as to strengthen the dating ability of this 
technique (such as carbon-14 and tritium).  

Once developed, test this technique to Insure its utility with respect to licensing Issues.  

Utilize this technique on a survey of fractures and matrix in situ materials obtained from Yucca 

Mountain to make a determination of the depth of penetration of 'young" water through the vadose zone.  

ACTIVITY SUMMARY: 

Utilizing the tandetron facility at the University of Toronto, we have been successful in developing 
a laboratory technique to measure carbon-14 in single crystals of clinoptilolite. These results Indicate that 
14C (as C0 2 ) are exchangeable into clinoptilol ie. The fractionation factors are being worked out for the 

exchange reaction. Consequently, we should be able to distinguish the relative activity of vadose fracture 
flow if and when we are able to obtain Yucca Mountain samples.  

We are progressing with iodine and tritium techniques so that we would be able to use these In 
conjunction with 14c when In situ samples become available.
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FINDINGS: 

We are optimistic about the relevance of this approach since we now have the capability to obtain the ages of the water of last exposure to zeolites In the vadose zone. If actual liquid samples are not obtained from Yucca Mountain, then whole-rock samples may prove useful In deciphering the relative 
importance of fracture flow In the vadose zone.  

INTERPRETATION OF FINDINGS: 

At present, we are unable to make an interpretation of our findings since we have not had the opportunity to obtain Yucca Mountain samples to apply our laboratory results. With an appropriate drilling program, we will be In a position to be able to distinguish the potential flow paths to the accessible 
environment and the mechanism of that transport.  

ADDITIONAL WORK REQUIRED: 

Continuation of our laboratory efforts In development of techniques utilizing the Tandetron.  

Acquisition of Yucca Mountain whole-rock samples for pore and fracture analyses.  

RECOMMENDED PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues.  

Activity: 

To continue our laboratory efforts and to expand our efforts Into a field/laboratory program 
specific to Yucca Mountain materials.  

EXISTING PROGRAM: 

The existing program is moving ahead very slowly due to constraints with funding, and obtaining In situ samples from Yucca Mountain. The design aspects of the program with respect to the development of new techniques have been extremely satisfying.  

Principal Investigator: 

The Principal Investigator of the program is Dr. J. C. Rucklidge (University of Toronto, Canada).  Dr. R. G. Bums (MIT) Is assisting with respect to Issues in mineralogy.
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Geochemistry and Mineralogy 

ISSUE: 

Will the geologic barriers Isolate the radioactive waste from the accessible environment after 
closure in accordance with the requirements set forth In 40 CFR Part 191, 10 CFR Part 60, and 10 CFR 
Part 960? 

Characterization Issue: 

Can magnetic stratigraphy of the volcanic units at Yucca Mountain be used to fingerprint time 
stratigraphic units, thereby aiding the control of depth of drilling stratigraphy? 

GENERAL OBJECTIVE: 

Determination of magnetic stratigraphy for Yucca Mountain for use as a drilling control tool.  

Specific Objectives: 

Establish the feasibility for using magnetics to determine stratigraphic position during drilling.  

Establish the similarities and variabilities of magnetic properties In a lateral extent per unit.  

Establish the similarities and differences of magnetic properties In stratIgraphic profiles.  

ACTIVITY SUMMARY: 

Field-data collection of samples and magnetic data from outcrop samples from Tiva Canyon to 
the upper beds of Topopah Springs Member have been carefully made. The sampling areas have been 
carefully mapped and susceptibility and NRM data have been collected. Magnetic-background data have 
been collected also. Data have been collected from the west side of Yucca Mountain (see Appendix C: 
Schlinger, C. M., 1989).  

Transmission-electron microscopy (TEM) has been used to characterize the size, distribution, 
and mineralogy of the magnetic minerals.  

FINDINGS: 

Magnetic-field data collected suggest that there Is good lateral continuity and stratigraphic 
susceptibility anomalies to utilize magnetics as a "fingerprinting3 Indication of drilling depth (formation 
stratigraphy).  

There appears to be a time stratigraphic problem In the upper Topopah Springs Member of the 
Paintbrush Tuff where this portion of the unit has NMR characteristics similar to the overlapping unit (Tiva 
Canyon) and Is dissimilar with the Topopah Springs Member below. This may suggest that the 
emplacement and cooling history of the stratigraphic framework Is not well understood or that the top of 
the Topopah Springs Member has a CRM component (see Appendix C).  

INTERPRETATION OF FINDINGS: 

The findings thus far suggest that magnetics appears to be a good tool to use to obtain 
stratigraphic control during drilling. Nevertheless, more field data are required to obtain detailed 
information not presently exposed. In order to accomplish this, drilling samples must be obtained. It 
appears that magnetic data can assist in refining time-stratigraphic cooling history of the tuff units and that 
our present understanding of the parameters are limited and potentially inaccurate.
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ADDmONAL WORK REQUIRED: 

Obtain closely-spaced detailed magnetic data from core samples and boreholes.  

Compare the magnetic data with petrographic data so that magnetic profiles can be constructed.  

RECOMMENDED PROGRAM: 

A field-sampling program is recommended to obtain detailed magnetic information.  

Objective: 

The objective of this program Is to establish detailed magnetic stratigraphy of Yucca Mountain to be used in drilling control and to refine our understanding of the time stratigraphic units.  

EXISTING PROGRAM: 

The existing program has been held on standby due to budget constraints.  

Principal Investigator: 

The Principal Investigator for this project Is Dr. C. M. Schlinger (University of Utah).
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Past Climate and Related Genesis of Authlgenlo Desert Carbonates and Silicates.

There are analytical support activities of a geochemical and mineralogic nature that have been 
called upon to aid climate-change investigations. These generally seek to establish paleohydrologic 
conditions of formations based on textures, mineralogy, geochemistry, and other parameters that can only 
be established by indepth laboratory analyses.
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Geochemistry and Mineralogy 

ISSUE: 

Can authigenic reactions within volcanic ash be sufficiently understood so that these ashes can be correlated across the Tecopa Basin, and be used In obtaining accurate stratigraphic data which then can be utilized for Interpretation of past climate and paleohydrologic issues? 

Characterization Issues: 

Can the history of diagenesis In volcanic ashes in the Tecopa region be of assistance in studying authigenic reactions in volcanic tufts at Yucca Mountain? 
Can the history of diagenesis In volcanic ashes in the Tecopa region be of assistance in 

understanding the paleohydrology of Lake Tecopa with respect to the last 100,000 years? 

GENERAL OBJECTIVE: 

Characterize the diagenetic geochemical activities that have taken place in volcanic ashes in Lake Tecopa, to assist in resolving stratlgraphic correlation of units and thereby resolving the Interpretive hydrogeologic activity of the area, as it may relate to past climate in the region of Yucca Mountain.  

Specific Objectives: 

Develop an understanding of the variation of volcanic-glass diagenesis and authigenic-mineral 
production in the Lake Tecopa Basin and margins, with respect to key ash horizons.  

Provide geochemical data, which can be utilized to quantify the diagenetic changes across the . Tecopa Basin.  

Provide these data to the senior Field Stratigrapher, so that he may utilize these Information in 
mapping the sediments of the Tecopa Basin.  

ACTIVITY SUMMARY: 

Field data and samples have been collected from Lake Tecopa and geochemically analyzed.  
Laboratory and field data have been provided to Dr. R. Morrison, senior Field Stratigrapher, to 

assist him in his efforts.  

FINDINGS: 

A paper containing our findings has been presented at the Denver GSA meeting in 1988. Tuff B (Bishop Ash) has been found to alter differently depending upon its geographic location. As a consequence, it Is assumed at present that there are three fluid sources reacting with the ash: 

a. hot springs; 

b. hydrothermal fluids (alkali enriched); and 

c. carbonate-enriched ground water venting into the lake as cold springs.  

The details of these information will assist in the mapping of the Tecopa Beds (see Appendix C: O'Hara, P. F., et al., 1988).
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INTERPRETATION OF FINDINGS:

At present, the stratigraphic units In Tecopa are being mapped and each bed is being classified 
as to the environment of deposition. When this process Is completed, a better history of the hydrogeology 
of the Tecopa Basin will be available. These Information will then be utilized to understand the regional 
past climate and paleohydrology of the southern Great Basin near Yucca Mountain (see Appendix C).  

ADDITIONAL WORK REQUIRED: 

Additional work required In this program will primarily be In resolving various ages of the ashes 
located by the principal Investigator. Most of the program is designed to support Dr. R. Morrison's work 
on Lake Tecopa stratigraphy and thus, until more field work is completed, it is difficult to predict the 
geochemical and mineralogic requirements for the future.  

RECOMMENDED PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues and to assist Dr. Morrison with geochemical 
and mineralogic sample studies.  

STATUS OF PREVIOUS RESEARCH: 

The research is progressing at a satisfactory pace.  

Principal Investigator: 

Dr. D. Krinsley (ASU) is assisting Dr. R. B. Morrison in obtaining basic geochemical and 
mineralogic data.
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Geochemistry and Mineralogy 

•_ ISSUES: 

Carbonates, as sedimentary precipitates forming on the desert surface, In fracture fillings, and as K horizons In desert soils, have distinguishing characteristics with respect to the environment of deposition (geochemical and blogeochemical precipitation). If the environment of deposition Is affected by the past climate and paleohydrology, desert carbonates could prove of importance with respect to resolving licensing Issues. Can sufficient paleohydrologica] information be acquired from desert carbonates to assist in interpreting the past climate for the past 100,000 years? 

Characterization Issues: 

Can desert carbonates be distinguished on the basis of petrological and geochemical evidence to the extent that these Information Impart Information concerning the environment of genesis? 
To what extent does biological activity such as algal growth promote carbonate precipitation In desert marsh lands, desert lakes, and temporary desert ponds? 

To what extent are these deposits different/similar to Inorganic-carbonate precipitation? To what extent do blocarbonate deposits inform us of past climate conditions? 

How do Trench I carbonate sediments compare with modem-day desert-pond sediments? 

How do marshland sediments differ from desert-lake sediments? 

How variable is the aerosol-carbonate depositional contribution to desert soils In the immediate area of Yucca Mountain? What is the relative contribution between aerosol and .In.slu. biotic transfer carbonate precipitation In the Immediate area of Yucca Mountain.  

GENERAL OBJECTIVE: 

Obtain sufficient baseline information concerning the petrographic, geochemical, and biogeochemical composition of desert carbonates to be able to understand their genesis from the standpoint of environmental parameters.  

Specific Objectives: 

Be able to distinguish the mechanism and environment of deposition of carbonate sediments 
including clastic deposition and reprecipitation, blocarbonate precipitation, and evaporite precipitation.  

Develop petrological tools for distinguishing varieties of carbonate deposition.  

Develop geochemical tools for distinguishing varieties of carbonate deposition.  

Utilize these Information In Interpreting the environments of deposition and thereby the paleohydrology and past climate of the area of deposition.  

Utilize these information in Interpreting the conditions which promoted sedimentation in Trenches 14, 17, and 1.  

ACTIVITY SUMMARY: 

Utilizing the SEM, TEM, and electron microprobes determine the fabric and geochemical compositions of desert carbonates from various known and unknown environments of deposition.
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Determine whether the Information collected are significant In distinguishing various environments 
and mechanisms of carbonate precipitation from each other. Utilize these Information to assist in 
Interpreting past climate conditions and genesis of opal-carbonate deposits.  

FINDINGS: 

Petrographic and mineral analyses of carbonate sediments from known environments of desert
marsh lands have been completed. Backscatter SEM data have been obtained from Trench 1 samples 
indicating cool fresh-water environment for carbonate deposition. These Information, along with 
geochemical data which are yet to be collected, will provide the startup data accumulation for this 
program. Trench 14 and sandramp samples have been collected and are planned for future laboratory 
analysis. Carbonates from Tecopa have been studied to ascertain the contribution of detrital volcanic 
glass and these information have been provided to the Tecopa project personnel.  

INTERPRETATION OF FINDINGS: 

At present, our findings are insufficient to obtain firm conclusions. More samples and more 
analyses are necessary prior to obtaining usable conclusions.  

ADDITIONAL WORK REQUIRED: 

Continuation of laboratory efforts In the acquisition of petrographic and geochemical data on 
carbonate sediments from Yucca Mountain and surrounding areas.  

Start comprehensive analyses of Trench 14 samples as soon as we have completed Trench I 
samples.  

RECOMMENDED PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues.  

Activity: 

To continue our laboratory and field data collection efforts.  

EXISTING PROGRAM: 

The existing program will expand its efforts as soon as we have completed working on desert
varnish studies.  

Principal Investigator: 

The Principal Investigator for this effort is Dr. D. Krinsley (ASU) assisted by Mr. J. Quade 
(University of Utah) and paleontologists (from Columbia University, Lamont-Doherty Geological 
Observatory).
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Geochemistry and Mineralogy 

ISSUES: 

Silica and carbonate fracture-filling deposits located in Trench 14 are geochemical precipitates from aqueous solutions. To what extent do the aqueous solutions responsible for these authigenic mineral precipitates jeopardize the postclosure performance of the proposed repository at Yucca Mountain, ff the conditions responsible for their formation were to reoccur? 

Characterization Issues: 

What Is the genesis of fracture-filling opal In Trench 14? 

What Is the genesis of fracture-filling carbonates In Trench 14? 

What Is the Immediate source for ash and bloclastic(?) debris In the fracture filling of Trench 14? 

Is there geochemical evidence, such as might be obtained from Isotope analyses, that might suggest the origin and timing of these deposits? 

Are there analog deposits that have known origins that might assist In Interpreting the genesis of 
deposits In Trench 14? 

GENERAL OBJECTIVES: 

Provide a comprehensive understanding of the genesis of the carbonate and silicate deposits and features within Trench 14 and similar and potentially related structures (such as sandramps and Trench 17), to be able to assess their significance on the postclosure performance of the proposed repository at 
Yucca Mountain.  

Specific Objectives: 

Study carbonate and opal deposits of known origin for comparison to Trench 14 deposits.  

Analyze Trench I deposits from the carbonate characterization study to assess the significance of biological-carbonate production (in situ) In desert fractures and faults.  
Obtain field and laboratory data utilizing paleontological, geochemical, and mineralogical 

techniques so that a reasonable understanding is obtained for the genesis of Trench 14 deposits.  

ACTIVITY SUMMARY: 

Soil-opal genesis from diagenetic reactions of volcanic glass at Yucca Mountain have been Investigated both geochemically and mineralogically. These Information Indicate that CT opal Is presently or relatively recently being formed in the desert soils juxtaposed to Yucca Mountain.  

Trench 1 studies Indicate that blocarbonate precipitate may be more important than previously recognized and that not all of the desert carbonates are a function of aerosol accumulation.  

Field evidence of fracture boundaries Indicate that host rocks do not appear to be hydrothermally altered; consequently, the liquids responsible for the deposition of the opal and carbonates may have 
been ambient in temperature.  

SEM backscatter analysis has been determined as a usable tool to distinguish textural carbonate 
data important to the project.
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FINDINGS:

Desert-soil opal formed from the diagenesis of volcanic glass can be partially and possibly wholly 
responsible for the opal deposits as observed In Trench 14. Additionally, other mechanisms of opal 
genesis for Trench 14 are certainly possible (see Appendix C: Blundy, J., et al., 1987, 1988).  

Biotic-carbonate genesis in desert environments such as ponding water in fractures, may be a 
fairly significant mode of carbonate production (see Appendix C).  

Calcium is released from volcanic-glass hydration reactions at the desert surface. This release of 
calcium may be partially responsible for carbonate precipitation In desert soils. All of the calcium is not 
necessarily supplied through aeollan transport and deposition (see Appendix C).  

INTERPRETATION OF FINDINGS: 

At present, there is Insufficient data to resolve the Key and Characterization Issues. Diagenetic 
reactions in the soil zone and on outcrops may in part provide sufficient source materials to form opaline 
and carbonate deposits. In addition, aeolian transport may contribute to the supply. Since the timing of 
these reactions and the relative Importance of other variables such as biological precipitation of 
authigenic minerals are essentially unknown, it is presently too early to establish the genesis of these 
deposits (see Appendix C).  

ADDITIONAL WORK REQUIRED: 

To analyze Trench 14 material recently collected during the USGS field trip to Yucca Mountain.  

To complete analyses of Trench 1 samples.  

To reestablish the volcanic-glass alteration studies and obtain rates of chemical reactions for the 
desert-surface authigenics.  

RECOMMENDED PROGRAM: 

Objective: 

To respond to our Key and Characterization Issues.  

Activity: 

To continue our efforts as stated in Additional Work Required.  

EXISTING PROGRAM: 
Status of Previous Research: 

As a consequence of funding cuts, we have been unable to continue our glass-hydration research 
and have had to slowly schedule Trench 1, 14, 17 and sandramp samples Into our laboratory.  
Consequently, although our research Is progressing, it is fairly slow.  

Principal Investigator: 

Dr. D. Krinsley (ASU) is the Principal Investigator for carbonate research and Dr. R. G. Bums 
(MIT) Is the Principal Investigator for opal research.
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Appendix C 

K-> Geochemlstry and Mineralogy 

List of Published Papers, Abstracts, and Manuscripts Included In the appendix.  

Blundy, J. D. , R. G. Bums, and M. E. Morgenstein, 1987, Authigenic minerals in rhyolite tuff at Yucca Mt., Nevada; diagenesis In a proposed nuclear waste repository: Geological Society of America 
Annual Meeting, Poster Session, Abstract.  

Blundy, J. D., R. G. Bums, M. E. Morgenstein, 1988, Non-sorptive minerals forming in rhyolite tuft at Yucca Mountain, Nevada: diagenesis In a proposed nuclear waste repository: submitted to Earth 
and Planetary Science Letters, 39 p.  

Bowers, T. J. and R. G. Bums, 1988, Activity diagrams for clinoptilolite: susceptibility of this zeolite to further diagenetic reactions: manuscript submitted to the American Mineralogist, 41 p.  
Bums, R. G. and T. J. Bowers, 1988, Activity diagrams for cllnoptilolite: relevance of zeolitized vitric tufts at Yucca Mountain, Nevada: Geological Society of America, Abstracts with Program, vol. 20, no.  

7, p. A359.  

Krlnsley, D. and S. Anderson, 1989, Desert varnish: a new look at chemical and textural variations: 
Geological Society of America Annual Meeting, Poster Session, Abstract.  

O'aara, P. F., Manley, C. R., and Kdnsley, D., 1988, Chemical zonatlon within Bishop Ash, Pleistocene Lake Tecopa, Inyo County, California: Geological Society of America, Annual Meeting, Poster Session, Abstract and manuscript, Poster Session, 22 p.  

Schlinger, C. M., 1989, Magnetic Stratigraphy of Ash-flow Sheets at Yucca Mountain, Nevada, Eng. Geol.  and Geotech. Eng., Watters (ed.), Balkema, Rotterdam, p. 19 to 24.  
Wood, V. J., Hubbard, M. S., and Bums, R. G., 1988, Cesium uptake by clinoptilolite crystals: Implications to the Immobilization of radionuclides stored at Yucca Mountain, Nevada, Geological Society of America, Abstracts with Program, vol. 20, no. 7, p. A359.  

Wood, V. J., Hubbard, M. S., and Bums, R. G., to be published, Cesium uptake by clinoptilotite crystals, 
manuscript,19 p.
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Cobbles of desert pavement at the base of Yucca Mt. derived from bedded 

tuffs above the Topopah Springs Member display prominent geopedal textures 

in which a leached rind (zone A, 1-2 mM) is separated from core (zone C) by 

brown vitreous zone B (3-6 mm). This weathering profile is also displayed on 

outcrop surfaces, Concentration profiles by EMP and SIMS analyses across 

individual glass shards in the tuffs show uniform Al and Mg; losses near 

margins of Na. Ca, Li, Mn, Fe, and Zr, and gains of K, Rb, Ba, and La. Shards 

from zone A have highest Si contents, and water (measured by difference) 

decreases from - 4 wt.% (zone C) to <3% (zone A). Comparisons of zone C glass 

shards in outcrop surfaces and pavement cobbles reveal that total (mole %) 

alkali contents remain approximately constant, with higher K and Rb and 

lower Na, Li, and Ca in outcrop samples. This indicates a coupled diffusion 

transport mechanism for these cations in hydrated rhyolite glasses. Suptle 

variations in Si and Al concentrations correlate with changes of shard surface 

textures and mineralogy from zone A to zone C revealed by SEM and XRD 

measurements. Thus, zone C shards are associated with authigenic smectite 

and minor clinoptilolite and silica. Shards at the zone B-C boundary are coated 

with lepispheres of opal CT and dendritic clinoptilolite, whereas shards at the 

zone B-A boundary have crusts of botryoidal opal CT associated with sparry 

calcite. Therefore, the authigenic minerals in geopedal zone B correspond to 

assemblages occurring in diagenetic Zone 1I of buried pyroclastic deposits 

(lijima, 1975). Zone A shards, as well as feldspar phenocrysts, show pitted 

surfaces indicating the onset of dissolution. They are associated with calcite 

rhombs, palygorskite, Mn-Fe oxides, and evaporite minerals. The clinoptilolite 

+ opal CT + calcite + smcctite assemblages recorded here resemble mineral 

deposits lining fractures throughout the proposed repository for underground 

storage of high-level nuclear waste and in underlying bedded tuff horizons at
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Yucca Mt. Thus. diagenetic reactions similar to those between aerated meteoric 

water and rhyolite tuff in desert pavement may be occurring, or have 

occurred, in the vadose zone throughout the proposed repository, producing 

non-sorptive calcite and opal coatings which may retard cation exchange 

reactions of clinoptilolite and clay silicates.  

1. Introduction 

Located on the southwest border of the Nevada Test Site, 120 km northwest 

of Las Vegas, Yucca Mountain consists of a sequence of rhyolitic lavas, ash-flow 

tuffs and bedded tuffs which exceeds a thickness of 1800 m and ranges in age 

from 16 to 11 million years [1,2]. Yucca Mountain is the site of a proposed 

repository for the underground storage of high-level nuclear waste materials (3].  
The candidate repository horizon is located approximately 400 m below the 

surface in the vadose zone some 170 m above the present-day water-table in 

densely welded tuff of the Topopah Springs Member of the Miocene Paintbrush 
Tuff unit [4-7]. Numerous drill-core samples taken from widespread locations 

through Yucca Mountain indicate that secondary minerals, including clay silicates.  

zeolites, opal and carbonate, have formed by alteration of rhyolitic glasses in 
certain tuffaceous horizons [8,9]. Zones of zeolitization occur in tuffs now located 

both above and below the present-day water table. . Such zones are commonly 

discordant with bedding and thicken to the northeast. These observations led to 
.the proposition [9] that extensive zeolitization occurred during elevated heat-flow 

associated with caldera development approximately 11 Ma ago and pre-dates 

tectonic tilting of the Yucca Mountain sequence. However, detailed studies of 

authigenic mineral chemistry through the Yucca Mountain section [9,10] have 

revealed that significant modifications to zeolite compositions have occurred 

through interaction of zeolitized tuff with groundwater subsequent to 11 Ma.



3

Furthermore, zeolites occur along fractures throughout the compacted tuff units, 

including the level immediately underlying the proposed repository horizon, 

where glass is parially altered to smectite and calcic clinoptilolite-group minerals 

[11]. Opal and calcite coatings on fractures have also been observed in the vadose 

zone (7,11,12] yielding radiometric ages between 300,000 and 30,000 years 

[13,14]. This evidence, that post-Miocene groundwater interactions have modified 

pre-existing zeolite compositions and locally precipitated non-sorptive silica and 

carbonate phases raises questions about future diagenctic trends at Yucca 

Mountain and the long-term sorptive capacity of the repository host-rocks. In 

order to assess the nature of vitric tuff/water interactions at Yucca Mountain 

under present-day conditions, and their influence on ancient tuff-water 

interactions, a suite of clastic pebbles and outcrop surface samples of tuff from 

Solitario Canyon adjacent to Yucca Mountain were selected for detailed 

geochemical and scanning-electron microscope (SEM) studies. The results 

summarized here suggest that zeolitized vitric tuffs adjacent to the proposed 

repository are vulnerable to continuing diagenetic reactions.  

2. Samples 

Solitario Canyon is a prominent fault-bounded depression west of Yucca 

Mountain developed subsequent to fault movement about 30,000 years ago [15].  

The canyon floor is littered with clastic detritus derived from erosion of the Yucca 

Mountain fault scarp.' Particularly prominent amongst this detritus are pebbles of 

non-welded bedded tufts derived from horizons between the Tiva Canyon and 

Topopah Springs Members of the Paintbrush Tuff unit, including vitric tuffs from 

the Pah Canyon Member, which crop out near the crest of Yucca Mountain above 

the proposed repository horizon [15,16]. These non-welded bedded vitric tuff 

units have a characteristic orange-brown coloration and abundant yellow-gray
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pumice clasts defining a weak bedding fabric [4,5]. In petrographic and 
compositional characteristics, portions of the Pah Canyon Member resemble the 
tuffaceous beds of Calico Hills unit which underlies the Topopah Springs Member 
throughout Yucca Mountain [4,5]. These tuffaceous beds were deposited on 13.6 
Ma-old Crater Flat Tuff units as a sequence of sixteen non-welded vitric ash-flows, 
with thin air-fall and reworked tuffs separating each of the ash flows (15,16]. The 
interlayered nature of the Calico Hills unit indicates that successive surface layers 
were exposed to atmospheric weathering between each eruptive event over a 
500,000 year interval before they were covered by ash-flow tuffs of the Topopah 
Springs Member 13.1 Ma ago [2]. Resemblances to the tuffaceous beds of Calico 
Hills unit make non-welded bedded tuffs below the Tiva Canyon Member a 
suitable analogue material for the study of progressive diagenetic processes 

affecting vitric tuffs at Yucca Mountain.  

Cobbles of the bedded tuff unit occurring in desert pavement at the base of 
Solitario Canyon and in outcrop on the west flank of Yucca Mountain display 
conspicuous weathering rinds resulting from interaction of the tuff with rainwater 
since pavement and outcrop formation. In pavement cobbles these alteration 
rinds have a geopedal configuration relative to the desert surface (Figure 1), 
confirming their origin by in situ diagenesis. The alteration rinds are designated 
as zones A, B, C, and D. The cobble surface develops a vinear of red-brown desert 
varnish characteristic of arid-climate weathering. The outermost alteration zone 
A, 1-2 mm thick, effervesces and is readily leached when treated with dilute HCI.  
indicating the presence of calcite. The conspicuous zone B, 3-6 mm wide, is darker 
in color, has a vitreous luster, and is only affected by acid in its outer portion.  
Zone C, representing the bulk interior of the sample, is unaffected by acid and 
resembles fresh samples of the bedded tuff unit collected at outcrop on Yucca 
Mountain. Zone D is similar to zone C, but lies below the sediment surface. Two

1 1
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such clastic tuff specimens, designated as samples PCI and PC4, were among 

cobbles and pebbles collected in Solitario -Canyon from a stable desert pavement 

(PC4) and an active erosion scarp (PCI) at the foot of Yucca Mountain. In addition, 

two specimens of bedded tuff were collected at outcrop on the western flank of 

Yucca Mountain adjacent to the location of drill-core USW G-3 [7]. Sample PC5 was 

taken close to the base of the bedded tuff horizon, while sample PC6 was collected 

some 20 cm below the basal vitrophyre of the Tiva Canyon Member. Both outcrop 

samples have developed alteration rinds on their exposed surfaces resembling the 

geopedal zones in clasts described above.  

3. Analytical Procedures 

3.1. Petrology 

Thin-section petrographic examination revealed a similarity between the 

interior portions of outcrop samples PC5 and PC6 and central zone C of the clastic 

samples PCI and PC4. Both comprise non-welded vitric tuff in which fresh glass 

shards (0.15-i mm long) and welded vitric clasts (1-3 mm) are set in a matrix of 

argillaceous glass fragments, disseminated fine-grained iron oxides and scarce 5

10 tzm plates of a yellow-brown clay silicate. The shards are commonly yellow in 

color although the vitric clasts and larger shards may have a brown core. Some 

glasses show perlitic fractures. Phenocrysts (up to 2 mm long) comprise sanidine.  

plagioclase, biotite, and quartz, and constitute less than 10 volume % of the 

samples. Pumice clasts up to 1 cm in diameter are invariably altered to fine

grained aggregates of zeolite, clay, and opaque oxide. There is a weakly 

transitional contact towards zone B marked by the local coalescence of the clay 

silicate platelets to form irregular lathe-like patches of zeolite, identified as 

clinoptilolite by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
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measurements described later, having diameters of up to 50 gam and partially 
enclosing the glass shards. Within zone B these zeolitic masses increase in 
abundance but disappear suddenly at the contact with zone A. The interstices in 
zone A are filled instead by a cryptocrystalline isotropic colorless phase identified 

as opal CT by XRD and SEM measurements.  

3.2. Electron Microprobe 

Concentrations of major elements were obtained from electron microprobe 
(EMP) analyses of individual mineral and glass shards in polished thin sections 
using a four-spectrometer JEOL 733 Superprobe with full on-line computerized 
matrix correction and data reduction procedures [17]. In measurements of 
rhyolitic glasses, a 15 kV accelerating voltage and 10 nA beam current were used 
with counting times of 20 seconds for all elements except Na, which was analysed 
first and counted for only 10 seconds in order to minimize loss through 
volatilization. Loss of volatiles was further reduced by using a defocussed beam 

of approximately 10 microns diameter to analyse the glass shards. However, a 
more finely-focussed beam was necessary to analyse the thin zeolite coatings on 
shards in zone B. To improve precision of elements present in low concentration 
(e.g. Fe), counting times were increased to 40 seconds. Calibrations were made 
against analysed standards, such as diopside(65%)-jadeite(35%) glass (providing 

Ca, Mg, Na, Al, and Si), aenigmatite (Fe, Ti, Na, Si), orthoclase glass (K), and 
rhodonite (Mn). Precision values to one standard deviation (I o) in the EMP 
analyses of glasses, which are limited by counting statistics, were as follows: Sio) 
0.3%; A120 3 0.5%; CaO 0.5%; K2 0 1.4%; Na2 O 1.1%; FeO 4.8%. Overall accuracy of 

the EMP-determined concentrations was assessed by analysing the standards as 

unknowns during and after an analytical session.



3.3. Ion Microprobe 

Trace element concentrations were determined by secondary ion mass 

spectrometry (SIMS) on a Cameca IMS 3F ion microprobe using a primary beam of 

0- ions with a net energy of 12.61 KeV and ion current of about 0.1 nA. Spot size 

was 5-8 microns in diameter. An energy filtering technique (18] was used to 

reduce molecular ion interferences. Representative isotopes measured relative 'to 
2 8 Si included 7 Li, 2 3 Na, 3 9 K. 4 0Ca, 4 7 Ti, 5 5 Mn, 5 6 Fe, 8 5 Rb, 8 9 y, 9 0 Zr, 9 3Nb, 1 3 8Ba, 

and 1 3 9La. Element ratios against 2 8 Si were calculated from the background and 

deadtime corrected intensities, and an individual correction was made for isotopic 

abundances. Calibration was made by establishing empirical working curves (191 

relating relative intensities and absolute concentrations for fused pellets of USGS 

granite standards G-2 and GSP-l. Precision limits (to 1 a) based on counting 

stastics were as follows: Li 2.3%; Na2O 0.5%; MgO 4%; K2 0 0.4%; CaO 1.4%; TiO2 

2.5%; FeO 1.3%; Rb 2.5%; Y 3.3%; Zr 2.9%; Nb 4.2%; Ba 6.2%; La 10%. Overall 

accuracy of the SIMS analyses were evaluated by measuring element 

concentrations in G-2 and GSP-I run as unknowns at the end of an analytical 

session. Comparison of SIMS and EMP analyses for K20 on glass shards revealed a 

relative discrepency of only 2%. H2O contents were obtained by subtracting total 

oxides (including major elements analysed by EMP and trace elements obtained 

from SIMS analyses) from 100% [20,21].  

3.4 Scanning Electron Microscope Measurements.  

The JEOL 733 Superprobe used to obtain EMP data was employed as a scanning 

electron microscope with a reduced condenser aperture and accelerating voltages 

of 15-25 kW. Typical beam currents were of the order of 150 pA. Semi

quantitative analyses were made by energy dispersive analysis (EDS) with 

counting times of 20 to 40 seconds.
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4. Results 

4.1. EMP and SIMS Data 

Electron- and ion- microprobe profiles were made across several glass shards 
in each of the clastic and outcrop specimens, including the different weathering 
zones A through C of PCI and PC4. Analyzed shards were generally vesicle- and 
fracture-free. Table 1 lists representative average compositions of analysed 
centers of glass shards in different samples, which resemble published analyses of 
volcanic glasses in drill-core samples from vitric tuffs at Yucca Mountain [9,10], 
including specimens from the tuffaceous beds of Calico Hills unit. The close 
resemblance of glass compositions between vitric tuffs from surface deposits and 
drill-core samples vindicates the importance of studying present-day surface 
alteration processes in order to understand diagenetic reactions currently, or 
historically, operating at depth. Average trace element concentrations of a glass 
shard analysed by SIMS are also given in Table 1. Note the excellent 
correspondence between EMP and SIMS values for K20, CaO, TiO2 , and MgO, 
testifying to the mutual consistency of these two analytical methods. The 
relatively high H2 0 contents (-4 wt.%) of the glass shards listed in Table 1, which 
are significantly higher near perlitic fractures, are comparable to values reported 
for other naturally-occurring (20,21] and experimentally-hydrated [22,23] 
rhyolitic glasses. Such high H2 0 contents largely represent post-erruptive water 

of hydration, since fresh volcanic glasses in pyroclastic rocks rarely exceed I wt.% 
(24] but undergo hydration rapidly [25,26]. The high water contents of glasses in 
drill-core samples [9,10], inferred from differences of total oxides from 100%, 
suggests that post-erruptive hydration of vitric tuffs has been pervasive 

throughout Yucca Mountain.
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Typical concentration profiles of major and minor elements across a glass shard 

are shown in Figures 2 and 3. These analytical data illustrate major and minor 

element variations generally observed across glass shards from zone C interiors of 

clastic and outcrop vitric tuff samples, which include: roughly constant Al, Mg and 

Si; losses near margins of Na, Ca, Li, Zr, Mn and Fe; and gains near margins of K, Rb, 

Ba and La. Compositional variations between glass shards from outcrop and cla'st 

samples are illustrated in Figure 4. While all analyzed glasses contain 

approximately constant molar proportions of K20 plus Na2O, K20 concentrations 

tend to be higher and Na2O concentrations lower in outcrop samples PCS and PC6.  

Furthermore, glasses in stable pavement PC4 cobbles have higher K20 and lower 

Na20 contents than glasses from the active erosion slope PCI sample. Contours of 

equal molar alkali concentration in Figure 4 confirm the strongly coupled alkali

exchange trend associated with glass hydration [20,27,28]. The correlation 

between the extent to which this exchange has proceeded and the sample 

provenance (pavement or outcrop) suggests that, although initial glass hydration 

may have been a relatively early event accompanying tuff emplacement (191, 

alkali-exchange through interaction of glass with vadose water is still actively 

occurring at the desert surface. Such exchange reaches its greatest extent in PC6 

and least in PC1.  

4.2. SEM Observations.  

Textural features and secondary mineralization associated with glass shards in 

zones A-C of freshly fractured rock chips of clastic samples are demonstrated by 

the SEM photographs in Figures 5-8. Glasses in zone A, as well as feldspar 

phenocrysts, were observed to show extensive pitting indicative of dissolution, in 

contrast to zone C in which both phases have smooth fresh surfaces. Calcic 

smectite accompanies glass in zone C, occurring both as interstitial platy
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aggregates and as honeycomb texture (29] surface coatings (Figure 5). Similar 
textural features were reported [30] in vitric tuff sequences above zones of 

clinoptilolite crystallization at Rainier Mesa 50 km north-northeast of Yucca 

Mountain. Towards the zone C-B contact, shard surfaces develop mammiform 

protruberances (Figure 6A), which become increasingly spherical and develop into 

lepispheres of silica (identified by XRD as opal-CT and shown in Figures 6B and C) 
in inner zone B (designated later as zones B3 and B2 ). The same silica phase takes 

the form of botryoidal crusts in outer zone B (zone B1). Compositionally, the 

botryoidal crusts are nearly pure SiO2 , whereas the opal-CT lepispheres contain 
appreciable Al, K and Na. The opal lepispheres in inner zone B (zone 11) are 

associated with sheaf-like aggregates of dendritic clinoptilolite (Figures 6D and 7).  
Electron microprobe analyses of the zeolite phase in zone B summarized in Table 2 

show that the clinoptilolite crystallites contain higher atomic proportions of 
(Ca+Mg) than K and Na, with Si/Al ratios of 4.5-5. Such compositions resemble 

K> those reported for clinoptilolites associated with opal in tuffaceous beds of the 

Calico Hills unit and along fractures adjacent to the proposed repository horizon in 

the Topopah Springs Member [9-12], particularly to the northeast of the 
exploration block at Yucca Mountain (9]. Calcite is associated with opal-CT in outer 
zone B (zone BI), where clinoptilolite is absent. Two textural associations of calcite 

and opal are observed: calcite rhombs with opal lepispheres near the zone BI-B 2 

contact (Figure 8C and D); and sparry "dog-tooth" calcite with the botryoidal silica 
crusts near the zone BI-A contact. (Figure 8A and B). Similar calcite + silica 

assemblages have been recorded as fracture-coatings from borehole [11,12] and 
trench [13,31] samples at Yucca Mountain. Calcite also occurs in zone A, where 
opal-CT is absent, in. association with a magnesian clay silicate identified by XRD as 
palygorskite, which occurs as ovoid concretions up to 10 microns in length.  

Palygorskite + calcite assemblages: are common in desert calcretes [32,33], where
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they often display. a concretionary habit (34,35]. Some concretion surfaces are 

coated with Cl-bearing salts. Manganese and iron oxides occur in the outermost 

portions of zone A.  

The authigenic mineralogy of the; geopedal alteration rinds on clastic pebbles of 

the bedded tuff unit summarized in Figure 9. The mineral zonation sequence 

resembles portion of that observed in burial diagenesis of thick pyroclastic 

deposits (36-38], in which Zone I is zeolite-free and is characterized by glass 

shards altering to smectite and opal. Diagenetic Zone II is defined by the 

appearance of clinoptilolite in zeolitized rhyolitic tuffs, which is replaced by 

analcime in Zone UI and by albite in Zone IV. Drill-core samples indicate that 

each of these diagenetic zones occurs at progressive depths beneath Yucca 

Mountain [9]. Therefore, the glass alteration and mineral sequences observed in 

zones C and B of clastic and outcrop samples are analogous to those documented in 

diagenetic Zones I and II, respectively.  

5. Discussion 

The microprobe analyses demonstrate that glasses in vitric tuffs have 

interacted with aqueous solutions, during which dissolution, leaching, cation 

exchange and hydration reactions have occurred. Some of the water involved in 

these reactions may have been derived from volatiles originally present in the 

volcanic debris [38], although the variation in the extent of alkali-exchange with 

sample provenance (pavement versus outcrop) shown in Figure 4 indicates that 

glass hydration is still occurring at the desert surface. Hence it is inferred that a 

significant component of meteoric water is involved in these reactions.  

The geopedal configuration of the alteration rinds in clastic pebbles suggests 

that reactions involved a radial movement of solutions between clast core and 

surface. Evaporation is an important process in arid-climate weathering [33]. y•
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Hence, reactions in clasts are likely to have involved both the influx and efflux of 
water, and to be accelerated by; day-time high temperatures in desert 
environments. The zonal mineralogy appears to be determined by the relative 

solubility of the dissolved species, which is typical of low-temperature, 
kinetically-controlled glass-water reactions (39]. Evaporation-driven efflux of 
variably saturated pore fluids towards the clast surfaces caused progressive 

outward migration of the more soluble species (e.g. Ca) while less soluble species 
(notably Al) are retained in the sample core. Consequently aluminous phases such 
as Ca-bearing smectite and clinoptilolite occur in zones C, B3, and B2 , while calcite 
and palygorskite prevail in zones B1 and A. The clinoptilolite-opal-calcite 

assemblage delineating the zone BI-B 2 boundary in geopedal alteration rinds 

(Figure 9) is also consistent with equilibrium activity diagrams calculated for 
clinoptilolite solid-solutions [401. The Na+ and K+ ions are also mobile but are 
occupied principally in cation-exchange reactions within silicate glass.  

K> Nonetheless the salty taste of clast outer surfaces testifies to some precipitation of 

sodium chloride at the sample surface.  

The chemistry of the solutions from which the authigenic phases precipitate 
during evaporation is made up of rainwater and windblown aerosols together with 
solutes derived from- tuff dissolution. Studies of chemical weathering of the 1980 
Mount St. Helens ash-fall deposits [41] have demonstrated the importance of 
dissolved C0 2 , derived from the atmosphere and from plant respiration, in 
chemical weathering reactions of silicates, during which Nat, Ca2 + and HCO3 - ions 

are released. Silica-rich glasses are particularly vulnerable to chemical attack 
[301. These solutions percolate into clasts and surface exposures during periods of 
precipitation. Dissolution may be both congruent (c.f. surface pitting of glass 
shards and feldspar phenocrysts in zone A) and incongruent (e.g., the losses near 
shard margins of Na, Ca, Fe, Zr, Li, and Mn; Figures 2 and 3). The aqueous phase a%



it penetrates the bedded vitric tuff, deposits sequentially calcite, opal, calcic 

clinoptilolite and smectite phases in a zonal front onto glass shards and transports 

soluble ions to greater depths in downward-percolating surface waters. Similar 

glass dissolution, ion migration and mineral deposition might occur deeper in 

pyroclastic tuff terranes if the aqueous solutions were to migrate along fractures.  

Therefore, continued diagenetic alteration of buried vitric tuffs induced by 

meteoric water is possible.  

Presumably similar surface weathering reactions occurred when vitric tuffs in 

the Calico Hills unit were exposed to the atmosphere between 13.6 and 13.1 Ma 

ago. The numerous ash-fall and reworked tuff sequences constituting the 

tuffaceous beds of Calico Hills probably represent periods during which hydration 

of the vitric tuffs and diagenetic alteration to clay silicate-clinoptilolite-opal

calcite assemblages occurred between successive volcanic eruptive episodes 

within the 500,000 year period prior to burial by the Topopah Spring Member the 

ash-flow deposits 13.1 Ma ago. Although extensive zeolitization of the vitric tuffs 

in the Calico Hills unit may have taken place during caldera development to the 

north of Yucca Mountain 11 Ma ago [2,9], further diagenetic reactions producing 

mineral zonations of calcic clinoptilolite-opal-calcite- assemblages could occur in 

the presence of bicarbonate-rich fracture-flow groundwater with a high meteoric 

water component. On the other hand, calcic clinoptilolite and calcite-lined 

fractures occurring throughout Yucca Mountain probably formed by precipitation 

from descending surface water rather than from upwhelling groundwater from 

underlying Paleozoic carbonate aquitards [42].  

6. Conclusions 

The tendency of present-day reactions between surface rainwater and bedded 

tuff to replicate diagenetic and textural features of similar lithologies at depth
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(e.g., tuffaceous beds of Calico Hills [10,11]]), as well as fracture-coatings within 

K_ the Yucca Mountain sequence [12,13], raises fundamental questions about the 

agents and mechanisms of future diagenetic reactions within Yucca Mountain.  

Rainwater under desert conditions is a powerful agent of diagenetic alteration of 

tuff deposits. Notwithstanding the low precipitation at Yucca Mountain, the 

presence of such water at depth raise doubts about the long-term sorptive 

capacity of the host-rock adjacent to the proposed repository for nuclear waste.  

Contaminated fluids leaking from the repository may•'iso through highly 

sorptive zeolite-rich tuffs altered 11 million years ago, but along fractures lined 

with more recently formed authigenic minerals containing non-sorptive calcite 

and silica assemblages which prevent zeolites and clay silicates from immobilizing 

radiogenic elements in the groundwater.  
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Table 1. Average compositions of analysed glasses
K>

Oxide PC1.G1 PC4.G1 PC4.G2 PC4.G3 PC4.G4 PC4.G5 PC4.G2* Wt.% [C](4) (C](15) [B](8) (B](7) (B] (i) (A](11) (B](13) 

SiO2  74.00 73.95 73.72 73.92 73.05 75.10 

A1203  12.03 12.01 11.89 11.98 12.00 11.86 

TiO2  0.13 0.13 0.12 0.12 0.12 0.12 0.13 

FeO 0.75 0.77 0.81 0.73 0.76 0.71 

MgO 0.05 0.03 0.04 0.03 0.05 0.03 0.033 

CaO 0.20 0.14 0.13 0.18 0.09 0.03 0.124 

Na2 0 3.92 3.72 3.68 3.19 3.04 3.66 

K2 0 4.67 5.25 5.25 5.50 5.46 5.40 5.36 

MnO 0.11 0.10 0.11 0.09 0.08 0.07 

H20** 4.15 3.90 4.34 4.33 5.35 2.99 

* Analysis by SIMS. Other minor elements analysed (in ppm) 
included: Li, 30.6; Rb, 232; Zr, 410; Ba, 27; La, 42 

** Determined by difference 

[C], etc.: center of glass shard from zone C, etc.  
(4), etc.: number of analyses used in the average 

PC1.GI: 1.70 mm, pertilic glass shard from zone C PC4.G1: 0.43 mm. vesicular shard 9 mm from zone B 
PC4.G2:.0.84 mm, glass shard at zone C-B contact 
PC4.G3: 2.09 mm. pertitic shard at zone B-C contact 
PC4.G4: 0.23 mm. glass shard within zone B 
PC4.G5: 0.22 and 0.14 mm. adjacent shards in zone A.



Table 2. Microprobe analyses of 
* zeolites on glass shard surfaces 

Oxide PC1 Zi PC4.Z2 PC5.Z3 
Wt.% (B] (3) [B] (4) (B] (1) 

SiO2  55.8 58.9 64.0 
A1203  10.4 .9.1 11.9 
TiO2  0.1 0.1 0.1" 
FeO 0.9 0.7 1.4 
MgO 1.5 1.9 4.0 
CaO 3.4 1.3 1.5 
Na2 0 1.5 2.5 2.2 
K20 2.6 2.4 1.9 
Total* 76.2 76.9 86.8 

* Low totals reflect the difficulty 
of analysing thin surface coatings 
of clinoptilolite on glass shards 
(see Figure 7).

K)j



Captions to Figures

Figure 1. Photograph of a sectioned slab through a clastic cobble of the non-welded bedded tuff unit showing the surfacial alteration rind. The top 
outermost weathered zone A is separated from the interior zone C by the 
conspicuous dark vitreous band designated as zone B.  

Figure 2. Compositional profiles measured by electron microprobe across 
a glass shard in zone B of a clastic cobble of non-welded bedded tuff.  
Water estimated by difference is -3-4 wt.%.  

Figure 3. Compositional profiles measured by ion microprobe across the same glass shard used in Figure 2. The two figures together illustrate the 
general trends: uniform Si, Al and Mg; losses of Na, Ca, Li, Zr and Fe; and 
gains of K, Rb, Ba and La towards the margins of the glass shard.  

Figure 4. Correlations of K2 0 versus Na2O in interiors of glass shards from 
zone C of clastic and outcrop samples of the non-welded bedded tuff unit.  
Contours of constant molar concentration suggest a strongly coupled alkali 
exchange trend during glass hydration.  

Figure 5. Scanning electron microscope photographs of smectite in Zone C 
- C(A,B) coating glass shards; and (C,D) associated with glass in the 

groundmass. The vertical bar at bottom left of each photograph represents 
10 microns.  

Figure 6. Scanning electron microscope photographs of surfaces of glass 
shards near the Zone B-C contact (A) with mammiform protuberances of silica, which become increasingly spherical (B,C) and associated with 
acicular zeolite crystallites (D).  

Figure 7. Scanning electron microscope photographs showing dendritic 
clinoptilolite crystallites associated with lepisheres of opal CT in Zone B.  

Figure 8. Scanning electron microscope photographs of calcite in Zone B.  
(A,B) as sparry dog-tooth crystallites with botryoidal silica near the zone 
B-A contact; and (C,D) as rhombs associated with lepispheres of opal CY 
near the Zone B-C contact.  

Figure 9. Zonal mineralogy patterns observed in alteration rinds on non
welded vitric bedded tuffs. The visual zone B of Figure 1 is subdivided 
into three subzones BI, B2 and B3 , based on mineral assemblages identified 

K>by SEM and XRD measurements.
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ABSTRACT 

Clinoptilolite is the predominant zeolite in diagenetically altered volcanic rocks 

at Yucca Mountain, Nevada, having formed by post-eruptive reactions of 

groundwater with vitric tuffs in the pyroclastic deposits there. The zeolite, which 

lines fractures adjacent to the proposed repository for high-level nuclear waste in 

a densely welded, devitrified tuff unit located in the vadose zone well above the 

present-day water table, is particularly abundant in underlying vitric to zeolitized 

non-welded tuffs. Compositional variations of clinoptilolites in the fractures and 

zeolitized tuffs not presently in contact with groundwater raise questions about 

the long-term stability of this zeolite to further diagenetic reactions. Equilibrium 

activity diagrams were calculated for clinoptilolite solid-solutions in the seven

component system Ca-Na-K-Mg-Fe-Al-Si plus H2O employing available 

thermodynamic data for related minerals, aqueous species and water. Stability 

fields are portrayed graphically on .plots of Iog(aNa+/aH+) versus log(aca2+/(aH+)2), 

assuming the presence of K-feldspar, saponite and hematite and using ranges of 

activities for SiO2 and A13+ defined by the saturation limits for quartz, amorphous 

silica, gibbsite, kaolinite and pyrophyllite. Formation of clinoptilolite is favored by 

higher SiO2 activities than allowed for by the presence of quartz, thus accounting 

for the coexistence of clinoptilolite with opal CT in zeolitized vitric tuffs. The 

clinoptilolite stability field broadens with increasing atomic substitution of Ca for 

Na, K for Ca, and Mg for Ca, reaches a maximum for intermediate activities of 

dissolved Al, and decreases at elevated temperatures. The thermodynamic 

calculations show that sodium bicarbonate-type groundwater, such as reference J

13 well-water collected from fractured devitrified tuffs at the adjacent Nuclear 

Test Site in Nevada, is approximately in equilibrium at 25 oC with calcite and 

several zeolites includinA Ca-bearing clinoptilolite. Sodic clinoptilolites are 

stabilized in groundwater depleted in Ca2 + and enriched in Na4 derived from
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altered vitric tuffs. Decreasing AI3+ activities results in the association of 
Q'-, clinoptilolite with calcite and opal CT observed in weathered zeolitized vitric tuffs 

at Yucca Mt. The activity diagrams indicate that prolonged diagenetic reactions 

with -groundwater depleted in Al, enriched in Na and heated by the thermal 

envelope surrounding the nuclear waste repository may eliminate sorptive 

clinoptilolite.

I
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INTRODUCTION.  

Clinoptilolite, ideally (Na,KCa)5 .6 Si 3 0 Al6072.24H2O, is an abundant natural 

zeolite that is common in diagenetically altered volcanic rocks where it forms by 

post-eruptive reactions of saline groundwater with rhyolitic glass shards in 

tuffaceous ash-fall and ash-flow deposits (Hay, 1966; Hay and Sheppard, 1977; 

lijima, 1975, 1980), Such silicic ash-flow tuffs are the predominant lithology at 

Yucca Mountain, Nevada, the site of the proposed repository for burial of high

level nuclear waste (U.S. Dept. Energy, 1988). The repository horizon there is a 

densely welded and devitrified tuff unit underlain by vitric to zeolitized non

welded tuffs containing high proportions of clinoptilolite (Broxton et al., 1987).  

Because of its favorable cation exchange reactions, clinoptilolite is assumed to 

serve as an agent for immobilizing several of the soluble cations and to be an 

effective barrier to radionuclide migration should groundwater flowing through 

the repository cause leakage of fission products in the future.  

Clinoptilolites analysed in drill-core samples throughout Yucca Mountain and 

its immediate vicinity display wide compositional variations, particularly in 

fractures adjacent to the repository horizon in the Topopah Spring Member of the 

Paintbrush Tuff unit (Levy, 1984) and in the underlying zeolitized tuffaceous beds 

of Calico Hills unit (Broxton et al., 1987). In the vadose zone beneath Yucca 

Mountain, clinoptilolites with high Ca and Mg contents line fractures in the 

Topopah Spring Member (Carlos, 1985; Broxton et al., 1986, 1987). However, in 

the underlying tuffaceous beds of Calico Hills unit and deeper zeolitized tuff 

members, the cinoptilolites display regional and depth variations (Broxton et al., 

1986, 1987). On the western side of Yucca M6untain the clinoptilolites are Na-K

bearing and become Na-rich with depth. To the east, the dlinoptilolites are Ca-K

bearing and become Ca-rich with depth. Such compositional variations of



4

clinoptilolites not presently in contact with groundwater raise questions about the 

. long-term stability of this zeolite to further diagenetic reactions.  

Although the Topopah Springs Member and tuffaceous beds of Calico Hills unit 

both lie in the undersaturated zone well above the present-day water table 

beneath Yucca Mountain, the two formations dip to the east so that at the location 

of the nearest water-supply well, designated 3-13 and located 6 km to the east at 

Jackass Flat on the Nevada Test site, the Topopah Springs Member lies beneath the 

water table. As a result, the major producing horizon for 1-13 well-water is a 

highly fractured interval within the Topopah Springs Member (Delany, 1985).  

The chemical composition of the sodium bicarbonate-type groundwater obtained 

from well J-13 has been monitored for several years (Daniels et al., 1982; Bish et 

al., 1984; Kerrisk, 1987) and serves as a reference standard in laboratory 

experiments and geochemical modelling studies for characterizing the Yucca 

Mountain exploration block (e.g. Oversby, 1985; Delany, 1985; Knauss et al., 

~'• 1985a,b; Moore et al., 1986). Whether or not 1-13 water is of an appropriate 

composition for prediction of authigenic mineral reactions in the undersaturated 

zone beneath Yucca Mountain requires critical evaluation.  

In order to assess the stability limits of clinoptilolite and its vulnerability to 

changes of groundwater chemistry relative to the composition of J-13 well-water, 

equilibrium activity diagrams have been calculated. for clinoptilolite solid
solutions in the system Ca-Na-K-Mg-Fe-Al-Si-H 2 0 employing available 

thermodynamic data for relevant oxide and aluminosilicate phases. Results 

reported here indicate that authigenic minerals such as clinoptilolite modify, and 

are modified by, groundwater compositions.
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CALCULATIONS OF ACTIVITY DIAGRAMS 

Sources of Thermodynamic Data.  

The method for calculating activity diagrams is described in Bowers et al.  

(1984), who also tabulated thermodynamic data for many of the phases 

considered here (Table 1). Additional thermodynamic data for zeolites are 

provided by calorimetric measurements made by Johnson et al. (1982, 1983, 

1985) and Hemingway and Robie (1984).  

The clinoptilolite measured by Hemingway and Robie (1984) from altered tuffs 

of the Big Sandy Formation, Mohave County, Arizona (Sheppard and Gude; 1973) 

was formulated by them as 

NaO.5 6 Ko.98Cal.5 0 Mg 1.23 Feo.3AI6.7 Si29072.22H20 

and, as indicated in Table 2, resembles some of the (Ca + Mg)-rich clinoptilolites 

lining fractures in the Topopah Spring Member and present in the zeolitized tuff 

of Calico Hills unit, particularly beneath the north-eastern block of Yucca Mountain 

(Broxton et al., 1987). However, since Hemingway and Robie (1984) provided 

only increments to the free energy and enthalpy with no reference points, it was 

necessary to estimate the standard free energy of formation OGOp) and enthalpy 

of formation (AHOp) for clinoptilolite at 25 OC by a component-summation method, 

using thermodynamic data for water and related minerals listed in Table 1 

(Helgeson et al., 1978; Robie et al., 1978). Thus, the AGOf and IAHOf values of 

clinoptilolite that are listed in Table 3 were estimated from data for natrolite, 

scolecite, K-feldspar, brucite, hematite, gibbsite, quartz, and water. Similarly, the 

AGef for the Ca end-member heulandite was estimated from the value given by 

Johnson et al. (1985) after correcting for minor Ba, Sr, K and Na components. The 

AGOe of Na-phillipsite was estimated from the experimental value for natrolite 

(Johnson et al., 1983) and data for quartz and water. Values of AGof for Ca-
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phillipsite and epistilbite were estimated in a similar manner from published data 

for scolecite (Johnson ct al., 1983), while the fi'e energy of formation of K

phillipsite was estimated from those of Na-phillipsite, albite and K-feldspar. All 

estimated data used in this study are listed in Table 3.  

Table 4 contains estimated free energies of formation for compositionally 

variable clinoptilolites. Independent substitutions are allowed of Na for Ca, K for 

Ca and Ca for Mg, where charge balance is maintained. AGOf is estimated from the 

value given for clinoptilolitce in Table 3 by a component-summation method using 

natrolite, scolecite and H20 for Na-Ca substitution; K-feldspar, anorthite and 

quartz for K-Ca substitution; and CaO and MgO for Ca-Mg substitution. These 

correction mechanisms result in lower free energies for Ca over Na, K over Ca and 

Ca over Mg-rich clinoptilolites.  

Composition of Groundwater.  

K>Because the Topopah Spring Member tuff is the major producing horizon for 

water pumped from J-13 well, it is generally assumed (Oversby, 1985) that the 

composition of 1-13 well-water approximates the prevailing groundwater 

chemistry of the proposed repository horizon in the same formation at Yucca 

Mountain even though the Topopah Spring Member there is in the undersaturated 

zone. As a result, J-13 well-water has been widely used as the reference aqueous 

phase for calibrating numerous environmental parameters relevant to the Yucca 

Mountain repository horizon (Oversby, 1985; Delany, 1985; Knauss et al.., 1985a,b; 

Moore et al., 1986). The chemical composition of J-13 well-water has been 

monitored for several years (Daniels et al., 1982; Kerrisk, 1987) and typical 

concentrations of dissolved species in it are summarized in Table 5. Small 

fluctuations of concentrations with time have been recorded, but the variations 

are minor compared with other variables in experiments in which J-13 well-water
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was used (Daniels et al., 1982). However, during experiments in which J-13 well.  

water was contacted with tuff samples of the Topopah Spring Member taken from 

a drill core at the appropriate region of main water production of the J-13 well, 

concentrations of many constituents changed slightly (Table 5), particularly Mg 

and Al which decreased after 3 weeks at room-temperature (Daniels et al., 1982).  

Moreover, filtration affected the composition of some elements, particularly Fe, Al 

and Mg, which were drastically reduced in samples passed through 0.05 micron 

Nuclepore membranes compared to those obtained from 0.45 micron Millipore 

filters (Daniels et al., 1982). The Al concentration, for example, decreased from 

-40 mg/l (0.45 pim filter) to <0.01 mg/I (0.05 pim filter) (Daniels et al., 1982).  

Cation concentrations in solutions contacted with vitrophyre samples from the 

Topopah Springs Member at 152 oC showed significant increases of dissolved Si, 

Fe, Al, K and Na and a decrease of dissolved Mg, which were attributed to 

dissolution of glass and precipitation of clays. A specimen of zeolitized tuff from 

the tuffaceous beds of Calico Hills unit reacted with J-13 water at the same 

temperature showed marked dissolution of clinoptilolite and disappearance of 

mordenite and cristobalite (Daniels et al., 1982). In later experiments, Knauss et 

al. (1985a,b) studied compositional changes of J-13 well-water after reacting it 

with crushed tuff and polished wafer samples of the densely-welded, devitrified 

ash-flow tuff in a drill core taken from the repository level in the Topopah Spring 

Member. The modal mineralogy of this horizon consists of a -98% microcrystalline 

feldspar-cristobalite-quartz and accessory (<2%) biotite-montmorillonite 

assemblage (Bish et al., 1984). Reactions were performed for 2-3 month intervals 

at temperatures of 90, 150 and 250 oC and pressures of 90-100 bars. Results 

from the 150 oC experiments are summarized in Table 5, where it can be seen 

that dissolved SiO 2 coilcentrations increase and are close to the cristobalite 

saturation value (Knauss et al., 1985a). Sodium also increased during the
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experiments, Ca and Mg decreased, and Al and K both increased rapidly and then 

-- decreased. These effects were attributed to dissolution of montmorillonite and 

precipitation of calcite and smectite. The experiments at 90 oC and 250 oC 

produced similar trends. Phases identified by scanning electron microscopy 

included illite, Mg-Ca or Fe-rich clays, gibbsite, calcite and a pure SiO2 phase 

considered to be cristobalite (Knauss et al., 1985 ab).  

Studies to determine compositional changes of groundwater as it passes 

through the undersaturated zone in tuffaceous deposits have been conducted at 

Rainier Mesa located 50 km to the north-northeast of Yucca Mountain (Benson, 

1976; White et al., 1980). At Rainier Mesa welded and vitric tuffs overlie 

zeolitized tuffs, resembling the sequence of ash-flow deposits at Yucca Mountain.  

Concentrations of Ca and Mg in interstitial waters decreased as a function of depth 

and were generally lower than in J-13 well-water, whereas opposite effects were 

observed for Na (Benson, 1976; White et al., 1980). The concentration of dissolved 

K 2 K was lower at depth, and SiO 2 higher, than J-13 water compositions, while CI

decreased and EI-" increased with depth. The maximum compositional 

variations of the interstitial water occurred in alteration zones containing 

clinoptilolite and montmorillonite (Benson, 1976; White et al., 1980). Water 

seeping through fractures in tunnels beneath the zeolitized tuffs was IT---rich, 

and had lower Ca, Mg and SiO2 contents, variable K and higher Na concentrations 

than 3-13 well-water (Benson, 1976; White et al., 1980). The clinoptilolites along 

fractures were Ca-Mg-K-rich, correlating with the depletion of these cations in the 

groundwater, while the fracture-flow water was enriched in I-3)" relative to the 

more Cl--rich interstitial water. Comparisons made with dissolution experiments 

on vitric and crystalline tuffs demonstrated the rapid dissolution of Na and SiO2 

but retention of K in glass-bearing tuffs, whereas dissolution of crystalline tuffs 

containing sanidine, quartz, biotite and clinopyroxene phenocrysts and sanidine-
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cristobalite groundmass resulted in solutions rich in Ca, Mg and -O3)- (White et al., 

1980). White et al (1980) thus concluded that fracture-water compositions, such 

as J-13 well-water, are dominated by dissolution of vitric tuffs, but are modified 

by infiltration through zeolitized tuffs.  

These results clearly show that zeolitized tuffs affect groundwater chemistry 

and suggest that compositional variability of clinoptilolites influence, and are 

influenced by, groundwater compositions.  

Representation of Activity Diagrams.  

Three- and four-component plus H2 0 systems can be readily represented in 

two dimensions. For example, in the system Ca-AI-Si-H2O, two components are 

selected for the x and y axes, a third component is balanced upon, leaving the 

activity of H2 0 to be assigned, commonly equal to unity. A reaction between 

amorphous silica and epistilbite can be represented by writing a hydrolysis 

reaction for each mineral: 

SiO2(am) = SiO2(aq) I1] 

CaAl2 Si6 Ol 6 .5H20 + 8H+ = Ca2+ + 2A13+ + 6SiO2(aq) + 9H20 [2] 

Combining reactions [1] and [21 such that no SiO2(aq) remains gives: 

CaAl2Si6 Ol6.SH20 + 8H+ = 6SiO2(am) + Ca2+ + 2A13 + + 9H20 (3] 

A logk as a function of pressure and temperature can be calculated from 

thermodynamic data for this reaction and is expressed as: 

logk = 21og(aAl3+/(aH+) 3) + log(aCa2+/(aH+) 2) [4] 

If the x and y axes are chosen as log(aA13+/(aH+) 3) and Iog(aCa2+I(aH+) 2), 

respectively, reaction [4] is the equation of a line with a slope of -2 and a, y 

intercept of logk that forms the boundary on an activity diagram between 

amorphous silica and epistilbite (see Figure 2a discussed later). Similar 

calculations are performed for all mineral pairs and the resulting intersecting lines
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form the boundaries of the phases that appear on the stability diagrams presented 

here.  

Four- (or more) component systems plus H2 0 are calculated in a similar 

manner, but with the inclusion of an additional mineral assumed to be at 

saturation to constrain the fourth component. For example, the system Ca-Na-Al

Si-H 2 0 might have Ca and Na on the axes, be balanced on Al, and have coexisting 

amorphous silica, as in reaction [3]. Alternatively, this four-component system 

could be balanced on S i0 2 and have the Al component constrained by a saturation 

phase such as gibbsite: 

CaAl2 Si6Ol6 .5H2 0 +22H+ = 2AI(OH)3 + 6 SiO2(aq) + Ca9+ + 3H 2 0 [5] 

Gibbsite, however, provides a maximum activity of the A13 + component that 

may not be desirable in all circumstances. Saturation with respect to any Al

bearing mineral in the four-component system can be assumed, although if the 

chosen saturation phase includes the components plotted on the axes of the 

diagram it will change the topology of the other fields. At Yucca Mountain, drill 

core samples in the vadose zone have established the presence of opal and 

smectite as coexisting authigenic SiO2 and Al 3 +-bearing phases, respectively, with 

some authigenic K-feldspar and minor amounts of cristobalite, quartz, kaolinite, 

and calcite (Broxton et al., 1987). These phases, together with the composition of 

1-13 well-water summarized in Table 5, serve to define the ranges of silica and 

A13 + activities shown in Figure 1 which were used to construct the activity 

diagrams presented here. Thus, lines labelled D and H on Figure I represent the 

extremes of dissolved silica saturation limits corresponding to quartz and 

amorphous silica, respectively; cristobalite, a constituent of the welded devitrified 

tuffs at Yucca Mountain, has an intermediate saturation level approximated by 

line E; line F corresponds to coexisting kaolinite and pyrophyllite; and line G is the 

activity of dissolved SiO 2 in 3-13 well-water. Similarly, for dissolved Al 3 +. lines A,
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B, and C correspond to saturation values for coexisting amorphous silica plus 

pyrophyllite, coexisting pyrophyllite plus kaolinite, and gibbsite, respectively, 

while Ulne I represents an arbitrary low value of dissolved Al which, as shown 

later is consistent with the coexistence of opal, calcite and clinoptilolite. The 

reported analysis of Al in 1-13 well-water (0.012 mg/I) is too high to be 

equilibrium controlled. The fluid speciation program used to calculate cation 

activities (EQ3NR of Wolery, 1983) indicates that at the pH of 1-13 water (-7.5), 

dissolved Al occurs predominantly as AI(OH) 4 ", with a calculated equilibrium 

value for [AI3+] of -2 x 10-"1 M. Using an activity coefficient of -0.6 gives a value 

for log(aA13+/(aH+) 3 ) of 9.6, in excess of the gibbsite saturation value of -7.9 

(Figure 1). A possible interpretation of this result is that the Al in J-13 well-water 

includes unfiltered particulate matter passing through membrane filters. In 

calculating the activity diagrams, the activity of H 2 0 is taken to be unity, and the 

calcite boundary is added to appropriate diagrams by assuming a dissolved HI-If 

content equivalent to that of J-13 well-water (Table 5) and using the 90 0C 

analytical data in the activity diagrams calculated at 100 oC 

RESULTS 

Three-Component plus H2 0 Diagrams 

A series of three-component plus H2 0 diagrams are shown in Figures 2 to 4 for 

the systems Ca-Al-Si, Na-Al-Si, and K-AI-Si, respectively. Ali of these diagrams 

are balanced on $iO 2 . Quartz has been suppressed throughout the calculations 

described here in favor of amorphous. silica because opal is reported to be the 

commonly observed authigenic SiO 2 phase in zeolitized ash-flow tuffs at Yucca 

Mountain (Broxton et al., 1986. 1987). As a result, all of the three-component 

diagrams in Figures 2-4% have amorphous silica as the stable phase in the bottom 

left-hand corner. Amorphous silica occupies a relatively smaller stability field
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than would -quartz had quartz not been suppressed. Figures 2a-c illustrate .the 

changes in mineral phase relations for the system Ca-AI-Si with increasing 

temperature at 25, 100, and 200 .oC with pressures corresponding to the steam 

saturation curve. Note that the epistilbite field at 25 OC is replaced by Ca

phillipsite at higher temperatures. The scolecite field decreases in size with 

increasing temperature and this zeolite is no longer stable at 200 oC (Fig. 2c). The 

Ca-beidellite field apparent at 200 oC may exist at lower temperatures as well, but 

does not appear in Figs. 2a and b possibly because of inaccuracies in the 

thermodyamic data for Ca-beidellite or adjacent phases. The stable limits of these 

and other activity diagrams described later are delineated by the dashed lines 

labelled gibbsite (or diaspore at 200 OC) and calcite. Higher Al or Ca activities can 

only result from supersaturation of the fluid with respect to these phases. As 

noted earlier, 3-13 well-water is unconstrained on the Al axis. It is apparent from 

Figs 2a and b that in the simple Ca-Al-Si system, 3-13 well-water is somewhat 

undersaturated with respect to calcite at 25 oC and slightly oversaturated at 100 

oc 

Activity diagrams for the system Na-AI-Si illustrated in Figures 3a and b show 

that Na-beidellite becomes stable at 100 oC. Figs. 4a and b show similar diagrams 

for the system K-AI-Si at 25 and 100 oC. 3-13 well water plots below any of the 

Na- or K-rich zeolites in Figs. 3 and 4 and is consistent with equilibrium with 

respect to feldspar: albite in Fig. 3 and K-feldspar in Fig. 4.  

These diagrams indicate that although the activity of Al is unconstrained, 

calculated cation activities for 3-13 well-water are consistent with the formation 

of Ca-rich zeolites and smectite observed in experimental studies of tuff samples 

contacted with water at ambient and elevated temperatures (Knauss et al., 

1985a,b; White et al., 1980).
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Muiticomponent Diagrams 

The three-component diagrams in Figures 2 to 4 provided simplified reference 

activity diagrams for comparison with the more complex four- and five

component plus 120 systems necessary for plotting the stability field of 

clinoptilolite. Figures 5-8 are activity diagrams for the system Ca-Na-K-Al-Si.  

Values of log(aNa+/aH+) and Iog(aCa2+/(aH+) 2 ) are plotted on the x- and y-axes, 

respectively, in each diagram. Either Al (Figs. 5 and 6) or Si (Figs. 7 and 8) has 

been used as the balancing component. In each case, two additional components 

need to be specified. The component K+ is constrained by assuming the presence 

of K-feldspar, since it occurs as an authigenic mineral (Broxton et al., 1987) and as 

a phenocryst and groundmass mineral in the rhyolite tuffs at Yucca Mountain.  

The other component, A13 + or SiO2 , is assigned the series of values shown in the 

plot of log(aAl3+/(aH+) 3 ) versus logasio2 at 25 OC in Figure 1. The activity 

diagrams in Figures 5a-d are balanced on Al at 25 oC and have logasio 2 specified 

by the lines labelled D, E, F, G and H in Figure 1. The activity diagrams in Figures 

6a and b are balanced on Al with amorphous silica and quartz saturations, 

respectively, at 100 oC. Figures 7a-d are balanced on Si at 25 oC and have A13+ 

concentrations constrained by values corresponding to lines labelled I, A, B, and C, 

respectively, on Figure I.- The 100 oC diagrams shown in Figures 8a-c are 

balanced on Si with Al constrained by pyrophyilite-amorphous silica, kaolinite

pyrophyllite, and gibbsite saturations, respectively. Clinoptilolite is included in 

these diagrams, where 'stable, by considering it to be in equilibrium with Ca

saponite (smectite) and hematite to constrain the small amounts of Mg and Fe in 

the clinoptilolite specimen measured by Hemingway and Roble (1984). On all of 

the activity diagrams shown in Figures 5 to 8, calcite is plotted with a dashed line 

by assuming a bicarbonate ion content comparable to 1-13 well-water, and the
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circular symbol labelled 1-13 corresponds to Ca and Na activities of this reference 

> groundwater.  

By comparing the activity diagrams shown in Figures 5-8 through changing 

temperature, or for different activities of Al or Si, trends in the relative stability of 

various zeolite phases may be easily recognized. For example, Figure 5 shows 

that: mesolite is a stable zeollte at low activities of silica; the mesolite field 

narrows and then disappears with increasing silica activity; and, clinoptilolite is 

stable at high activities of silica and increases in size the higher the silica activity.  

The effects of temperature can be seen by comparing Figure 5a with Figure 6a 

(corresponding to amorphous silica saturation) and Figure 5d with Figure 6b 

(quartz saturation), where it is apparent that both clinoptilolite and mesolite have 

smaller regions of stability at 100 oC than at 25 oC.  

The effects of variable Al activity at 25 oC can be observed in Figure 7.  

Mesolite has the largest stability field at gibbsite saturation (Figure 7d).  

K> Clinoptilolite is not stable at high Al activities corresponding to gibbsite saturation, 

but appears with decreasing Al activity (Figures 7a-c). Its stability field 

maximizes in size at an intermediate Al activity constrained by the coexistence of 

amorphous silica and pyrophyllite (Figure 7b), and then becomes smaller with 

further decrease in Al activity (Figure 7a). Note that circles representing Ca and 

Na concentrations of J-13 well-water plot close to the join of mesolite, epistilbite 

and cinoptilolite in Figures 7b and c. Again, effects of increasing the 

temperature to 100 oC may be seen in Figure 8 which shows that the clinoptilolite 

stability field decreases with increasing temperature and appears only at low AP + 

activities.  

In Figures 9a and b, the system Ca-Na-K-Al-Si is represented with 

log(aK+)/(aH+) replacing log(aNa+)/(aH+) on the x-axis and albite replacing K

feldspar as the saturation phase. Figure 9a is balanced on Al and amorphous
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silica is the saturation phase, whereas Figure 9b is balanced on Si with A13+ 

activity controlled by coexisting amorphous silica plus pyrophyllite. These two 

representative activity diagrams based on K+ activities are very similar to their 

Na-counterparts except that K-silicate phases replace Na-silicate minerals. The 

stability field of clinoptilolite is again largest at high silica activities, intermediate 

A13 + activities, and low temperatures.  

Activity Diagrams for Clinoptilolltes of Variable Compositions.  

Since clinoptilolites at Yucca Mountain occurring in the zeolitized tuffaceous 

beds of Calico Hills unit vary from Ca-rich compositions in the east to (Na + K)-rich 

compositions in the west (Broxton. et al., 1986, 1987), and are (Ca + Mg)-rich in 

fractures in the Topopah Spring Member tuff (Levy, 1984; Carlos, 1985; Broxton et 

al., 1987), activity diagrams were calculated for variable Na-Ca, K-Ca and Ca-Mg 

contents of the zeolite. The results are shown in Figures lOa-c, respectively. Each 

activity diagram is related to that shown in Figure 7b in which Si is balanced and 

Al activities are constrained by the pyrophyllite-amorphous silica (plus K

feldspar) assemblage.  

Figure 10a shows that with increasing atomic substitution of Na in 

clinoptilolite, the clinoptilolite stability field narrows and is displaced to lower 

calcium activities. Conversely, the clinoptilolite stability field widens for 

clinoptilolites with higher Ca contents. Clinoptilolites more sodic than Nal.5 6 Cal.0 

are no longer in equilibrium with J-13 well-water, suggesting that groundwater 

with higher Na concentrations, perhaps derived from altered vitric tuffs (White et 

al., 1980), is necessary to stabilize sodic clinoptilolites.  

Potassium has the opposite effect on the clinoptilolite stability field (Figure 

10b), which widens considerably with increasing atomic substitution of K for Ca in 

clinoptilolite. Clinoptilolites less potassic than K0.5 Cal,74 would no longer be in
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equilibrium with J-13 well-water. Magnesium, too, replacing Ca in clinoptilolite 

Swidens its stability field (Figure 10c). Clinoptilolites less magnesian than 

Cal. 7 Mg 1.0 3 would not be in equilibrium with J-13 well-water, but this effect 

could be compensated by increased atomic substitution of K into the zeolite.  

Clinoptillolites less magnesian than Ca 2 .SMg 0 .2 3 do not coexist stably with Ca

saponite under the conditions of the activity diagram shown in Figure 10c.  

DISCUSSION 

The activity diagrams demonstrate that the formation of clinoptilolite is 
favored by higher SiO2 activities than allowed for by the presence of quartz. This 

is clearly demonstrated by Figure 5 and is achieved, for example, when 

clinoptilolite coexists with opal in diagenetically alterated volcanic glasses. Such 

assemblages are commonly observed in vitric tuff samples from drill cores at 
K'i Yucca Mountain (Benson, 1976; White et al., 1980; Broxton et al., 1987) and from 

surface desert pavement and outcrop locations (Blundy et al., 1988).  

Clinoptilolite has a maximum stability field at some intermediate aluminium 

activity value, but shrinks with either increasing or decreasing activities of 

aluminum. This is indicated by Figure 7 in which the clinoptilolite stability field is 

largest when aluminium activities are controlled by the amorphous silica

pyrophyllite assemblage (Figure 7b). Furthermore, since the composition of 3-13 

well-water appears to be approximately in equilibrium with respect to calcite, the 

J-13 Ca2 +/Na+ points plotted in Figures 5a, 7b and 7c suggest that the aluminum 

activities lie between the values for kaolinite-pyrophyllite and pyrophyllite

amorphous silica. Such aluminum activities also indicate that 1-13 well-water 

could be in equilibrium, with other zeolites represented on the activity diagrams,
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including epistilbite (Figure 5b) and mesolite (Figure 5c, 7b and 9b), particularly 

when the stability field of Na-rich. clinoptilolites is diminished (Figure 10a).  

The clinoptilolite stability field decreases in size with increasing temperature 

between 25 oC and 100 oC (Figures 6 and 8), and has disappeared by 200 OC. This 

correlates with hydrothermal experiments (Boles, 1971; Knauss et al., 1985ab; 

Hawkins et al., 1978) and observed geological occurrences of clinoptilolite (Hay, 

1966; Hay and Sheppard, 1977). Zeolite diagenetic zones have been suggested for 

alteration of vitric tuffs based on the appearance and disappearance of 

clinoptilolite in buried pyroclastic deposits (Iijima, 1975, 1980; Smyth, 1982).  

Zone I, for example, is characterized by large-scale preservation of glass in vitric 

tuffs above the water table, and incipient alteration of glass shards, particularly in 

groundniass, to smectite and opal. The Topopah Spring Member at Yucca 

Mountain, lying well above the water table, falls into Zone L However, Ca-rich 

clinoptilolites occur in fractures through lower welded tuff and vitrophyre 

horizons and may be indicative of groundwater interactions, perhaps with 

microcrystalline devitrified tuffs which produce relatively high concentrations of 

dissolved Ca2 +, Nat and HCO3 in fracture-flow water (White et al., 1980). The 25 

oC activity diagrams consistently show that calcic clinoptilolites are stable in the 

presence of fracture-flow J-13 well-water originating from microcrystalline 

devitrified Topopah Spring Member tuffs, even though such zeolites have not been 

observed as fracture-lining minerals at this level in J-13 drill cores (Carlos, 1988).  

The abundance of drusy quartz coating fractures there (Carlos, 1988) may depress 

the silica activity below that necessary to crystallize clinoptilolite.  

Diagenetic zone II, which characterizes the tuffaceous beds of Calico Hills unit, 

represents extensive zeolitization of vitric tuffs to clinoptilolite-bearing 

assemblages, and is promoted by saline groundwater and slightly elevated 

temperatures (Smyth, 1982). Progressive hydration and dissolution reactions of
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the rhyolitic vitric tuffs increase-. the concentrations of SiO2 , Na+, and ultimately K+ 

in groundwater (White et al., 1980) from which clinoptilolite-clay silicate-opal 

assemblages are derived. The presence of Ca-poor, K-Na-rich clinoptilolites in 

diagenetic zone II conforms with the activity diagrams which consistently show 

the clinoptilolite stability field moving away from 1-13 well-water compositions at 

elevated temperatures and for increased Na, but depleted Ca, concentrations in 

groundwater.  

Deeper drill-cores through Yucca Mountain have yielded analcime instead of 

clinoptilolite which is indicative of diagenetic Zone HI, while Zone IV is 

represented by the breakdown of analcime to albite at greater depths. The Zone 

1I - Zone M boundary appears to be between 100 oC and 150 oC (Smyth, 1982), 

which again is consistent with the absence or decreased stability field of 

clinoptilolite in activity diagrams calculated at elevated temperatures. Adverse 

effects of temperature on the clinoptilolite stability field also indicate the 

vulnerability of calcic clinoptilolites to thermal decomposition in the vicinity of the 

heat envelope surrounding stored radioactive waste at Yucca Mountain, 

particularly if concentrations of dissolved Na were to increase, and Ca decrease, in 

heated groundwater.  

Several observed reactions suggested by phase assemblages in weathered 

vitric tuffs (Benson, 1976; White et al., 1980; Blundy et al., 1988) can be 

demonstrated on the activity diagrams. For example the reaction of glass + clay 

silicates to cinoptilolite plus opal plots at the intersection of amorphous silica + 

pyrophyllite, albite and clinoptilolite in Figures 5a and 7b, but requires lower 

calcium activities in the coexisting fluid than that of J-13 well-water. Low Ca and 

slightly reduced K activities would account for the assemblage glass-opal-clay 

silicates-authigenic K-felaspar forming on weathered vitric tuffs and outcrop and 

in detritus forming desert pavement (Blundy et al., 1988). The assemblage of
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clinoptilolite-calcite-opal also found in weathered vitric tuffs is represented on 

Figure 7a requiring, however, very low activities of Al.  

CONCLUSIONS 

The calculated activity diagrams presented here quantify observed field 

occurrences and verify deductions made about the stability of clinoptilolite in 

diagenetically altered tuffs. The coexistence of clinoptilolite with opal correlates 

with its calculated wide stability field in aqueous solutions saturated with 

amorphous silica. Clinoptilolite-smectite assemblages indicate that the zeolite 

crystallized from groundwater with dissolved Al concentrations lower than 

saturation values with respect to gibbsite. Calcic clinoptilolites associated with 

calcite are consistent with crystallization from fracture-flow groundwater 

containing Ca2 + and HCO3 derived from incipient dissolution of microcrystalline 

devitrified tuffs. Alkali-rich clinoptilolites, on the other hand, correlate with 

groundwater having elevated Na+ and K+ but depleted Ca2 + concentrations which 

are associated with altered vitric tuffs. Although the crystallization of 

clinoptilolite may be promoted by saline groundwater, the clinoptilolite stability 

field diminishes appreciably between 25 OC and 100 oC, correlating with burial 

diagenetic reactions but confirming doubts about the thermal stability of 

clinoptilolite when it is in close proximity to buried radioactive waste.  
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Quartz 

Amorphous silica 

Gibbsite 

Diaspora 

Kaolinite 

Pyrophyllite 

Wollastonita 

Grossular 

Prehnite 

Margarita 

Ca-beidellita 

Lawsonita 

Ca-phillipsita 

Scolecite 

Epistilbite 

Heulandite 

Albita 

Nephelina 

Paragonite 

Na-beidellite 

Analcims 

Natrolita 

X-feldspar 

Xalsilite 

Muscovite 

X-phillipsite 

Mesolita 

Clinoptilolita 

Ca-saponite 

Hematite

TABLE 1: AM4ERALS AND FORAIULAS

SiO2 

Si02 

AI(OH)S 

,AIO(OH) 

Al2Si2Os(OH)4 

AI:Si4Olo(OH)2 

CaSiOs 

Ca3AI2Si3OI2 

Ca2Al2Si3-010(OH)3 

CaA]4Si2OtC(OH)3 

Ca.j6sAl:(AJL33S46?010)(OH)2 

CaAl2Si2O7(OH)2 - H20 

CaAl2SiSOI4-5H2O 

CaAIZSi3OlG - 3H30 

CaAl2Si6OI6 - SH30 

CaAl2Si?()Il - 6H20 

NaJAMi30S 

NaAlSi04 

N&M2(AlSi3OlO)(OH)2 

NA.33AJ2(AJ.33Si3.67010)(OH)2 

NaAlSi2O6 - H20 

Na2Al2Si30lO - 2H2O 

KAlSi308 

XAlSi04 

KA12(AISi3OIO)(OH)2 

K3Al2SisOI4 - SH20 

Na.vsCa.657AlI.99Si3.C1010 - 2.647H20 

(Na.s6K.oaCal.$Mgl.23)(AIG.7F6.3)Si29O72 22H20 

CaAG3Mg3(Al-33Si3.67010)(OH)2 

Fe303



TABLE 2: REPRESENTATIVE CHEMICAL 

COMPOSITIONS AND FORMULAE 

OF CLINOPTILOLITE

4 

4

16 

31

44 
45

Si/Al 4.33 4.18 4.68 4.75 
[WJ Hemingway and Robie (1984): Thermodynamic data 
[2] Topopah Spring Member fractures; Broxton et al. (1987) 
[3] TUff of Calico Hills, ýastern YM; Broxton et al. (1987) 
[4] Tuff of Calico Hills, western YM; Broxton et al. (1987)
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SiO2 

TiOz 
AI:Os 

Fe2OS 

M90 
CaO 

BaO 

NazO 

K2 0 

Total 

Si 

Ti 

Al 

Fe 

M4 
Ca 

Ba 

Na 

K

[1] 
62.78, 

0.28 

12.33 

1.41 

1.99 

3.10 

0.13 

0.63 

1.67 

84.32 

Formulae 

29 

6.7 

0.3 

1.23 

1.50 

0.02 

0.56 

0.98

23 

13

[2] 

65.5 

0.02 

13.3 

0 

0.86 

5.19 

0.17 

0.21 

85.2 

calculated 

29.2 

0.01 

6.98 

0 

0.57 

2.48 

0.00 

0.15 

0.12

[3] 
68.6 

0 

12.4 

0 

0.07 

3.59 

1.13 

3.00 

88.8 

for 72 oxygens 

29.7 

0 

6.35 

0 

0.04 

1.67 

0.01 

0.95 

1.66

[4] 

68.1 

0 

12.2 

0 

0.09 

1.11 

0.03 

2.84 

4.20 

88.5 

29.8 

0 

6.28 

0 

0.06 

0.52 

0.01 

2.41 

2.35



TABLE 3: 

ESTIMATED FREE ENERGIES AND ENTHALPIES

Na-phiulpsits 

K-phillipsite 

Ca-phillipsite 

Epistilbite 

Heulandite 

Clinoptilolite

AGfO(298) (cal.) 

-1,850,051.  

-1,868,183.  

-1,860,596.  

-2,065,242.  

-2,321,459.  

-9,055,456.

-2,002,144.  

-2,022,272.  

-2,010,073.  

-2,234,T783.  

-2.514,768.  

-9,809,599.



TABLE 4: ESTIMATED FREE ENERGIES 

FOR COMPOSITIONALLY VARIABLE 

CLINOPTILOLITE

(Na.s6K.gaCal.sMgl.ls) 

(A.I 7FeS)Si 29O72 - 22H2O 

Na-Ca substitution 

Nal.s6Cal 0 

Na2.geCaoj 

Na3j6 

Nao.2CaiL.64 

Ca1 .67 

K-Ca substitution 

K1.gsCal.o 

K2.9aCaouj 

Ka7gCao.j 

Ko.sCa1 7 4 

Calmg 

Ca-Mg substitution 

Cao.l7M 2 .0 

Cal.7141.o3 

Ca2.oMg0. 3 

CazJMg90 3 

Ca2 .73

K>

AGf(298)(cal.) 

-9,055,456.  

"-9,028,215.  

-9,000,973.  

-,973,732.  

-9,063,084.  

-9,070,711.  

-9,064,389.  

-9,073,322.  

"-9,080,468.  

-9,051,168.  

-9,046,702.  

-9,049,080.  

"-9,057,112.  

"-9,059,596.  

"-9,063,736.  

-9,065,640.



TABLE 5: CHEMI CAL CO7OSITION 

OF J-13 WELL WATER (mg/i) 
[1] [2] [31 [4] [51 [6) (7].  

Li 0.042 0.06 0.05 0.05 

Na 43.9 55 58.5 44 45 51 54.1 

K 5.11 7.5 5.58 4.4 5.3 4.9 6.4 

Ca 12.5 11.5 6.46 13 11.5 14 11 

Mg 1.92 1.1 0.315 2.0 1.76 2.1 0.95 

Sr 0.035 0.05 0.002 

Al 0.012 0.999 1.64 0.02 0.03 0.01 

7e 0.006 0.01 0.04 0.004 

SiO2  57.9 53 148 59 31.8? 66 71.6 

NO 3  9.6 9.0 9.5 8.7 10.1 5.6 

F 2.2 2.3 2.4 2.2 2.1 2.2 

Cl 6.9 7.2 7.4 .4. 7.5 

HCO3  125.3 178.8 61.0 120 143 120 

S0 4  18.7 18.3 18.5 19 18.1 22 

pH 7.8 7.27 6.97 7.5 6.9 7.1 

[11 Delany (1985) 

[2] J-13 reacted with TS tuff at 900C; 

Knauss et aL (1985) 

[3J J-13 reacted with TS tuff at 1500C; 

Knauss at aL (1985) 

[4] Mooroet al. (1986) 

[51 Bish et a. (1984) 

[6] Daniels et aL (1982) 

[71 Daniels at a. (1982), after J-13 water reacted with 

TS tuff at 25 0C



FIGURE CAPTIONS.  

Figure 1. Ranges of dissolved silica and aluminum activities used in the 

calculations of activity diagrams. Silica activities correspond to amorphous silica 

(H), J-13 well-water (G), coexisting pyrophyllite-kaolinite (F), cristobalite (E) and 

quartz (D) saturated solutions. Aluminum activities are those for solutions 

saturated by pyrophyllite-amorphous silica (A), pyrophyllite-kaolinite (B), and 

gibbsite (C) assemblages and an arbitrary low value (I).  

Figure 2. Activity diagrams for the three-component Ca-AI-Si plus H 2 0 system 

balanced on Si (a) at 25 oC; (b) at 100 OC; and (c) at 200 oC and 15.5 bars.  

Figure 3. Activity diagrams for the three-component Na-Al-Si plus H2 0 system 

balanced on Si (a) at 25 oC; and (b) at 100 oC 

Figure 4. Activity diagrams for the three-component K-Al-Si plus H2 0 system 

balanced on Si (a) at 25 oC; and (b) at 100 oQ 

Figure 5. Activity diagrams for the Ca-Na-K-Al-Si plus H2 0 system balanced on Al 

at 25 oC for different silica activities (a) amorphous silica; (b) J-13 well-water; (c) 

pyrophyllite-kaolinite; and (d) quartz and cristobalite (inset dashed lines).  

Saturation phases also include K-feldspar, hematite and Ca-saponite.  

Figure 6. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Al 

at 100 oC for different silica activities (a) amorphous silica; and (b) quartz.  

Figure 7. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Si 

at 25 oC for different aluminum activities (a) low Al activity corresponding to line



I in Figure 1; (b) pyrophyllite-amorphous silica; (c) kaolinite-pyrophyllite; and (d) 

gibbsite. Saturation phases again include K-feldspar, hematite, and Ca-saponite.  

Figure 8. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Si 

at 100 oC for different aluminum activities (a) pyrophyllite-amorphous silica; (b) 

kaolinite-pyrophyllite; and (c) gibbsite.  

Figure 9. Activity diagrams based on K and Ca activities in the Ca-Na-K-Al-Si plus 

H 2 0 system at 25 oC (a) balanced on Al with silica saturation by amorphous silica; 

and (b) balanced on Si with aluminum saturation by pyrophyllite plus amorphous 

silica. Saturation phases include albite, hematite and Ca-saponite.  

Figure 10. Activity diagrams for clinoptilolites having variable cation 

compositions (a) Ca-Na: (b) K-Ca; and (c) Ca-Mg. The calculated 25 oC stability 

fields correspond to aluminum saturation by pyrophyllite plus amorphous silica 

and are balanced on Si (Fig. 7b).
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Geological Society of America, Abstracts with Program, 
vol. 20, no. 7, 1988, p. A359.  

(Paper presented in session: "Geochemistry VI: 
Layered Silicates and Zeolites/Mineralogy/Crystallography II) 

N2 23742 
ACTIVITY DIAGRAMS FOR CLINOPTILOUTE: RELEVANCE TO ZEOUTIZED VITRIC 
TUFFS AT YUCCA MOUNTAIN, NEVADA 

BURNS, Roger G., and BOWERS, Teresa S.: Department of Earth, Atmospherio and 
Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.  

Clinoptilolite, e.g. (Nao.56KO.g8Cal.50Mg1.23)(Si29AI6.7FeO.3)072.22H 2 0, occurs 
as a secondary mineral In zeolitized vitric tuffs and Is considered to be a prime candidate 
for Immobilizing certain soluble radionuclides (e.g. 135Cs, 9OSr) contained in fission 
products to be stored In the proposed repository for high-level nuclear waste at Yucca 
Mt. Clinoptilolites, occurring In the undersaturated zone above the water table there, 
show regional variations of Na and Ca, which raise questions about the vulnerability of 
the zeolites to further diagenetio reactions with groundwater. Therefore, equilibrium 
activity diagrams were calculated for clinoptilolite solid-solutions In the seven 
component system Na-K-Ca-Mg-Fe-AI-SI plus H20, employing available 
thermodynamic data for relevant oxide and aluminosilicate phases. Stability fields were 
portrayed graphically on plots of !og(aNa+/aH+) versus log(aCa2+/aH+)2, assuming 
the presence of K-feldspar, saponite and hematite and using ranges of activities for S10 2 and A13+ defined by the saturation limits for quartz, amorphous silica, gibbsite, 
kaolinite and pyrophyllite. Formation of clinoptilolite Is favored by higher SI02 
activities than allowed for by the presence of quartz, thus accounting for coexistence of 
clinoptilolite with opal CT In zeolitized vitrio tuffs. The clinoptilolite stability field 
broadens with Increasing ratio of Ca to Na, reaches a maximum size for Intermediate 
A13+ activities, and decreases at elevated temperatures. In the absence of analytical data 
for vadose-zone water at Yucca Mt., the water composition of the nearest producing well 
(J-13 at the adjacent Nuclear Test Site) was used as reference. The thermodynamic 
calculations show that sodium bicarbonate-type J-13 well-water is approximately In 
equilibrium with calcite and several zeolites, Including clinoptilolite. Decreasing A13+ 
activities results in the association of clinoptilolite with calcite and opal CT observed In 
some zeolitized vitric tuffs at Yucca ML This suggests that prolonged diagenetio reactions 
with groundwater depleted In Al and heated by the thermal envelope surrounding the 
repository may eliminate sorptive cllnoptilollte.
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N 6647 
DESERT VARNISH: A NEW LOOK AT CHEMICAL AND TEXTURAL VARIATIONS 

KRINSLEY, David, and ANDERSON, Steven, Geology Department,, 
Arizona State University, Tempe, AZ 85287 

Ve have combined several analytical techniques and used them to 
acquire chemical and textural information from rock varnish samples.  Polished sections of varnish and underlying rock material were 
photographed at both low and high magnification (up to 15,000X) using 
scanning electron microscopy (SEN) in the backscattered electron mode 
(ESE). Photomosaics show the relations between the varnish and the 
underlying rock, including textural variations and chemical 
differences within the varnish layers. Sections were analyzed with 
the electron microprobe to obtain major element distributions. Vater 
content and trace element data on the same section were then acquired using the ion microprobe. Chemical analyses were related to depth in 
the varnish layers, overall varnish thickness, and structure within the varnish. The percentage of water at a number of points in cross 
section was compared to chemical composition and texture.  

ESE microphotography has shown that the contact between the varnish and the rock substrate is very sharp and distinct, with no 
evidence of chemical weathering. This suggests that either the rock 
to which the varnish adheres is resistant to chemical weathering, or varnish accretion begins soon after the rock has become mechanically 
.stable; the latter is probably more likely. There also does not 
appear to be chemical exchange between rock and varnish. In 
addition, porosity decreases with depth, and 1-2 micron lamellae are K->concentrated at the bottom of the varnish near the rock-varnish 
interface.  

Preliminary analysis of ion and electron microprobe data from 
South Mountain, Arizona and Coso volcanic field, California varnish 
samples has revealed a highly varied chemistry. Major elements, trace 
elements, water contents, and the cation ratios (Ca÷K/Ti) do not show 
iny clear trends with depth.
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N2 26427 0
CHEMICAL ZONATION WITHIN BISHOP ASH, PLEISTOCENE LAKE TECOPA, 
INYO COUNTY, CALIFORNIA

O'HARA, Parick F., Kataterskill Exploration, 691 
Robinson Dr., Prescott, AZ 88303; MANLEY, Curtis R., 
KRINSLEY, David, Dept. Geology, Arizona State Univ., 
Temps, AZ 85287 

Tuft B (Bishop Ash) Is a LREE enriched, corundum normative 
cale-alkaline rhyoilite, which crops out within the mudstones, 
of the Late Teritary.Lake Tecopa basin, and Is present In the 
fresh glass, zeolite, and K-t/iiprdspar diagenetio facies of 
Sheppard and Gude (19683). Because airfall tuft has a nearly 
fixed chemical composition during deposition, lateral 
elemental variation (31,elements) Is used to deduce changing 
geoichemical processes and patterns.  

Samples of fresh glass are'enriched In F, Mol, U and Y, but 
these elements are depleted in all samples of recrystallized 
tuft. Two zones enriched In alkalis and depleted In U are 
present In the altered tuft. An As + B trace element 
association is fa6Und In a six sample zone where the most 
anomalous samples containing alkali enrichment, U depletion 
and high Cu + Ba concentrations exist. Anomalous Pb and U 
flank this zone.  

Zones of both As + B and alkali depletion flank corre
sponding zones of high concentrations, suggesting potential 
paths of fluid flow. Both fresh glass and recrystallized 
tuft facies locally contain high calcite + Mn concentrations.  
Three fluid soluvcas are inferred: 1) hot springs which added 
high concentrations of B + As and associated elements, 2) 
alkali enriched fluid, which might be associated with 
hydrothermal fluids, and 3) carbonate-enriched groundwater 
venting Into the lake as cold springs.  

Lack of correlation between these chemical zones and the 
diagentic mineral assemblages may preclude a direct relation 
between the fluid and diagenetic phases. The Bishop Ash could, 
have been oipenf to chemical exchange prior to diagenesis.
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CHEMICAL ZONATION WITHIN BISHOP ASH. PLEISTOCENE LAKE TECOPA, 
INYO COUNTY. CALIFORNIA 

O'HARA, Patrick F., Kaaterskill Exploration, 691 Robinson 
Dr., Prescott, AZ 86303; MANLEY, Curtis R., KRINSLEY, 
David, Dept. Geology, Arizona State Univ., Tempe, AZ 85287 

Tuff B (Bishop Ash) is a LREE enriched, corundum normative 
calc-alkaline rhyolite, which crops out within the mudstones of 
the Late Teritary lake Tecopa basin, and is present in the fresh 
glass, zeolite, and K-feldspar diagenetic facies of Sheppard and 
Gude (1968). Because airfall tuff has a nearly fixed chemical 
composition during deposition, lateral elemental variation (31 
elements) is used to deduce changing geochemical processes and 
patterns.  

Samples of fresh glass are enriched in F, Mo, W and Y, but 
these elements are depleted in all samples of recrystallized 
tuff. Two zones enriched in alkalis and depleted in U are present 
in the altered tuff. An As + B trace element association is found 
in a six sample zone where the most anomalous samples containing 
alkali enrichment, U depletion and high Cu + Ba concentrations 
exist. Anomalous Pb and U flank this zone.  

Zones of both As + B and alkali depletion flank correspond
ing zones of high concentrations, suggesting potential paths of 
fluid flow. Both fresh glass and recrystallized tuff facies 
locally contain high calcite + Mn concentrations. Three fluid 
sources are inferred: 1) hot springs which added high concentra
tions of B + As and associated elements, 2) alkali enriched



fluid, which might be associated with hydrothermal fluids, and 3) 
carbonate-enriched groundwater venting into the lake as cold 
springs.  

Lack of correlation between these chemical zones and the 
diagenetic mineral assemblages may preclude a direct relation be
tween the fluid and diagenetic phases. The Bishop Ash could have 
been open to chemical exchange prior to diagenesis.



INTRODUCTION 
Pleistocene lake beds in Lake Tecopa formed as a result of 

the damming of the ancestral Amargosa River. Surface flow in the 
Amargosa River was a direct result of higher groundwater levels 
and associated increase in groundwater flow. Either at the time 
of lake sediment distribution. or at some later date, rock-fluid 
reactions have changed the chemistry and mineralogy of the lake 
deposits. This study is a preliminary attempt to explain the 
spacial distributions, timing and physiochemical processes asso
ciated with these changes.  

Lake sediments may have several sources; therefore, they 
probably have a high degree of chemical variance. For this reason 
it would be difficult to model chemical variation caused by 
alteration. However, because felsic volcanic psh of fixed initial 
chemical composition exists within the basin, these rocks can be 
used to model chemical and mineralogical changes due to ground
water discharge and alteration, hotspring alteration and diagen
etic reactions.  

PREVIOUS WORK 
Field studies of Lake Tecopa (Map 1) have delineated the 

areal distribution of lake sediments (Hillhouse, 1987) and the 
zonation of diagenetic facies using mineral assembleges from 
felsic ash beds (Sheppard and qude, 1968; Sheppard, 1985).  
Currently Roger Morrison, is mapping the distribution of sedi
mentary rock units and tuffs within the lake beds in order to 
generate a model of sedimentary facies within Lake Tecopa.



OBJECTIVES 
The Bishop Ash is present in all diagenetic facies of 

Sheppard and Gude (1968) and crops out throughout the Lake Tecopa 
basin. Textural relationships indicate that the mineral 
assemblages, which make up the diagenetic facies (Figure 1) 
change progressively as discontinuous reactions from fresh glass 
to zeolites and then from zeolites to potassium feldspar (Shep
pard and Gude, 1968). Because a felsic ash airfall approximates a 
fixed composition at the time of deposition, the Bishop Ash can 
be used to model chemical change caused by rock fluid reactions 
which occured after deposition. Therefore, initial hypotheses can 
be generated which can be tested at a later date with more 
precise methods.  

In order to explain chemical variance within the Bishop Ash, 
multi-element geochemical analyses and x-ray diffraction data are 
used in conjunction with multivariate statistical analysis. This 
data is then used to generate hypotheses concerning the geochemi
cal processes of rock-fluid reactions within alkaline lake 
deposits. The use of the SEM-EDS system allows petrographic 
testing of the initial hypotheses and the determination of the 
timing of each processes (textural analysis). Once all this 
information is evaluated, an inclusive model can be generated 
which summarizes rock-fluid reaction processes in alkaline lake 
deposits.



GEOCHEMISTRY 
Fifty-two elements were analysed for thirty-two samples of 

Bishop Ash. Table I summarizes the elements analysed, detection 
limits, extraction techniques and method of analysis. Thirty-one 
of these elements were used in the statistical analyses. The 
remaining elements were rejected because the samples were mostly 
below detection limit or had extremely low variance. (Table 1).  
Each variable was loglo normalized In order to compare skewness 
between the arithmetic and loglo normalized data. The use of 
either the arithmetic or log10 normalized variable was based upon 
the data set that had a skewness value closer to zero.  

PRELIMINARY STATISTICAL RESULTS 
Initial factors (table 2) derived from the database suggest 

that seven processes are responsible for changes in chemistry 
within the Bishop Ash. Fresh samples are enriched in a lithophile 
element suite containing high concentrations of Mo, W and Rb with 
depleted concentrations in Ba. This data suggests that during 
alteration Mo, W and Rb are leached out of the ash and that Ba is 
added to the ash, preferentially partitioning into the new alter
ation phases. Locally within the altered rocks alkali addition 
occurs along with a weak tendency towards U depletion. A strong 
B, As association is noted and high concentrations of this suite 
is inferred to be associated with hydrothermal activity. The 
presence of a "chert" in the Bishop Ash locally within the area 
ofrB, As enrichment leads credence to this hypothesis. Because



the "chert" is fairly dirty (contaminated with many components) 
it is unclear whether it is formed by replacement of ash by SiO2 
(silicification), formed by silicification of sediments immed
iately above the Bishop Ash, or is an exhalative rock which is 
contaminated by an ash or sediment component. Further petro
graphic and geochemical work is needed to test these possibili
ties. Carbonate addition is present in many samples and is asso
ciated with an increase in Mn. Detailed field and petrographic 
studies will be needed to determine whether these carbonate 
enriched rocks are formed by a precipitation type chemical 
reaction within local beds by groundwater, as tuffa mounds or as 
exhalative zones.  

Two sets of associated elements are present within the 
altered Bishop Ash, which may be related to mineral reactions 
during alteration or diagenesis.  

"1. Fe, Ti concentrations 

2. MgO, F, Li concentrations 

ZONATION WITHIN THE BISHOP ASH (Figures 3 through 9).  
Relative zonation of elemental associations is observed by 

plotting the samples within the highest factor scores for each 
elemental association on a map. Figure 1 is a map generated by 
computer use of coordinates arbitrarily devised-for this data 
set. The east-west axis is exaggerated in order to enhance the 
differences between samples. Figure 2 summarizes the original 
data set's distribution. Fresh samples are located in the 
northeast while all other samples are variably altered. Two zones



of alkali addition are present, while the southern zone Is 
associated with hydrothermal (B, As) activity. Comparison with 
the diagenetic facies map (Figure 1) of Sheppard and Gude (1968) 
indicates that many of these processes may have occurred before 
diagenesis, while some may be related to diagenetic reactions.  
Future petrographic work with SEM-EDS should help unravel the 
timing of these events.



FACTOR ANALYSIS 
Principle component and factor analysis are designed to 

represent complex relationships between a large number of 
variables, measured on a set of objects by similar relationships 
among fewer variables. This reduction should make complex rela
tionships more comprehensible. Various mathematical procedures 
are performed to describe the objects in terms of a small number 
of new variables. These new variables are linearly related to the 
original measured variables by rotation in space and should 
explain most of the sample variance in far fewer variables than 
originally measured (TIll, 1974).  

R-mode factor analysis proceeds in four steps, namely: 
1. Correlation matrix is computed 
2. Factor extraction 

3. Rotation 
4. Factor scores computed (optional) 

Once the correlation matrix is computed, principle 
components analysis is used to estimate the initial factors.  
Principle components analysis is a mathematical procedure which 
calculates the number of eigenvectors and associated eigenvalues 
which explain the largest percentage of variance in the database.  
The first principle component is the combination of variables 
which accounts for the largest amount of variance in the sample.  
The second principle component accounts for the next largest 
amount of variance and is uncorrelated with one another. It is 
possible to compute as many principle components as there are



variables. If all principle components are used, each variable 
> can be exactly represented by them, but nothing has been gained 

because there are as many factors (principle components) as 
variables. When all factors are included in the solution, all the 
variance of each variable is accounted for, and there is no 
unique factor in the model. The proportion of variance accounted 
for by the common factors (communality) is 1.0 for all variables 
(Norusis, 1984).  

In order to determine how many factors are needed to 
represent the data, the percentage of total variance which is 
explained by each factor must be examined. The procedure which is 
used in this report for determining the number of useful factors 
in the model is the "eigenvalue 1.0" technique. This model 
suggests that only factors which account for variance greater 

K> than 1.0 should be included, because factors with a variance less 
than 1.0 are no better than a single variable (communality = 1.0 
by definition).  

Once the number of usable factors is chosen it is important 
to determine how well the factor model describes the variances of 
the original variables. First, the total percentage of variance 
explained by the chosen factors is calculated. Because the 
factors are uncorrelated the total percentage of variance, which 
has been determined, is the sum of the variance explained by each 
factor. Second, the percentage of variance of the original varia
bles, which is explained by the factor model, is calculated and 
is presented in table form as the communality of the variable.  
Communalities can range from 0 to 1.0 with 0 indicating that all



the chosen factors explain none of the variance, and 1.0 indicat
ing that all of the variance is explained by the chosen factors.  

During state 2 (factor extraction) factor loadings are 
generated for each of the chosen factors and all the original 
variables. These loadings are difficult to analyse and interpret 
because they are generally all quite high. In order to maximize 
or minimize the loading of each variable within an individual 
factor, the factors are mathematically rotated (varimax 
rotation). The goal of rotation is to transform complicated 
matrices into simpler matrices (stage 3). The rotation matrix is 
then calculated and new loadings determined. It is in this format 
that the data is used for interpreting geochemical processes.  
Factor loadings of each variable are considered significant if 
their values fall between 0.55 and 1.0. The closness-of the value 
of the coefficient to 1.0 (positive or negative) indicates the 
relative degree of influence an element has in the factor.
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CHEMICAL ANALYSIS 

BONDAR - Clegg; benver, Colorado

ELEMENT 

A1203 
CaO 
FE203 

K20 
MgO MnO0 
Na ZO 
P205 
S102 

T7102 
Au 
Sb 
B 
Ag 
Ba 
Br 
Cd 

K.) Ce 
Cs 
Cr 
Cu 
Co 
Eu 
F 
Hf 
Lr 
La 
Lu 
Li 
Mo 
Pb 
NI 
Rb 
Sm 
Sc 
Se 
Ag 
Ta 
Tn 
Tb 
Th 
Sn 
W 
U 
Yb 
Zn 
Zr 
Sr 
Nb V#

LOWER 
DETECTION 

0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
0.01 PCT 
5 PPM 
0.2 PPM 
50 PPM 
1 PPM 
100 PPM 
1 PPM 
1 PPM 
10 PPM 
1 PPM 
50 PPM 
1 PPM 
10 PPM 
2 PPM 
20 PPM 
2 PPM 
100 PPB 
5 PPM 
0.5 PPM 
1 PPM 
2 PPM 
5 PPM 
1 PPM 
10 PPM 
0.1 PPM 
0.5 PPM 
10 PPM 
0.5 PPM 
1 PPM 
20 PPM 
1 PPM 
0.5 PPM 
200 PPM 
2 PPM 
0.5 PPM 
5 PPM 
1 PPM 
500 PPM 
5 PPM 
5 PPM 

r, ns'A

LIMIT EXTRACTION METHOD

BORATE FUSION PLASMA-EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC 
GRAVIANTRIC 

BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BORATE FUSION PLASMA EMISSION SPEC BOARTE FUSION PLASMA EMISSION SPEC NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  101 HYDROXIDE FUSION SPECIFIC ION NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 
NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  NOT APPLICABLE IND. NEUTRON ACTIV.  MULT ACID TOT DIG D.C. PLASMA 

NOT APPLICABLE IND. NEUTRON ACTIV.  
X-RAY FLOURESCENCE 
X-RAY FLOURESCENCE
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TABLE 2

PRELIMINARY RESULTS OF STATISTICAL ANALYSES OF BISHOP ASH SAMPLES 

FACTOR ANALYSIS

FACTOR 

1 

3 
4 
5 
6 
7 
8

PCT OF VAR 

29.0 
18.6 
11.2 
10.6 

6.8 
5.6 
5.2 
3.4

EIGENVALUE 

8.99753 
5.75474 
3.45885 
3.28152 
2.10266 
1.73358 
1.62365 
1.06045 

VARIABLE 

AL203 
CAO 
FE203 
LOI 
K20 
MGO 
MNO 
NA20 
P205 
ST02 
TT02 
LB 
LAS 
LBA 
LCE 
CU 
LF 
LA 
LLI 
LMO 
PB 
NI 
LRB 
SM 
TH 
LW 
U 
LZN 
SR 
NB 
LY

COMMUNALITY 

.93758 

.95609 

.97706 

.98011 
.96308 
.95873 
.90565 
.92039 
.84802 
.94326 
.93632 
.95217 
.90764 
.85746 
.87833 
.85993 
.95300 
.95259 
.92472 
.90581 
.85928 
.85065 
.94059 
.93140 
.76246 
.89476 
.85786 
.86382 
.91479 
.85710 
.87236

CUM PCT 

29.0 
47.6 
58.7 
69.3 
76.1 
81.7 
86.9 
90.4



ROTATED FACTOR 

K>j FACTOR 
1

AL203 
CAO 
FE203 
LOI 
K20 
MGO 
MNO 
NA20 
P205 
SI02 
T102 
LB 
LAS 
LBA 
LCE 
Cu 
LF 
LA 
LLI 
LMO 
PB NIý 

TH 
LW 
U 
LZN 
SR 
NB 
LY

-. 77

MATRIX: 

FACTOR 
2

FACTOR FACTOR FACTOR 
3 4 5

-. 71 
.88

.81

.95

.85 

.72

.67 

.80 

.88 

.70

.64

.74

-. 61

.69 

.85

.91 

.90

-. 75

.66

-. 86

-. 67
.61

FACTOR 
6

FACTOR 
7.

FACTOR 8

.56 

.69

.-56

.84 

.88

.88

8
v
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FIGURE 1 
Diagenetic facies; boundaries for Bishop Ash (Sheppard and Gude, 1968).
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-FIGURE, 9
Highly schematic N-S cross section through Lake Tecopa at the time of 

Bishop Ash Emnplacement. Potential exhalative processes producing 
"chert" and or calcite would occur immediately after deposition of the ash.  
Alternative and diagenetic changes could form any time after deposition.
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Magnetic stratigraphy of ash-flow sheets at Yucca Mountain, Nevada 

c.s.Schlinger 
Deparbmerd of Geology ard Geophysics, Universiy of Utah, Salt Lake Cist Uah, USA 

ABSTRACT: Ash-flow sheets am widely disrb din t geological record, both spatially and temporally. A variety of engineeing studi hese volcanic r•cks can take advantage of boreho e m mnts of magnetic susceptibility for s-adtgraPhic.correlation and control in falted t The mneti suatigraphy' of ash-flow sheets is especially useful because the colig of ash-fnow sheets has a profound impact on rock mag netiation, w•hich can be: readily observed by nu eas• nt of 
magnetc suscepFibilty and rcmanent magnetization. As part of'a larger study we have obtained magnetic susceptibility profiles ar u s of the 'r" a Canyo and Topopab Spring Members of the Painbns Tuff using a hand-held susceptibility meter.  T reslts povidc a calbratin of susceptibility to known geology and udrce the feasibility of the proposed borehole method. The susceptibility mesrcmcnts were located stially using an electronic theodolite and electronic distance meter.  Maxima and runima in susceptibility measured along the Profiles at Yucca Mountain. Nevada, are observed to be reliable stra6graphic markers within the riva Canyon and Topopah Spring Members of the Paintbrush tuff. The minima and maxima exist over the I km of section examined. Maxima in susceptibility correspond either In magnetic Fe-oxide precipitates that nucleated and grew in volcanic glass subsequen to eInption. or to an abundance of magnetic Fe.TI oxide phenocrysts. Minima in susceptibility are indicative of: precipitates that grew too large to have high susceptibility. alteration of magnetic Fe-.'i oxide ptoociryse (or precipitates) to weakly magnetic or nonmagnetic phases: or an absence of magnetic mincrals altogether. The size and mineralogical variations of precipitated Fe-oxide in volcanic glass of outcrop samples. which have been established using both the transmission electron microscope and the petrographic microscope ae consistent with variations in susceptibility measured at the outcrop. Susceptibility variations in these rocks are readily detectable with borehole instruments, although existing instrumentation could benefit tram improvements.

INTRODUCTION 

Magnetic susceptibility is a material property that has been 
used in numerous instances to outline geological variations 
in outcrop and borehole environumnts, where petrologic or 
minralogic changes can be related to fluctuations in the 
amount, size and mineralogy of magnetic mincral Often 
the applications have been economic (Glenn and Nelson, 
1979; Hood Ct aW., 1979). however. a variety of other Jive
tigaions have taken advantage of susceptibility measure.  
ments (e.g.. Hearst and Ne=on. 1985; Rosenbaum and 
Snyder. 1985: Thompson and Oldfield. 1926: Balch et l., in 
press). In addition, engineering and geotechnical problems 
commonly involve layered soil and rock materials that may 
be suitable for study and characterization by means of mag.  
netic susceptibility measurements. Example of such lay
ered media would be ash-flow tufts at Yucca Mountain.  
Nevada. in the Basin and Range Province of the western 
United States.  

Yucca Mountin Is the proposed site of a national nuclear 
waste IePctry consequently the region has been the 
Subject of numerous engineering and scientific investlga.  
dor=. Past. ongoing and future studies of this site can take 
advantage of whatever stratigrhic and structural control 
might be established there. The geology cmsiss of 
normal-faulted ash-flow tuff layers, of ash.flow sheets as 
hey am known, which have been mapped and Smplcd at 

the outcrop and by means of borehoml For borcholc sau.

dies, the idetification of units and determining their lateral 
extent and structural disruption by faulting can possibly be 
accomplished by means of painstaking geohcmical and 
petrographic studies. However, In lieu of rapid methods for 
geochemical and petrographic analyses, an easier. kl-time.  
Consuming and les-expcnsive geophysical method is desir.  
able. Even in situations where such a geophysical invesiga.  
tion cannot supplant otheratudies, the results of such a study 
may be of use for unequivocal Interpretation of dam from 
"analytical investigations.  

Recent magnetic studies of volcanic gasses., including 
samples from boreholes at Yucca Mountain (Schlinger at a..  
19881. 1988b), have shown that magnetic susceptibility vari
ations in volcanic glasses are often a consequence of Fe
oxide that nucleated and grew (precipitated) in volcanic 
glass at high-tcmperatures, subsequent to eruption. These 
results suggest that cooling history-dependcnt variations 
should exist in most ash-flow sheets. Furthcrmoe it is 
known that the phenoctyst content of ash-flow sheets varies 
with stratigraphic position and this variation can also 
influence susceptibility. Early work on the magnetic prope
ties of US. Geological Survey (U.S.G.S.) drill core from 
Yucca Mountain (Rosenhaum and Snyder. 1985. Rosenbaum 
and Spengler. 1986; data also prescntcd by Schlingar t alt., 
1988) Provided good evidcnce for the existece of magncti.  

zation (including susceptibility) variations. Typically the 
spatial sampling interval for these-studies was large. -on the 
order of 3 meters, which raised questions about relativcly

19



abrupt variations susceptbillty, which would not have 
beca dctcA with this relatively large measurement sp-c.  
Ing.

A high-spatial-csolutlo o suscetiblity vM.ations 
was deemed essential for studies of magnetic precpitato in 
ash-flow -hcets and a pact of ongoing research we inc 
ured magnetic susceptibility along 5 profiles through 
exposed sections of the two most voluminous ash-fow 
sheets of the Paintbrush Tuff at Yucca Mountain. The 
profile data give us a good indication tha quamitative and 
qualitative variations in susceptibility, which am observcd 
moving vertically through the sction. exist over a large 
stoke distance (Schlinger and Rosenbaum. 1988). At the 
same time. we have sought to understand th geological oti.  
gin and significance of these variations with position in the 
s=ction (Schlinger ct al., 1988h. manuscript in preparation).  

In this paper the susceptibility data am prcscnted and dis
cussed. The vertical variations and the lateral continuity of 
these variations, observed al the outcrop, offer convincing 
evidence in favor of susceptibility measurements for assess
ments of lateral extent and structure of ash-flow sheets, 
especially where they are hidden in the subsurface and can 
be accessed only by means of borcholes.

Spring Member. make up the majoity of the thicknss of the Paintbrush Tuff (about 100 mo and 300 m. nM* pctivol 
to the vicinity of Yucca Mountain the volcanic layers t 
sub-horizontu in attitude. with dips typically les than 33.  
(Scott and Castellanos 1984).

SUSCEPTIBILITY MEASUREMENTS

During the Fnill of 1987 we gained access to Yucc2 Mow.  
tain through Bu'mca of Land Manrgcmcnt property. Maq.  
netie susceptibility was macasvred at the -utcrop. aloq 
profiles that took us up and down the wevt flvan of Yucet 
Mounain. through the section exposed them. Measuremnrt 
were obtained along 5 distinct profiles. These profiles a 
spaced nonunirornmly over approximately 8 km (between 
VABM 'Mile' and VABM 'Iron' on the U.S.O.S. 7.5 minuig 
quadrangle map "Busted Butt, Nevada*). Due to a lack of 
outcrop exposure, detailed sampling of susceptibility with 
measurcmcnt spacings as small as -10 cm was rcsriczed 10 
the lower pat of the Tiva Canyon Member, the top of th 
Topopah Spring Member, and the intervening Bedded TufL 
We used an EDA X-2 hanld-held susceptibility meter for ow 
work. This metcr has a rezolution of 10- c.g.s. dimensoa.  
less Gaussian units.

Tram agneT'ti so 
rn profil•• isshal 
tics horipond t I 
the rx. A sTuft 

Sprifil 
er 

.a prorlics its Figus 
~ahorizOR that hi, 

member. A simala

!I 
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GEOLOGICAL SETTINO

Mioccne-aged volcanic rocks of the Paintbrush Tuff are 
exposed at Yucca Mountain, a volcanic plateau in Nye 
County. Nevada (Figure 1). The geology of the area has 
been discussed by Upman at aL (1966). Byers ca al. (1976), 
and Christiansen ct al. (1977). Lithologic descriptions of the 
Outcrop at Yucca Mountain have been given by Scott ct aL 
(1983). Scou and Castellanos (19i4) discussed the ultholo
gics as encountered in U.S.G.S. borcholes, and a geological 
map of the area has been published by Scott and Bonk 
(1994). The source of the Paintbrush Tuff is believed to 
have been the Claim Canyon cauldron (outine shown an 
Figure 0). Two compositionally-zoned compound-cooling 
ash-flow tuffs. the Tiva Canyon Member and the Topopah

It orda to spatially locate the susceptibility measn .  
men,, selected measurement points along these 5 proele 
were periodically surveyed using an electronic thoodoliu 
with an electronic distance meter. This surveying effort wa 
designed to maintain both absolute and relative posiioning 
(tied to USGS brass cap bench mark and VABM connrl 
points, and surveyed neutron-log and water-table borchoec 
locations). The locations of measurcmcnts mad: between 
the surveyed points were linearly interpolated. In anticipa.  
don of this. efforts wcr made during the course of the sur.  
vey to obtain equal spacing of measurements between sur.  
veyed measurement points. All measurements points wer 
assigned an x-y-z location in the Nevada State Plane Coord.  
nate system. The 5 profile locations in this coordinate sys
tem am given in Figure 2.

Figure I. Location map for Yucca Mountain. Nevada. The 
approximate lateral extent of the Paintbrush Tuff is indicated 
by the solid line. After Rosenbaum (1986).

I
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Figure 2. Location map for magnetic susceptibility profies 
at Yucca Mountai. The location of U.S.G.S. drill hole 
USW 0U.3 is indicated. All distances (northings and cast
ins) am in units of 10' feet. The horizontal scale on this 
map is exaggerated by a factor of 10. relative to the verical 
scale.

Figure 3. Macrnet 
Canyon Member).  
convert to SI units

20

9.. n -.  

. ., 

PEP .i

.14' 

I M

I
7.4 ---- 

4. ... 3 .  

USW.GU.3 

7.43 
T.4 

.4s

I

2



The magnetic susceptibility (C~gs.) of outcrVP Along dese 
five profileiCs showt in Figure 3. The lowest Auscetbill
tics correspond w mezsuinents in the pumrice-ch m't of 
thc Bedded Tuf (bt on profiles in Figure 3) which ties 
below the Tiva Canyon Member and above the Topopah 
Sprng Mcmbc. mear, ab base (labeled bz. for basal zonc.  
on profirs in Figure 3) of the Tiva Canyon Membcr thern is 
a horizon that has the highest susecptibility within the 
mcmbcr. A similar susceptibility maximum it found near

"110.

|

I I

11"kth I

the top of the Topopah Sprlng Member. within I thin black 
vitrophyre (Ix.. a strattn that is argely glass ormcd by 
high4crnpnture 'welding' of what was once mosty glass 
fragments And pumice) that is on the order of a metcr or less 
in thickness. This maximum is labeled c. for caprLock on 
profilcs in Figure 3. Wherever the susceptibility of the 
columnar one of the Tiva Canyon Member was measured.  
it was uniformly about 2x 10"'. This zone is a thick basal 
vitrophyre and is labeled as in Figure 3. Note that the sus-
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Figu=e 3. Magnetic susceptibility along profiles I to 5. bt Is Bedded TufT. cz is columnar zone and az is basal zone (Tiva 
Canyon Membcr). c is caprock Portion of Topopah Spring Member. Suscepibilitics me given in c.gs. dimensionless units; to 
conver to SI units multiply c.g.s. values by 4r.
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this particular Image, one can see long thin crystals Of cub Fe-oxide (nsagnetI maghemiw) that nuclead on a 
IogeCr micr WOcys f what is probably a pyroxenc. T aggregate resides in a matrix o volcanic glass.

ceptibility maxima and minima can be obse.ve, in both 
quantitative and qualitative sense. an each of the 5 profile 
which sample the two members Of the Painbrush Tuft ove 
a stike distace of•8 There Is some stucrs in U.  "narrow susceptibility peaks on thene pWakes that needs to b "explained. The relatively broad nature of the peak tabela 

on' on 'ofl I Is a result of a laeral movement a2ln00 th 
side of Yucca Mountain during susccptibility sarmplini 
(necessitat by intermittent outcrop Cxposue,). Since tae 
sheezj have some dlt we ended up with a duplicate measure.  
ment of the high susceptibility horizon at a different cleva.  
tion after a lateral move. A similar atral move accounte 
for the apparent structure in the peak labeled c on Profile 
5.  

DISCUSSION 

Interprctation of susceptibility maxima and minima 

The origins of the magnetic susceptibility variations that can 
be seen in the outcrop Profiles shown in Figure 3 deserve 
some attention. The susceptibility maximum near the top of 
the Topopah Spring Membcr Cc' In Figure 3) is indicative 
of a large modal abundance of what appears to be 
tatanomagneute phcnocrysts (Figure 4). Above and below 

, -A 
l,. / 

Figure 4. Reected light photomicrograph of a titanomag.  
neis pphenocryst in a sample with high magnetic suscepti.  
bility from near the top of •th Topopah Spring Member.  

this horizon, which is a thin black vitrophyre. the titanomag.  
nctite has becn altewed to Fe-Tt oxide intergowths ft are 
only weakly magnetic. ncipient alteration is evident as 
light colored regions in this crystal, which presumably are 
manite (hematite after magnette). The susceptibility max.  
imun at ft base of the T"a Canyon Member ('a' in 
Figure 3) exists due to the presence of magnetic Fb-oxjd 
prCcipitates within volcanic glass, which nucleated and grew 
at high-tempeature, subsequent to emplacement of this 
member (Schlinger c at,. 1988a. manuscript in prepaatio).  
At the level of this maximum the precipitates am Only a 
few hundred Angstrom long. High susceptibilities at this 
crystal size are a consequence of superparamagnetic 
behavior of single domain. Above this horizon the susccp.  
tibility drops abruptly. which reflects the fact that he precip
itate grew too large to have high sumsceptibiljtr instead any 
Carry intense remancnt magnetization. A representative "transmission electron microscoe image of representative, 
remanence-camYing precipitates is shown in Figure 5. in
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Figure 5. Transmission electron microscope imag of pfecip.  itated Fe-oxide microerystais in glass from tM basal viro.  
phyr (columnar zone) of the Tiva Canyon Member.  

The low susceptibility of fth Bedded Tuff (ht' in Fgj 3) is indicative of an absence of precipitates and an absence 
of phcnocrystic utanonmagneti. We have not had an oppM.  
tunity, to explore other less-pronouncmd susceptibility vans, 
tions at other srati-graphic levels that also might prove use.  ful a marker horizons.  

Application to borehols susceptibility investigations 

From our observations of suscepubility variations with verti.  
cal position in ash-Dow shes, it is clear that distinctive and latcrAly-persistent susceptibility marker hori•zon exist is 
ashA-ow sheets of the Paintbrush tuff. This is because Fe.  oxide mineralogy, amounts, and grain size vary so makedly in ash-flow sheets of this tuff. This is probably true for 
other ash-low shCts as well. Since magnetic susceptibility is a physical property that is easily measured in ah borehole, it can be usefil for assessments of lateriA vans, 
lions is the subsurface, which may come about due to fault.  inS, inhomogcncous deposition. or alteration of these ash.  
flow sheets. Past geological investigations at Yucca Mous.  
tain have in numerous instances focussed on. borchols and 
drill core. With these new results on susceptibility varia.  tions in hand, the application of borehole susceptibility 
measurements to questions of lateral extent and the subsur
face structure of those shects at this site can be explored.  

Assessing ft taer• extent of a given ash-flow shect ina limited geographic area may be relatively straightfoward, 
since one is not especially concerned with thn position is 
space where a unit is found, provided that it exists. This is

q .



g thin crystals of cubic 
3t nucleated an a y7M 
•mby a pyrozxee. The 
Mic glass.

roscope image of prcip
tss from the basal vitro.  
".anyon Member.  

JabId Tuff (N* in Figure 
3cipiatcs and an absence 
- have not had an oppor
iced susceptibility varia.  
at also might prove use

y inveugaions 

lily variations with verti.  
clear that distinctive and 
larker horizons exist in 
Liff. This is bccause Fe
in size vary so markedly 
his is probably ru for 
a magnetic susceptibility 
-asily measured in the 
isncints of lateral varia
comc about due uo fault
alteration of these ash
gations at Yucca Mo'n
cussed on borcholes and 
on susceptibility vans
borehole susceptibility 

d extent and the subsur
site can be explored.  

given ash-dow shect in a 
.laivcly straightforward, 
ied with the position in 
SMdtat it exists. Ths is

a it 7 frU ram ofu; mwvzi cotrelstion- V 
oo consider a Warg geOahki aa aera "ril

lionm in depositin mst be ake jwo consideration. Todl

tioally. cermcnnt magnetizi has beeM used for strati

grahic correlation of Ash-Bow afs ildre and WMahood.  

1985). However. its applicatioa leqwrs dae use of 
numeruou orienied sample. due W dirfctional disperaon of 

a nmt magnetic moments md m for 
meamrin these nmunment moments. Additionally. while 

man=, manetizan may be used for correlatl•m. the 
interpretation of the releva dat is subject ID a number of 

gssumptions that may be difficult o juWify (foW exmple, 
that a given sheet is normally or reversely magnetized 
truoughout). Plastc deformatio during Cooing (Rosen
ium. 1986) and tctoic rotation(s) can uthe complicate 

The itrxttflof remalieri magnetization directional data.  
Assessing lateral extent using magneti susceptibility ci.  
cumventt most of these problems simply because sucepd
bility is 9 salE quaty that depends On Petologic history 
alone.  

Determining whether or not faulting has occurred In te 
sh-ilow sheets s a much differcnt problem. In this case 

aolute positions of suscetibility maxina or minim• n 
spice, combined with any information on altitude (strik and 
dip), mus be quautfied in order mu delimit srutural dixcon
tinuites. Furthermore, since wsh-low sheets drape over 
preezusung topography. a smacu-ral interpretation will hope.  
fully be cornmed by independent marigraphic informs
lion. which might be established with di cuttings or di 
coe Additionally. other geohysical information, such as a 
sismic refect•on prodle, acquired in a manner appropriate 
for volcanc lithologies (which has often proven uo be a 
problem with an elusive answer) may be of ue.  

Finally. fro geological mapping of ash-low sheets it is 
known shet dickresses vary laterally, and this wil 
produce lateral variations that reolect cooling history. These 
wil probably be manifested as quantitative and qualitative 
variations in susceptbility maxima and minima due lo mag.  
nedc precipitates. which must be taken Imo account during 
the interpretation process.  

For magnetic susceptibility logging of formations such as 
the Paintbrush Tuff. a number of borehole susceptibility 
met am commercially available. Th continuus record 
of a susceptibifity log makcs it especially atractive (versus 
the discrte sad non-wiform sampling obtained in this study 
of outcrop). General characteristics of all ae relatively thin 
diarmete sondes (40 mm iu s0 mm); snsing over a distance 
vertical distance of 20 can o 40 cm; advertised resolutions 
of -5 to 20x l1" c.g.s. units. These sonde geometies do 
not favor faithful resolution of thin - 5 us 10 m-thick 
layers of relatively low or high susceptibility material (eg..  
the high susceptibility layer at e base of the Tva Canyon 
Meber To alleviate dtis problem. sensin coas could be 
shortened, however, with other parameters remaining ixed 
this cannot be done without some loss of sensitivity (M.T.  
HLTnWnn. personal communication. 19M88 

Thu. it scns ta borehole susceptibility meters could 
benefit. &M some mod&ation that would Improve their 
response 0 thin kas, which in de cams of td Tiva 
Canyon Member, and possibly other 9lthologies elsewhere, 
ma out uD be diagnostic marker horizoas. Qherwse one 
rns the tk of taking a shr-spat-wakngth high.  
ampitude signal mad snaring it a towards long 
wavelengths Oan m e amplitus. In this case signals of.  
Iterest may be hidden smongst loss asily imerpemble or 
less ca'relatable feamur in the overall borehole suceptabl.

fly record. in. oG&W geological Sflvironiments. bduding sal
cank: settngs. din diagnos•ic •orizons might be character
ized by low suscqptiblllties; •Mi esponse to ft layers 
seeas essendal. An additional improvement would be ther.  
mat stabilization of the aoWde, since temperatur drM 
degrades the resolution of the instrmnent. However, ome can 
make efforts to characterize drift effects. measre empera
ture in the sonrde and apply a correction (e.g., Balch t &L, 
in pres).  

Within ft Paitabrush 'uff we have found dtat the sus
ceptibility maximi may be indicative of either relatively 
coars•e-ganed Fe-TI oxide phenocrysts (the hin vitrophyre 
above the caprock of be Topopqh Spring Member) or rela
tively Ine-pained Fe-oxide precipitates in the basal zone of 
the Tia Canyon Member). These maxima. similar in 
appearance uo one oter ('" and 'bz' in Fgure 3), could 
in all likelihood be distinguished Mun one another by 
measuring susceptibility at two (or mor=) frequencies. This 
would lake advantage of the fact that the susceptibility of 
tiny supepararnsnetic crystals (the precipitats in glass at 
the bae of the Tv Canyon Member) probably has a 
diffarnt frequey dependence than that of coarse-grained 
Fc-Ti oxide phae ys (Thompson and Oldfeld, 19) 
Variable.aequency susceptibility meters ame available for 
laboratory work. however, to my knowledge, this opton has 
not been incorporated into uisting borehole instrumentation.  

While borehole msurements of magnetic usceptbilty 
at Yucca Mountain emain at this time only a Inure objec
tive.w AMnd that a geological calibration can be obtained by 
means of outcrop measuremets; Were so outcrop available.  
the calibration could be made using continuous drill cor, or 
possibly with cutings.  

CONCLUSIONS 

- Over a s•t distance of 8km at Yucca Mountain. the 
Trva Canyon and Topopah Spring members and the Be8ded 
Tuff have a marked lewal uniformity in measured values of 
magnetic susceptility, evm though the thickness and 
outcrop appeance of the units may vary frm place us 
place. Furthermo the variations i susceptibility with 
vertical position in the geologic Column Persist laterally.  

- Spatial variations in physical pope:e. e.g., magnetic 
properties, can often be understood in wrms of the geologi.  
cal history of a given omation. Tis nestigation of 
outcrop suceptibility has demonstrated the existec of 
magnetic marker horizons in ash-low sheets, which can be 
understood in tms of Fe-I oxide mineralogy and grain 
size. In the case of the ash-flow shee of the Paintbrush 
Tuff. grain size and mineralogical variations, wquired 
mosty subsequent uo emplacement, define the marke 
horizons that we se. A suitable calibration of physical pro
Petty variations 10 mineral0gy and petrology is essntial 
before measurements of magnetic properties in boreholes 
can be interpreted in a constrained manner.  
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CESIUM UPTAKE BY CLINOPTILOLITE CRYSTALS: IMPLICATIONS TO THE 
IMMOBILIZATION OF RADIONUCLIDES STORED AT YUCCA MOUNTAIN, NEVADA 

WOOD, Valede J., HUBBARD, Mary S., and BURNS, Roger G.: Dept. of Earth, Atmos. and 
Planet. SCI., Massachusetts Institute of Technology, Cambridge, MA 02139.  

At the proposed repository for high-level nuclear waste at Yucca Mtn, densely welded 
tuft is underlaid by zeolitized vitric tuffs containing microcrystalline clinoptilolite and 
mordenite. These zeolites are assumed to be capable of immobilizing dissolved, long
lived radionuclides (e.g. 137Cs and 13sCs) should leakage occur. Euhedral clinoptllolite 
crystals with habits dominated by coffin-shaped (010) cleavage faces also line 
fractures throughout the repository, the most probable conduits for groundwater which 
may be of the sodium bicarbonate-type. To assess the efficiency of clinoptilolite for 
removing cesium from such groundwater, Cs-exchange experiments were performed on 
polished mounts of several specimens, using both 1 mm clumps of microcrystalline 
samples and single crystals oriented parallel to (010), (001), (100) and (101).  
Reactions at 600C (simulating groundwater permeating the heat envelope of the 
repository) with CsCI solutions (1M, 0.01M and 0.001M, with and without NaHCO3) 
were performed for 1 to 4 weeks in a shaking water bath. Cesium selectively exchanges 
with other cations in the order Na>K>Ca?.Mg. Electron microprobe analyses of reacted 
surfaces reveal that microcrystalline clinoptilolite attains higher Cs concentrations in 
shorter time periods than do mounted single crystals, which are often compositionally 
zoned possibly due to stacking faults. The Cs is Initially least in (010) faces, the one 
direction (parallel to the b axis) along which channels do not exist in the tetrahedral 
framework of the clinoptilolite structure. However, after a month the Cs contents of all 
mounted cystals are still inhomogeneous but approach those of microcrystalline samples.  
The uptake of Cs into all clinoptilolite samples diminishes with CsCl dilution (e.g. -22 
and - 6 wt. % Cs 20 for 1M and 0.001M CsCI, respectively, on (010) faces) and in the 
presence of dissolved Na÷ particularly when added as NaHCO3(e.g. a decrease to -1.3 % 
Cs 20 for 0.001M CsCI + NaHCO3. We conclude that clinoptilolite crystals dominated by 
large surface areas of (010) faces, either lining fractures or cemented in zeolitized 
vitric tuff, may be Inefficient at mobilizing radiogenic Cs In NaHCO 3-bearing fracture
flow groundwater when it permeates leaking fission products stored at Yucca Mtn.
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INTRODUCTION 

Clinoptilolite is renouned for its desirable ion exchange properties, 

which have been investigated more intensely than those of any other 
natural zeolite (Vaughan, 1978). This zeolite, ideally (Na,K,Ca)5 .  

6 Si 3 0A160 7 2.24H 2 0 and formed by the alteration of rhyolitic glasses in' 

aqueous environments, is widely used for the treatment and disposal of 

industrial pollutants and hazardous materials (Mercer and Ames, 1978), 

including scavanging of ammonium ions from municipal waste streams and 

removal of radiogenic cesium from high-level nuclear waste. The 

occurrence of potentially highly sorptive clinoptilolite in zeolitic bedded 

tuffs at Yucca Mountain is one of the factors influencing the selection of 

this locality in Nevada adjacent to the Nuclear Test Site as the primary 

geological repository for the long-term storage and disposal of high-level 

radioactive waste (Vieth, 1984; U.S. Dept. of Energy, 1986).  
The high cation-exchange selectivity of clinoptilolite for cesium, and to 

a lesser extent strontium, was demonstrated by Ames (1960, 1961, 

1962a,b,c, 1963, 1964, 1965) and other investigators (Howery and Thomas, 

1965; Chelishchev et al., 1974) in radioactive tracer experiments which 

involved measurements of radionuclides either absorbed by powdered 

zeolites in an exchange column or removed from spiked aqueous solutions 

emerging from the ion-exchange column. Little attention was paid in these 
experiments to the chemical composition and homogeneity of individual 
zeolite crystals involved in the cation exchange experiments. Euhedral 

clinoptilolite crystals occur along joints and fractures in densely welded 

tuffs throughout Yucca Mountain (Carlos, 1985), particularly in the vicinity 
of the proposed nuclear waste repository (Levy, 1984). Since these



clinoptilolite-bearing openings are the most likely conduits for 
groundwater flowing through the repository and may transport leakages of 
fission product buried there in the future, we undertook an electron 

microprobe study of the cesium uptake by single crystals of clinoptilolite 

and related zeolites in order to assess effects of crystallographic 

orientation on kinetics, cation selectivity, capacity and homogeneity of Cs

exchanged zeolites.  

.BACKGROUND 

Cation Exchange Measurements.  

The high selectivity and capacity of clinoptilolite for cesium were 
discovered by Ames (1959,1960, 1961, 1962a,b,c; 1963, 1964, 1965).  
Most of Ames's measurements centered on clinoptilolite in a zeolitized 
vitric tuff from Hector, California, composed of microcrystalline lamellae 
(Mumpton and Ormsby, 1978) and 5-15% unaltered glass, quartz and 
feldspar impurities. He used aqueous salt solutions labelled initially with 
13 7Cs (Ames, 1960, 1961) and later with 134 Cs (Ames, 1962a,b,c; 1963, 
1964, 1965), and measured concentrations of radiogenic Cs removed in 
shallow beds of clinoptilolite packed in an exchange column or in the 
spiked solutions emerging from the columns. Ames (1960) showed that 
particle sizes of cemented aggregates of the Hector clinoptilolite crystallites 
affected the Cs capacity, increasing significantly for clumps smaller than 1 
mm. In the presence of competing cations, usually involving 1M salt 
solutions containing 0.01M CsCI, clinoptilolite was shown to have a high 
selectivity for Cs, leading to the well-known (Vaughan, 1978) replacement 

series Cs>K>Na>Li and Ba>Sr>Ca>Mg. Cesium capacities increased with 

decreasing concentrations of CsCl, but were lowered by increasing

K)



concentrations of NaCI. Changing the sodium salt from chloride to S042- or 
NO 3- did not influence the Cs capacity (Ames, 1960), but it was suggested 

later (Ames, 1964) that dissolved carbonates might influence cation 

exchange equilibria. Reactions performed at elevated temperatures 

decreased the Cs capacity, the concentation exchanged into clinoptilolite 

dropping by about one-third between 250C and 600C. Kinetic 

measurements of diffusion coeficients (Ames, 1962a,b) showed that the 

efficiency of Cs to exchange into clinoptilolite increased with temperature, 

decreased with dilution, and varied inversely with particle size. Ames 
(1963) suggested that zeolitic altered tuffa, being cemented aggregates of 

crystallites that rarely exceeded a few microns in diameter, would require 

a much shorter equilibration time than more coarsely crystalline zeolite 

assemblages. The Cs capacity of clinoptilolite was found (Ames, 1964) to 
be influenced by composition differences, being smaller in more the more 

silicic Hector clinoptilolite than in more calcic clinoptilolite from the John 

Day formation having a lower Si/Al ratio.  

Crystal Structure Determinations.  

Clinoptilolite and heulandite are isostructural and have 'the basic zeolite 
structure consisting of a three-dimensional framework silicate in which all 
four oxygens of individual (Si,A1)0 4 tetrahedra are mutually shared to 

form secondary rings of corner-sharing tetrahedra (Gottardi 'and Galli, 

1987). The different linkages of these secondary ring systems define 

different zeolite groups. The clinoptilolite and heulandite structures 

(Merkle and Slaughter, 1968; Bard, 1973; Alberti, 1972,1975; Koyama and 

Takeuchi, 1977) contain complex 4- and 5-ring systems arranged in a 
sheet-like array parallel to (010) connected by relatively few oxygen



bridges, with the result that clinoptilolite crystals display characteristic 
platey or lamellar habits and basal (010) cleavage. Linkages between the 
tetrahedral ring systems along the b axis, as well as the a axis, define cages 
which are open and form channels through the clinoptilolite structure. The 
channel systems in clinoptilolite consist of one set parallel to the a axis 
formed by 8 tetrahedra rings with free-aperture dimensions 4.0 x 5.5 A 
(designated as the C channels by Koyama and Takeuchi, 1977) and two sets 
parallel to the c axis formed by 10 and 8 rings (the A and B channels, 
respectively) with corresponding free apertures of 4.4 x 7.2 A and 4.4 x 
4.4 A. It is important to note that no channels exist along th b axis in 

clinoptilolite and heulandite.  

- Cations and water molecules are located in specific sites along the 
channels. In heulandite there are two cation sites, M(1) and M(2), each in 
one of the two main channels, A and B, respectively, parallel to the c axis.  
Both are coordinated to water molecules in the channels and to framework 
oxygens on one side only of the tetrahedral rings. Calcium alone occupies 
the M(2) site, and monovalent (Na) cations, when present, occur in M(1) 
sites with Ca (Gottardi and Galli, 1987). The same two sites also occur in 
clinoptilolite, again with relative enrichments of Na and Ca in the M(l) and 
M(2) sites, respectively, in specimens from two localities studied by 
Koyama and Takeuchi, 1977), comprising a clinoptilolite from Agoura, 
California which contained higher K and lower Ca contents than crystals 
from the other locality in Kuruma, Japan. The M(1) site located in channel 
A is coordinated by two framework oxygens and five water, molecules, 
giving for the coordination polyhedron an average M(1)-oxygen distance of 
2.69 A,(range 2.32-2.85 A) for the Kuruma clinoptilolite and 2.75 A' for the 
Agoura specimen. The M(2) site located in channel B has neighbors



consisting- of three framework oxygens and five water molecules with 
K> average M(2)-oxygen distances of 2.58 A (Kuruma, range 2.38-2.75 A; 

Agoura, average 2.57 A). The M(3) site is located in the C channels parallel 
to the a axis and is coordinated by six framework oxygens and three water 
molecules, giving a mean M(3)-oxygen distance of 3.06 A (Kuruma, range 
2.71-3.20 A; Agoura, average 3.05 A). The clinoptilolite M(3) site is 
occupied preferentially by K, which is believed to be responsible for the 
increased the thermal stability of clinoptilolite relative to heulandite. A 
fourth site, M(4) located in the A channels, 'is coordinated by six water 
molecules, has an average M(4)-oxygen distance of 2.03 A (Kuruma, range 
1.59-2.71 A; Agoura, average 2.09 A), and is occupied by Mg. Each of the 
four cation sites is incompletely filled and generally have <50% cation 
occupancies (Gottardi, 1978). Some of the paired occupancies are 
forbidden by the close proximity of the cations to oneanother or to water 

K molecules located in nearby structural positions (Koyama and Takeuchi, 

1977).  

Water molecules, which may occupy seven distinct positions in the 
channels, fall into two categories. The first category consists of those water 
molecules which have a maximum occupancy regardless of changes of 
cation composition, and include W(3) and W(4) located in the C channel 
tightly bonded to cations in M(2) or M(3) positions. The second category 
comprises water molecules with variable and low occupancies, including 
W(5) and W(6) associated with cations in Ai(1) and M(4) positions, W(2) 
associated with M(1) and M(3) cations, W(1) bonded only to M(1), and a 
poorly defined W(7) water position associated with M(4) cations. The 
vulnerability of clinoptilolites to dehydration at moderate temperatures 
(Bish, 1984).may reflect diminished water occupancies of all but the W(3)



and W(4) positions. Conversely, prolonged soaking of clinoptilolites in 
some aqueous, salt solutions could induce high populations of the water 

positions in the crystal structure.  

Geochemical Constraints.  

Groundwater flowing through volcanic deposits such as those at Yucca 

Mountain contains dissolved constituents which have been leached from 

the bedded vitric, devitrified and welded ash-flow tuffs. Concentrations of 
Na+, HCO 3 , and Cl- ions and dissolved SiO2 , reported to lie the range 0.001

0.002 M, are generally an order of magnitude higher than K+, Ca2+, Mg2+, 
S0 42-, F-, etc. (White et al., 1980). Groundwater compositions vary with 

depth and are modified by passage through zeolitized tuffs, with the result 
that fracture-flow water is generally more HC0 3 --rich than interstitial 

water containing higher Cl- concentrations (White et al., 1980). The 

widely used reference groundwater used in laboratory experiments and 

geochemical modelling studies relevant to the repository horizon at Yucca 

Mountain is from well J-13 in the near-by Nevada Nuclear Test site and is 

sodium bicarbonate-type fracture-flow groundwater (Bish et al., 1984; 

Delany, 1985; Moore et al., 1986).. Therefore, our cesium exchange 
experiments were conducted in NaHCO3 - or NaCl-bearing solutions.  

Heat production during radioactive decay of fission products will 

elevate the temperature of volcanic: rocks surrounding the proposed 

repository at Yucca Mountain, so that permeating groundwater will be 

heated perhaps to temperatures exceeding 100oC (Smyth, 1982). To 

simulate effects of elevated temperatures, we conducted our the majority 

of our cesium exchange measurements at 600C but carried out some 

reactions at 800C.



EXPERIMENTAL DETAILS.

Zeolite Specimens.  

Clinoptilolite and heulandite are isostructural, and a solid-solution 

series appears to exist (Boles, 1972) between the ideal compositions 

(Na,K)6Si 30Al 6O72.24H 20 and Ca4Si 2 8A18O72.24H2 0 

clinoptilolite heulandite 

Three criteria have been proposed to distinguish clinoptilolites from 

heulandites. The zeolite is named clinoptilolite when: (i) (Na + K) > Ca 

(Mason and Sand, 1960); (ii) the Si/Al ratio exceeds 4 (Boles, 1972); and 

(iii) the crystal structure survives (i.e. the x-ray pattern is unchanged) 

after overnight heating at 450 C (Mumpton, 1960). Conversely, 

heulandites are defined by (Ca + Sr + Ba) > (Na + K), Si/Al < 4, and thermal 

decomposition above 450 C. Since microprobe analyses of clinoptilolites 

K.> from Yucca Mountain exhibit wide ranges of Na, K, Ca (and Mg) and Si-Al 

contents (Broxton et al., 1986, 1987), it was deemed desirable to study a 
variety of clinoptilolite-heulandite specimens. Compositions and sources of 

the zeolites studied here are summarized in Table 1.  

Microcrystalline clinoptilolite from Hector, California, was one of the 
zeolites used by Ames (1960, 1961, 1962a,b,c, 1963, 1964) in early cation 

exchange experiments. Later, Ames, (1964, 1965) used samples of 

clinoptilolite from the John Day Formation, Oregon. The. Hector 

clinoptilolite was reported (Ames el at., 1958) to contain 5-15% impurities 

consisting of unaltered glass, quartz, feldspar and minor clay silicate and 

carbonate. Scanning electron microscope photographs of the Hector 

clinoptilolite (Mumpton and Ormsby, 1978) indicate that it consists of 
plates of euhedral, coffin-shaped crystals dominated by (010) faces only a



few microns in diameter. A similar morphology and crystallinity is 

displayed by the clinoptilolite from Castle Creek, Idaho (Mumpton and 

Ormsby, 1978) which is virtually 100% pure (Sheppard and Gude, 1983) 

and was the principal zeolite used by Bish (1984) in his thermal studies of 

cation-exchanged clinoptilolites. The more coarse-grained clinoptilolite 

from Agoura, California (Wise et al., 1969), also studied by Bish (1984), 

was used in crystal structure refinements by Alberti (1975) and Koyama 

and Takeuchi (1977). Unfortunately, only limited amounts of Agoura 

clinoptilolite crystals were available to us. Therefore, in our detailed 

investigations of oriented single crystals, we used samples of the 

clinoptilolite from Succor Creek, Malheur County, Oregon, which consists of 
euhedral crystals1-2 mm in diameter . The microprobe data summarized 

in Table 2 indicate that the Succor Creek clinoptilolite with its rather high 

Ca content and low Si/Al ratio is close to the (arbitrary) classification 

boundary between clinoptilolite and heulandite; however, the Succor Creek 
clinoptilolite resembles compositions of some calcic clinoptilolites occurring 
in fractures throughout densely welded tuff at Yucca Mountain (Broxton e t 

al., 1986, 1987). Retention of its x-ray pattern after overnight heating at 

450 C established the identity of the Succor Creek specimen, sensu stricto, 

as clinoptilolite. In addition to these four clinoptilolites, large single 

crystals of an Icelandic heulandite were also employed in some cesium 

exchange experiments, as well as an euhedral analcite from Lake Superior.  

Mounted Zeolites.  

Polished mounts were prepared of small pieces of the microcrystalline 

Hector and Castle Creek clinoptilolites and of oriented single crystals of the 

Agoura and Succor Creek clinoptilolites, Icelandic heulandite and the



analcime. The samples were encapsulated in cold-setting epoxy cement in 
> small brass cylinders. The characteristic euhedral coffin-shaped habit of 

the Icelandic heulandite, as well as the Succor Creek clinoptilolite, enabled 
individual crystals to be mounted on their (010), (100), (101), and (001) 
faces. Once orientation effects in cesium exchange reactions had been 
established, most of the subsequent experiments were carried out using 
crystals mounted on (010) faces, since these have the largest surface areas 
and are more easily manipulated, particularly for the Succor Creek 
clinoptilolite. The specimens were polished, carbon-coated, and analysed 
by electron microprobe before carrying out cation-exchange reactions.  

Microprobe Analyses 

Chemical compositions of the zeolites were determined using a four
spectrometer JEOL Superprobe weith full on-line computerized matrix 

S correction and data reduction procedures. Operating beam currents ranged 

were 10 KeV and 5 and 10 nA, with counting times of 20 seconds for all 
elements except Na, which was analysed first and counted for only 10 
seconds in order to minimize loss through volatilization. Loss of Na and 
zeolitic H2 0 was further reduced by using a defocussed beam of 

approximately 10 microns diameter. Calibrations were made against 
analysed standards, such as diopside (65%)-jadeite (35%) glass (providing 
Ca, Mg, Na, Al and Si), cossyrite (Fe, Ti, Na, Si), and orthoclase glass (K), 
using the general Bence-Albee standardization procedure. Cesium 
analyses, using a CsCl crystal as primary standard and a pollucite from 
Mumford, Maine as a secondary standard, were corrected using the ZAF 
program of Tracer Northern. Counts were collected for a minimum of 5



secconds to a 60 second maximum or until one standard deviation of the 

counting statistics was less than 1%.  

Cesium Exchange Experiments 

After the polished mounts had been analysed, the carbon-coating was 

removed by gentle polishing with .3 micron corundum powder. The probe 

mounts were then placed inside individual stoppered flasks and specified 

volumes of different concentrations of cesium chloride solutions were 

added. Matching experiments were performed in the presence of CsCI 
solutions and either IM NaCl or IM NaHCO3. Initially IM CsCI solutions 

were used, followed by progressively lower dilutions of 0.01M, 0.001M or 
0.0001M CsCI (without or with IM NaCl or NaHCO3 being present). In some 

reactions, unmounted 1-2 mm clumps f the Castle Creek and Hector 

clinoptilolites, as well as individual crystals of Succor Creek clinoptilolite 
and Icelandic heulandite, were exchanged first with CsCI solutions before 

being mounted, polished and microprobed.  

The stoppered flasks were placed in a constant-temperature shaking 
water-bath set at either 600C or 80 0C, and the exchange reactions were 

carried out for time periods ranging from 5 days tol month. After each 
reaction time interval crystal mounts were removed, washed several times 
with cold distilled water, dried at ambient temperatures, and re-coated 

with carbon prior to microprobe analyses. After microprobe analyses, 

carbon-coated surfaces of the mounts were gently removed, and the Cs

exhange reaction continued.  

RESULTS 
NaCl or NaHCO 3 Alone.



Since the groundwater flowing through Yucca Mountain is likely to be 
K> dominated by Na+ and HCO 3- or Cl, ions, some mounted crystals of the 

Succor Creek clinoptilolite were reacted first with IM NaCl or IM NaHCO3 .  

The analyses shown in Table 2 (columns -- and --) indicate that slight 

enrichment of Na and depletion of K occurred in these Na-loaded crystals.  

[VALERIE, 

To Do: (1) Load mounted clumps of Hector cliinoptilolite IM NaCl (600C) 

(2) Analyse by microprobe to find out whether K (and Ca?) are depleted.  

(3) Load crystals with Ca by reacting Succor Creek and Hector 

clinoptilolites with IM CaCl2 (600C).  

(4) Measure by microprobe any increases of Ca (and depletion of Na and 

K?) 

(5) Then React the NaCl-loaded and CaCl 2-loaded Succor Creek and Hector 

clinoptilolites with IM CsCl (or 0.01M CsCl?) for 7 days and 30 days at 600C 

. (6) Analyse for Cs to see if different capacities exist for Na-loaded and Ca

loaded clinoptilolites.  

Rationale At Yucca Mt, there regional differences of Na and Ca contents of 
the clinoptiloles in the zeolitic tuffs of Calico Hills. And, Ca-rich 

clinoptilolites are found in fractures through and beneath the repository 

horizon. Does high Ca affect the Cs capacity of clinoptilolite?] 

Oriented Crystals.  

Individual crystals of the Succor Creek clinoptilolite were mounted onto 

(100), (101), (001) and (010) faces. Microprobe analyses of these crystals 

before cation exchange reactions summarized in Table 2 indicate a slightly 

higher Na concentration for the (010) face, suggesting that sodium is less



susceptible to volatilization along the [010] axis because open channels do 
not exist in this direction in the clinoptilolite structure.  

Progressive cesium exchange reactions with IM CsCI were carried out 
for accumulated time periods of 5, 10, 17 and 30 days and the Cs 
concentrations of the crystals after each time interval are plotted in Figure 
1. The drop-off of Cs after 10 days resulted from accidental condensation 

in initially unstoppered reaction flask, which decreased the CsCI 
concentration from IM to -0.5M. Thereafter, continued reactions in 
stoppered flasks with IM CsCI for 30 days revealed that each crystal face 
has a different Cs capacity. The Cs concentrations are highest for the (100) 
and (001) faces, less for the (101) face, and least for (010), demonstrating 
that Cs selectively exchanges along the (100] and [001] axes which are the 

two directions in the clinoptilolite structure where open channels exist.  
Heulandite shows a much stronger crystallographic influence on Cs

uptake than does clinoptilolite, which is indicated by Figure 2. The Cs 
concentration of the (010) face of heulandite is again considerably lower 
than those of the other two faces, demonstrating that Cs readily enters the 
heulandite structure along the open channel [100] and [001] directions.  
Furthermore, the Cs concentrations of the heulandite (100) and (001) faces 

are comparable or slightly greater than corresponding faces of 
clinoptilolite, which conflicts with conclusions by Ames (1960) who stated 
that the cation exchange properties of heulandite and clinoptilolite are 

quite dissimilar.  

Effects of Changing CsCi Concentrations 

Weighed Succor Creek clinoptilolite crystals with diameters of 1-2 mm 
were mounted on their (010) faces and reacted for accumulated 30 day



I

periods with 40 or 50 ml. aliquots of CsCl solutions ranging in 
K-> concentration from IM to 0.0001M. The results plotted in Figure 3 show 

that the amount of. Cs ,exchanged into clinoptilolite crystals decreases with 

increasing dilution of the CsCI solutions. These results differ from 
conclusions drawn by Ames (1960) that decreasing concentrations of CsCI 
increase the Cs capacity of clinoptilolite. However, efficiency of removal of 

Cs uptake by the (010) crystal faces, as indicated by the ratio 

Cs content of clinoptilolite/Cs remaining in solution 
increases from ( %) for IM CsCI to ( %) for 0.0001M CsCI.  

A measure of the reproducibility of the Cs-exchange data for different 

crystals of the Succor Creek clinoptilolite mounted in identical (010) 
orientations is demonstrated by the data for IM CsCI reacted for 30 days.  
Figure 3 shows -21 wt% Cs20 compared with -22 wt% Cs2 0 in Figure 1.  

These Cs concentrations are somewhat lower than microprobe 
S measurements of aggregates of the Hector clinoptilolite, also reacted for 30 

days, which accumulated -27 wt% Cs2 0. This high Cs content is comparable 

to values obtained by Ames (1960, 1961) for the Hector clinoptilolite 
reacted at 25 0 C with 0.2M CsCI alone (23.3 wt% Cs 20, compared with 
18.75 wt% Cs 20 for reactions with 0.01M CsCI) (c.f. -12.34 wt% Cs2 0 for 

reactions with 0.01M CsCI at 600C in figure 3). Ames (1960) also noted 
that the effect of increasing temperature is to reduce Cs capacities by -1/3 
between 250C and 600C, so that our data for the Hector clinoptilolite 

compare favorably with his results.  

Heulandite shows similar effects of CsCI dilution to clinoptilolite. Thus, 
the Cs2 0 content shown in Figure 4 decreases from -13 wt% Cs 20 to 3 wt% 
Cs 2 0 in 30 day reactions with IM CsCI and 0.01M CsCl, respectively.



Presence of NaCI 

Cesium-exchange reactions of (010)-mounted clinoptilolite crystals with 
solutions containing IM NaCI and different concentrations of CsCl are 
summarized in Figure 5. Again, the Cs content of the zeolite decreases with 
CsCl dilution. Moreover, the presence of NaCl also decreases the uptake of 
Cs into clinoptilolite compared to NaCl-free solutions. Our data for 

reactions with IM NaCl plus 0.01M CsCl, for example, provided -7 wt % 
Cs 20 in clinoptilolite, whereas -12 wt% Cs2 O entered the zeolite in the 

absence of NaCl. Ames (1960, 1961) in his measurements of the Hector 
clinoptilolite, observed a decrease of the Cs capacity from -18.75 wt% Cs2 0 

to -10.3 wt.% in reactions with 0.01M CsCl in the absence and presence, 
respectively, of IM NaCI. He also reported -7.5 wt% Cs 20 in the Hector 

clinoptilolite after reactions with 0.01M CsCI (alone) at 60 0C, in good 
agreement with our measurements for single crystals of the Succor Creek 
clinoptilolite. Ames (1961) also measured comparable Cs concentrations 
in 250 C reactions of the Hector clinopilolite reacted with 0.2M CsCI and 
either IM NaCI or 2M NaCI (-8 wt% Cs20 relative to -23 wt% Cs20 in the 

absence of NaCI), and concluded that clinoptilolite tends to maintain a 
given Cs distribution between zeolite and solution despite an increasing Na 
concentration. A similar conclusion may be drawn from our 600C reactions 

of the Succor Creek clinoptilolite with 0.01M CsCI and 0.1M CsCl in the 

presence of 1 M NaCI.  

[Reactions of heulandite with IM NaCI and different CsCI 
concentrations are confusing? Cs uptake in Figure 6 decreases in 
the order 0.1M CsCI > IM CsC! > O.01M CsCl ?]

Presence of NaHCO 3



The decreased Cs capacity of clinoptilolite in the presence of Na is 
further demonstrated by exchange reactions with different concentrations 
of CsCI in the presence of IM NaHCO3.. Results summarized in Figure 7 

show that the Cs2 0 concentrations in the Succor Creek clinoptilolite not 

only decrease appreciably between IM CsCI and 0.001M CsCI in the 
presence of NaHCO3 , but also are exchanged into the zeolite in significantly 

lower concentrations than NaCl-bearing solutions. A Similar trends occur 

for heulandite exchanged with different concentrations of CsCl in the 
presence of NaHCO3 (Figure 8). These results suggesting that different 

anions affect Cs-exchange reactions of clinoptilolite appear to be at 
variance with observations by Ames (1960) who stated that the use of 
competing Na cations in solutions with the chloride, nitrate, and sulfate 
anions made no appreciable difference in their effects on Cs capacity.  
However, Ames (1964) stated later that if less dissociated carbonate salts 
were used differences might be expected from chloride salts, but these 

differences were not specified. Our measurements demonstrate that the 
presence of HCO3- anions lowers the exchange capacity clinoptilolite for 

cesium ions, which has important consequences for the storage of fission 
products at the proposed repository for nuclear waste at Yucca Mountain..

(to be continued!)
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Disturbed Zone Program 

K> Introduction 

The concept of the disturbed zone is Important because the outer boundary of the disturbed zone (away from the repository) Is the starting point for the calculation of ground-water travel time to the accessible environment. If this boundary is close in to the mined openings of the repository, more credit can be taken by DOE for travel of the ground water through a larger volume of rock in the vadose zone.  Conversely, if the boundary extends a greater distance from the repository, less credit for ground watertravel time can be claimed.  

Complicating the concept Is the possibility that a generic, fixed-distance boundary might be claimed for the disturbed zone, based only upon the thermo-mechanical effects on the rocks from mining the openings of the repository, such as proposed by the NRC. An alternative Is a site specific variable distance boundary that also considers phase changes In the wetting fluid within the vadose zone as well as the pathways these fluids might encounter, such as fractures. Furthermore, dissolution and alteration of the solid phases by water-rock interactions should be taken into account as well because these changes can potentially affect the thermo-mechanical properties of the enclosing rock.  

The DOE prefers the first approach, the potentially nonconservative, generic fixed distance boundary from mined repository workings because this approach yields the greater physical distance and thus the greater ground-water travel times. However, this approach may not be completely in keeping with the original definition of the disturbed zone, i.e., that volume of rock adjacent to the repository in which processes resulting from loading nuclear waste canisters into the repository are too complex to be accurately modeled or simulated. If the generic fixed distance boundary is closer to the repository than the site specific boundary the implication is that complex processes occurring In the disturbed zone can be modeled by DOE.  

. In our review of DOE's Environmental Assessment and the NRC's Draft Generic Technical Position on the Disturbed Zone, we found an Incomplete and perhaps even lack of understanding of the complicated processes likely to occur In a disturbed zone within the vadose zone, such as refluxing of aqueous fluids and dissolution/alteration of the rock mass. Thus, the choice of a.generic fixed-distance disturbed-zone boundary by DOE and NRC is at best simplification of reality or a nonconservative error in judgment to obtain the greatest possible ground-water travel times for satisfying regulatory requirements 
(see Appendix D).  

Based on this tack by DOE and NRC and our concerns on the reasonableness of this approach to satisfying several key licensing criteria, we have chosen the subject of the disturbed zone for further investigation and evaluation. The Issues addressed In this section briefly stated are: 
1. Effects of phase changes In the aqueous fluids In the fractures and matrix pores of the host rock on the physical extent of the disturbed zone.  

2. Effects of dissolution and alteration of the host rocks on the Integrity of the repository with respect to the release of radionuclides to the accessible environment.  

3. Should the boundary of the disturbed zone be fixed at some generic distance (presently about 50 meters) from mined openings in the repository host rock or at a site specific variable distance depending upon phase changes in fluids, fluid pathways, and alteration and dissolution of the repository host rock resulting form fluid-rock Interaction.  

The results of exploratory investigations in this section point to the fact that the integrity of the repository will be affected, and that the boundary of the disturbed zone could be at a greater distance than the currently defined 50 meters from mined openings of the repository because of rapid fluid
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movement in fractures and fissures and dissolutlon/alteration which will be Induced by the heat from the entombed high-level nuclear waste canisters.  

The appendix of this section contains abstracts of papers presented at professional meetings and other technical documents that are offshoots of our efforts. A list of these papers and technical 
documents precedes the appendix.
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Disturbed Zone

ISSUES: 

How is the extent of the disturbed zone affected by phase changes in the aqueous fluids In the fractures and matrix pores of the host rock, Topopah Springs tuff, and possibly other surrounding units? The phrase Vphase changes In the aqueous fluids" Implies boiling of pore and fracture water within the drying out envelope which Is in the immediate vicinity of the nuclear waste canisters, and the condensation of water vapor to liquid water at some greater distance from the canister where the rock is 
below the boiling point of water (altitude corrected).  

OBJECTIVES OF ACTIVITY: 

Determine by geochemical computer modeling, using (as realistic as possible) vadose-zone water composition: (1) the chemistry of the aqueous and gaseous phases as boiling of vadose water progresses; (2) the degree of precipitation of minerals In the zone of boiling; and (3) the degree of 
dissolution/reaction of minerals In the condensation zone.  

ACTIVITY SUMMARY: 

Preliminary calculations of open and closed system boiling of Rainier Mesa vadose water, condensation of boiled gases, and reaction of boiling water with the Topopah Springs welded tuff were completed. Computer codes (CHILLER and SOLVEQ) were modified to Improve calculations involving aluminum, for heat addition to calculate volumes of minerals produced or destroyed, and to compute changes in rock porosity. Documentation of the computer codes was completed as part of the quality 
assurance guidelines.  

FINDINGS: 

As boiling of vadose-zone water proceeds, the pH of the residual solution Increases due primarily to degassing of CO2 and concentration of the salts. If gas remains In contact with the water and minerals 
precipitating due to boiling, the system Is referred to as closed; otherwise, If the gas is removed incrementally (Rayleigh fractionation) the system Is considered open. Open system boiling calculations in which the gas phase escapes consistently produces higher pH's In the residual solutions. The 
predominant mineral precipitate Is calcite.  

INTERPRETATION OF FINDING(S): 

Calculated boiling of vadose water produces a highly alkaline, saline solution that precipitates several minerals, dominantly calcite. These precipitated minerals would most likely plug pores and fractures above the canisters In the zone of boiling resulting in the formation of a perched water layer due to the gravity and capillary induced return of condensed water vapor and ongoing Infiltration of surface -water. Residual pockets of highly alkaline saline water plus any water that may penetrate the zone of plugging as the thermal peak wanes may redissolve previotsly precipitated salts In the zone of complete drying out (between canister and zone of boiling), and may eventually contact the canisters and 
accelerate corrosion under oxidizing conditions.  

ADDITIONAL WORK REQUIRED: 

"* Significance of calculations would be greatly Improved If actual analyses of the compositions of 
vadose waters from Yucca Mountain were available.  

" Calculations should proceed to dryness (all liquid water converted to vapor).
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"* Investigation of the reaction of condensed water vapor with repository host rock (Topopah 
Springs tuff).  

"* Determine or estimate thermochernical properties of phases needed to complete calculations.  

RECOMMENDED PROGRAM: 

Ultimately the geochemical calculations must be combined with hydrogeological calculations on heat and fluid transport (to establish temperature gradients and mass fluxes) to compute the geochemical interaction of the entire refluxing system (boiling fluids to condensing vapor and all water-rock interactions). The Importance of fracture versus matrix flow must also be Independently established (by field studies) for these types of modeling computations to be relevant to the disposal of high-level nuclear 
waste at Yucca Mountain.  

EXISTING PROGRAM: 

The computer algorithms for the geochemical calculations involving boiling and condensing aqueous fluids are currently under development by Dr. M. H. Reed and colleagues at the Department of Geological Sciences, University of Oregon. Preliminary calculations thus far have Involved Rainier Mesa vadose water and Topopah Springs welded tuff for open and closed systems (see published abstract by 
Reed and Spycher in Appendix D-I).  

Principal Investigator: 

Dr. M. H. Reed, Department of Geological Sciences, University of Oregon.
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Disturbed Zone

ISSUES: 

Will dissolution of the host rock Impact the postclosure integrity of the repository with respect to 
release of radionuclides to the accessible environment? 

"How significant will dissolution be as a result of the refluxing of aqueous fluids that most likely will 
occur during the thermal pulse (thermal peak is about 50 to 100 years after emplacement of canisters)? 

Will the zone of dissolution significantly extend the disturbed zone as defined by the U.S. Nuclear 
Regulatory Commission? 

OBJECTIVES OF ACTIVITY: 

Determine the effectiveness of a thermal gradient in promoting mass transfer, dissolution, and alteration of the host rock mineralogy, including those phases thought to sorb radionuclides efficiently, 
such as clays and zeolites.  

ACTIVITY SUMMARY: 

A vertical thermal gradient experiment was designed and tested that simulated conditions anticipated In partially saturated Topopah Springs welded tuft after emplacement of waste canisters. The experiment consists of a vertically-operated reactor (PVC or aluminum pipe, 4" O.D. and 24! long) containing the rock sample and a heater assembly at the bottom and a cooling assembly at the top. The power adjustment of the heater at the bottom produces a zone of boiling while adjustment of water temperature and flow rate in the cooling assembly results in a condensation zone above the boiling zone.  These adjustments permit the heat flux, and consequently, the mass flux through the reactor to be . controlled.  

Additionally, a hydrothermal mixed flow reactor has been designed, constructed, and pressure and flow tested. This reactor operates at a constant temperature and Is to measure the rates of reaction of minerals important for sorption of radionuclides and dissolution of the repository host rock.  

FINDINGS: 

A zone of boiling formed at the bottom and a zone of condensation formed directly above it.  Almost all the grains showed evidence of leaching with the most extensive dissolution occurring in the zone of condensation. Iron oxyhydroxides globules and opaline silica coatings precipitated throughout the experimental sample. Alteration mineral phases formed on grains near the bottom of the reactor column,and tuff grains at the very bottom of the reactor were tightly cemented by deposits of opaline 
silica.  

INTERPRETATION OF FINDINGS: 

The results strongly support the hypothesis that mass transport, dissolution, and mineral aiterationrprecipitation are greatly enhanced In temperature gradients versus isothermal pseudoequilibrium conditions. Temperature gradients exist today at Yucca Mountain In the form of the geothermal gradient and those formed after emplacement of waste canisters will certainly be more extreme than the preexisting natural geothermal gradient. Although Isothermal experiments provide baseline Information that can be interpreted in terms of existing geochemical computer models, processes and Interactions in thermal gradients can not be predicted nor Interpreted with the current"equilibrium" 
geochemical algorithms.  
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ADDITIONAL WORK REQUIRED:

Past experiments have utilized crushed tuff; future experiments would also employ solid cores of Topopah Springs tuff with and without fractures. Realistic vadose-zone water compositions must eventually be utilized for .these experiments to be relevant to Yucca Mountain in particular. Other parameters that need to be varied to determine their effect on the rate of mineral alteration and/or dissolution and the rate of mass transfer include the thermal flux and the degree of filling of the vessel 
(determines the degree of saturation during the experiment).  

Authigenic mineral phases need to be Identified, physical properties of products determined (porosity and permeability), and analysis of sampled waters during experiments analyzed.  

Kinetic experiments in the hydrothermal mixed-flow reactor would commence as soon as possible. Kinetic information on those mineral phases important to the sorption and dissolution issues is 
sorely needed.  

RECOMMENDED PROGRAM: 

The ultimate goal of this program is to determine if the nonequilibrium thermodynamics of the situation being simulated by experiments can be predicted (with a reasonable number of quantified experiments), and if it is predictable, can the results of models be scaled up to the repository scale? To achieve this goal, a sufficient number of experiments is required In which the sample type (crushed tuff versus solid core, with and without fractures), thermal flux, water composition, degree of saturation, and physical size of the reactor vessel are varied. The results must be quantified as well for input to a model 
that is to be developed.  

EXISTING PROGRAM: 

To date, the existing program has been preliminary and exploratory with the main purpose of demonstrating that the phenomenon of mass transport and mineral alteration/dissolution In a thermal gradient can be a significant factor In the safety of a repository at Yucca Mountain (see published abstract by Newcomb and Rimstidt in Appendix D-1I).  

Principal Investigator: 

Dr. J. D. Rlmstidt. Department of Geological Sciences, Virginia Polytechnic Institute and State 
University.
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Disturbed Zone

ISSUE: 

The key Issue of the disturbed zone Is whether the boundary should be fixed at some distance 
(presently 50 meters) from mined openings In the repository host rock. This 50 meter distance Is 
purportedly based on changes in intrinsic rock properties and not (as we believe) on any changes in 
multiphase fluid states in the host rock's pores and fractures. As defined, the disturbed-zone boundary 
distinguishes between processes that are too complex to be 'modeled (thermal and mass transport and 
transfer) within the boundary and those processes that can be modeled outside of the boundary.  

Should the disturbed-zone boundary take Into account the multiphase fluid effects and 
accompanying mineral alteration/dissolution effects? 

OBJECTIVES OF ACTIVITY: 

We are attempting to evaluate the scientific reasonableness of the disturbed zone definition, and 
thus the boundary, on the basis of published data In the open literature, and by obtaining and utilizing 
public domain and DOE/contractors hydrogeologic and geochemical modeling software on realistic 
problems associated with the development of the thermal envelope surrounding the loaded repository.  

ACTIVITY SUMMARY: 

A review was written of the NRC's draft generic technical position on the disturbed zone (see 
Appendix D-1Il). Three draft technical progress reports on the disturbed zone were generated (see 
Appendix D-IV). A preliminary annotated bibliography of references concerning the disturbed zone was 
prepared. Many hydrogeologic and geochemical software modeling packages (programs) were 
requested and a few were obtained and evaluated (see Progress Report, Appendix D-V): 

TOUGH (hydrogeological, K. Pruess, LBL): obtained, and tested on mainframe and personal 

computers.  

PHREEQE (geochemical, U.S.G.S.. Intera version): obtained, debugged on personal computer.  

EQ3/6 (geochemical, DOE-LLNL): requested, but not obtained.  

SAGUARO (hydrogeological, DOE-SNL): requested, but not obtained.  

NORIA (hydrogeological, DOE-SNL): requested, but not obtained.  

PETROS (hydrogeological, DOE-SNL): requested, but not obtained.  

Princeton Transport Code (hydrogeological, Princeton University): obtained, but not completely 
debugged on non-IBM personal computers.  

FINDINGS: 

The existing working definition of the disturbed zone (NRC) is seriously flawed and unrealistic.  
The disturbed-zone boundary is an extremely complicated concept and existing hydrogeologic and 
geochemical computer software modeling algorithms are not capable of realistically modeling the situation 
simultaneously (no one program exists that performs both hydrogeologic and geochemical modeling) or 
Individually. The hydrogeological models must be capable of handling thermal and mass transport of 
multiphase fluids in matrix and fractures under saturated and undersaturated conditions; geochemical 
models must have the ability to model mass transfer under nonequilibr•ium (irreversible thermodynamics) 
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conditions (thermal gradients). However, from a more fundamental standpoint, the basic hydrogeologic and geochemical parameters needed to perform modeling have not been determined to a sufficient degree of detail or accuracy by DOE and their contractors.  

INTERPRETATION OF FINDINGS: 

These findings strongly suggest that if the extent of the disturbed zone is based on that volume of rock in which processes are sufficiently complex that they can not be modeled, the boundary of the disturbed zone could be at a much greater distance than the currently defined 50 meters from mined openings of the repository.  

ADDITIONAL WORK NEEDED: 

Computer software modeling packages that have been obtained need further evaluation (debugging and testing) within the full gamut of problems: from simple cases to realistically complex ones.  Technical literature, as well as NRC and DOE documents, will be reviewed and evaluated as they become available. New software developed by DOE or their contractors needs to be reviewed and tested in terms of assumptions employed, data utilized, and situations modeled.  

RECOMMENDED PROGRAM: 

The recommended program has three parts and is similar to that described above: 
- Review and evaluation of published technical literature, Including that by DOE and their contractors, and the U.S. Nuclear Regulatory Commission (NRC).  
- Acquisition of public domain, commercial, and DOE/USGS/NRC - contractor computer modeling software and hands-on testing and evaluation of these codes; 
- Generation of progress reports, technical position papers, and/or publications for the State's 

program regarding the disturbed zone.  

EXISTING PROGRAM: 

The existing program Is essentially similar to the recommended program, except that beginning In July, 1987 there were no funds specifically designated for computer work; thus this aspect of the program is suffering.  

Principal Investigators: 

Drs. D. L Shettel, Jr. and C. L. Johnson, of MAI.  
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Appendix D 

Disturbed Zone Program 

Ust of Appendices 

D-I Reed, M. H. and Spycher, N. F., 1988, Chemical modeling of boiling, condensation, fluid-fluid mixing and water rock reaction using programs (CHILLER and SOLVEQ: Abstract presented at 
196th American Chemical Society Meeting, Los Angeles, California.  

D-11 Newcomb, W. D., and Rimstidt, J. D., 1988, An experiment to simulate mass transport near the Yucca Mountain High Level Radioactive Waste Repository: Geological Society of America 
Annual Meeting, Poster Session, Abstract.  

D-Ill Review and recommendations: draft generic technical position: interpretation and identification of the extent of the disturbed zone in the high-level waste rule, by M. Gordon, NRC.  
D-IV Draft technical position on determination of dissolution reactions and kinetics for the proposed 

Yucca Mountain high-level nuclear waste repository.  

Progress report on a technical position on the disturbed zone.  

Draft technical position on the determination of the disturbed zone at Yucca Mountain proposed 
high-level nuclear waste repository.  

D-V Progress report: computer codes and anticipated modeling during Intensive review of the - disturbed zone.
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Appendix D-I

Reed, M. H. and Spycher, N. F., 1988, Chemical modeling of boiling, condensation, fluid-fluid mixing 
and water rock reaction using programs (CHILLER and SOLVEQ 

Abstract presented at 196th American Chemical Society Meeting, Los Angeles, California.
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GEOC 

a. COKFICAL KODEIUJC OF AOILIIC. COnDENSATIm . FLUID-FLnID n AED VATU-R.CWK EZACTION USING FROM= IIZLLE AND SOLVEQ. Nark Pged and McolaI F. Spycher. Department oa Geological Sciences, UnIverat• o Oregon .Eugene, 
OR 97403 

In geothermal systems. waters bol at depth. precipitating ore sulfide and 
carbonate mInerals; bOIled gazes. Including Ug, condense near the surface whera 
Labe are oxidized, producing sulfuric acid waters that .alter hoat rocks to clays.  
or lack-react vith boiled waters to precipitate As. Sb and Au. This esmple ..  
illustrates the type of couplex natural chemical system that SOLVEQ and CIILLU 
model by computing: rhase assemblage; Compositions of. the aqueous phase and gas 
phase, treating GO, 0. Gil,,. and 1,3 gazes as. non-Ldeal mixtures of real gases.  
Compositions of solld lolutions (ide|l or non-Ideal): Distribution of heat among 
phases. Key computational capabilities that make this possible include: An Internal 
enthalpy balance equation that Is solved simultaneously with the chemical as 
balance and mass action equations; Arbitrary selection of redox couples to provide 
for calculations ever the entire range of natural oxygen fugaacLties; Xe-selection 
of the phase assemblage during the Iterative solution process.
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Appendix D-11

Newcomb, W. D., and Rimstldt, J. D., 1988, An experiment to simulate mass transport near the Yucca Mountain High Level Radioactive Waste Repository Geological Society of America Annual Meeting, Poster Session, Abstract.  
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1.0 BACKGROUND: 

The NRC Draft Generic Technical Position (Gordon, et 
al., 1986) on the Disturbed Zone Concept (DGTP) is intended 
to establish a clarified definition of the inner boundary 
from which ground-water travel times from High-Level Nuclear 
Waste (HLW) repositories to the accessible environment are 
determined. The DGTP restricts the definition of the "dis
turbed zone" to include only that region where the intrinsic 
properties of the rockmass (i.e., permeability and effective 
Dorosity) are changed as a result of HLW emplacement, admit
tinq that a definition which includes completely the zone of 
increased temperatures and associated fluid buoyancy effects 
might include portions of the accessible environment. The 
motivation for this re-definition of the disturbed zone is 
the recognized difficulty in using pre-waste-emplacement 
rockmass properties to predict post-waste-emplacement condi
tions in the region of intrinsic property changes. In con
trast, the effects of fluid property chanqes that are demon
strably not coupled to the intrinsic properties of the rock
mass can be modeled using well developed assessment methods.  

2.0 DRAFT GENERIC TECHNICAL POSITION: 

The revised disturbed zone definition proposed by NRC 
establishes the inner boundary from which ground-water tra
vel time is determined, thereby simplifying by omission the 
effects of the creation of the repository and the heat gen
erated by the waste. Credit towards the 1,000 year pre
waste-emplacement travel time is not considered within the 
disturbed zone, because of the potential difficulty 
(46FR35280, 35281, July 8, 1981) in assessing the physical 
and chemical processes contributing towards waste isolation 
within that region. Consequently, in order to avoid the 
potential uncertainties of the characterization process, the
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disturbed zone was established as the: inner boundary from 
which travel-time calculations are to be made for demonstra
ting compliance with 10CFR60.113(a)(2).  

The DGTP indicates clearly: 

"...that the disturbed zone may be considered to be 1) defined by the zone of substantial thermo- hydrochemical- mechanical changes in intrinsic permeability and effective porosity caused by underground facility construction or by HLW heat generation and 2) should at least include the portion of the host rock directly adjacent to the underground facility in order that a proper measure of the quality of the qeologic setting far from the buried waste may be obtained through application of the groundwater travel time criterion." 

and: 

"...a disturbed zone of 5 diameters for circular openings, 5 opening heights for noncircular openings, or 50 meters, whichever is largest, from any underground opening, excluding surface shafts and boreholes, may be the minimum appropriate distance for use in calculations of compliance with the prewaste-emplacement groundwater travel time criterion (10 CPR 60.113 (a)(2))." "The disturbed zone at a given site may, however, extend further than this distance depending on the site and design characteristics." "The extent of the disturbed zone should be calculated by DOB on a site-specific basis." (Gordon, et al., 1986, page 17).  

Further, Gordon, et al. (1986) state that the site spe
cific analyses should account for: anomalous geologic situ
ations; effects of the heterogeneous geologic system; the 
magnitude of the likely qround-water flux (implying vadose and saturated zone flux); the magnitude of areal thermal 
loading of the repository; geochemical and hydrogeochemical 
characteristics of the site; and changes in the configura
tion of the facility through time. (Gordon, et al., 1986, 
page 17).
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3.0 GENERAL REVIEW AND COMMENTS:

We find the DGTP on the disturbed zone conceptually 
valid with respect to its recognition that near-field pro
cesses will change intrinsic properties of permeability and 
porosity in an indeterminate manner. However, the DGTP 
clearly excludes thermal effects on fluids as -part of the 
definition of the disturbed zone, stating that these will be 
treated durinq assessment of compliance with the overall 
system standard (1OCFR60.112). We assume that this excep
tion also includes phase changes in fluids, and these are 
anticipated to be of significant impact in the Yucca.Moun
tain vadose environment. Phase changes in fluids and asso
ciated moisture redistribution as the result of the phase 
changes should be explicitly addressed within the technical 
position, because such changes will occur in the vadose zone 
and will constitute the disturbed zone as originally 
defined.  

We believe, however, that even with the simplifying ex
clusion of fluid responses to thermal effects, the objective 
"...establishment of generic and easily evaluated guidance 
on the disturbed zone is desirable in order to allow for the 
demonstration of compliance with the groundwater travel time 
criterion (10CFR60.113(a)(2)) consistent with NRC's intent 
in the criterion..." (Gordon, page 16) will not be realized 
without additional guidance and specific (if arbitrary) 
definitions of the word substantial. Even with such a defi
nition, considerable additional characterization effort will 
be required to confidently judge the thermochemical impact 
on the rock properties within the thermal envelope produced 
by the waste at the Yucca Mountain site.  

Before the DGTP definition of the disturbed zone can be 
applied to the Yucca Mountain site, the thermal history 
envelopes for the site need to be accurately established.
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Figure 1 is a "site-specific" thermal envelope model deve
loped for Yucca Mountain for 14.2 W/m2 spent fuel (SF) 
with a repository midplane at 390 m (Braithwaite and Nimick, 
1984, page 10).* Commercial high-level waste (CHLW), not 
considered in this example, would produce even higher peak 
temperatures in a shorter time frame given identical initial 
thermal loadings. Based on the HA (DOE, 1986) the average 
depth to the repository horizon will likely be between 250 
and 300 m below land surface (see Figure 6-19, EA 10-6-248), 
rather than the assumed 390 m.  

We have added to Figure I (which depicts the maximum 
overburden scenario) the position of the repository zone and 
the range in position of the basal vitrophyre of the Topopah 
Spring Member. Also, the relative ranges in position of the 
landsurface and water table with respect to the repository 
horizon have been indicated. It is important to note that 
the figure at best represents uncertain approximations in 
terms of accurately determined thermal envelopes and rela
tive positions of the important features such as land sur
face, water table, and basal vitrophyre. The thermal envel
opes neglect the effects of convective transport of heat via 
vapor and water transport in fractures, as well as the more 
complex issue of possible heat sinks and sources triggered 

* It should be noted that the source document for these 
thermal envelope studies (Svalstad, 1984) is not refer
encable, i.e. Sandia National Laboratory (SNL) has not 
reviewed -if' for external distribution. Details of 
parameter estimation, boundary conditions, and key 
assumptions used in constructing the predicted Yucca Mountain thermal envelopes, all of which constitute 
baseline information for mineral stability studies, 
must therefore be considered speculative.
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by endothermic and exothermic mineral alteration reactions 
that may occur due to the thermal envelope and migrating 
steam and hot water. We emphasize that no site-specific, 
referencable predictions of convective heat flow are avail
able for Yucca Mountain; a highly preliminary study by 
Lawrence Berkeley Laboratory (LBL) is being reviewed by 
Sandia National Laboratory (SNL) at the time of this writing 
(September, 1986), and is not available for external review 
or comment.  

Our objective in presenting Figure 1 is to lend pers
pective to the problem of establishing the boundary of the 
disturbed zone as proposed by the DGTP definition. We anti
cipate at least a 300 C rise in temperature down to the 
water table in some areas, and major thermal impact on the 
basal vitrophyre, with temperatures up to 800 C or more.  
In some areas, it seems likely that 40 to 500 C tempera
tures will occur at or near land surface if convective heat 
transport occurs and CHLW constitutes a supplementary waste
form.  

4.0 FACTORS AFFECTING THE COMPLEXITY OF DETERMINING THE "DISTURBED ZONE" BOUNDARY AT YUCCA MOUNTAIN: 

4.1 Zeolite Stability: 

a. Bish and Semarge (1982) state that clinoptilolite and 
mordenite are not stable over 80-1000 C in Yucca 
Mountain tuffs. Iijima and Utada (1971) have stud
ied the Niigata Oil Field in Japan which contains 
buried authigenic facies through zeolite-metamorphic 
facies mineral associations. Temperatures at the 
top of the' mordenite and clinoptilolite zone are 41
490 C, and at the analcime-albite transition, they 
are 120-124o C. The alkali clinoptilolite stabil-
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ity zone appears to range from 55-910 C and the 
calcite-clinoptilolite appears to be stable at 
84910 C. If for argument's sake, we ignore the 
aqueous chemistry (not necessarily a conservative 
approach), zeolite stability for at least 
clinoptilolite might be safely placed as Bish and 
Semarge (1982) did, that is between 80-1000 C.  
The term stability, however, needs to be defined as 
mineral stability does not reflect the loss of 
adsorbed water.  

b. It has been shown by various students of zeolites that 
Na and K concentrations in the aqueous media greatly 
affect the zeolite temperature stability field by 
reducing the stability of the zeolite below calcula
ted and/or observed zeolite stability temperatures.  

c. Zeolite stability may be viewed as its endothermic 
reaction temperature, which liberates water; and its 
exothermic reaction temperature which condenses its 
structure and causes mineral transformation. In the 
light of Differential Thermal Analysis (DTA) analy
ses on clinoptilolite, it is reasonable to presume 
that temperatures above its formational temperature 
will yield endothermic water loss. Whether or not 
this loss of water is accompanied by cation escape 
(from the super-cage) is unknown, as there is a pau
city of data on this subject.  

d. The transformation of clinoptilolite to analcime has 
been studied by Boles and Wise (1977) and Boles 
(1977). They report the reaction of deep-sea cli
noptilolite to analcime as follows:
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4.4 Na+ + Clinoptilolite * 6.8 analcime + 3K+ + 0.3 
Ca++ + 0.4 Mg++ + 15.6 SiO2 + 13.2 B20 

where: clinoptilolite composition is: 
Na2.40 K 3.0a0.30Mg.40AI6.80Si29.20 07 - 20H2 0 

analcime composition is: 
NaAlSI 3O3 * H20 

In addition to pressure and temperature controls, 
the above reaction would be dependent upon sodium 
and to a lesser extent other cation and water acti
vities. Gieskes (1976, Table 1) cited in Boles 
(1977) indicates that sediments sharing the clinop
tilolite to analcime reaction have pore fluids with 
molar Na/K ratios of about 160; whereas clinoptilo
lite-bearing sediments show average molar Na/K 
ratios of about 60. Consequently, the presence of 
analcime may be due to high Na/K ratios.  

If vadose water evolved from mineral dehydration (such 
as smectites) were to tend towards relatively high 
Na/K ratios the transformation of clinoptilolite to 
analcime might occur even though the temperature 
regime of the zone(s) of transformation might be 
below the 1200 C Stage 4 (Iijima and Utada, 1971).  
This reaction would (on the basis of Boles, 1977, 
calculation above) evolve significant quantities of 
water and Si02 and could also be responsible for a 
significant change in overall porosity and/or perme
ability.  

4.2 Smectite Stability: 

a. Smectites contain both adsorbed water (as interlayer 
water between lattice sheets) and high-temperature

8



water (as OH-) which is an essential portion of 
the crystal lattice structure. Dehydration curves 
for montmorillonite are S-shaped. Variations are 
dependent upon Na, H, and Ca - montmorillonite 
structures with Na more stable than Ca. Adsorbed 
water loss is usually indicated below 150-2000 C 
wit h a flattening of the curve between this and 
3000 C where high-temperature water is generally 
evolved and structural transformation is indicated.  
Any temperatures above formational ambient tempera
ture should provide adsorbed water loss until curve 
flattening temperatures are reached at 150-3000 C.  
This water loss may be accompanied by cation-loss 
where the cations are in exchange interlayer sites.  
Na-bentonites may swell to 8-10 times their original 
volume upon hydration; comparable volumetric 
decreases accompany dehydration. Thus, in fluctua
ting temperature regimes, smectites may act as water 
(and cation) pumps adsorbing and releasing these 
constituents depending upon temperature fluctua
tions.  

Since the smectites can accomodate more adsorbed water 
than the zeolites, and are apparently more sensitive 
to temperature changes (under 800 C), loss of 
adsorbed water and cations can be responsible for 
producing fluids which may lower the effective zeo
lite stability temperatures. Additionally, porosi
ty, permeability, and hydrofracturing effects may be 
greatly enhanced by changes in the hydration-struc
ture of the smectite minerals.  

b. Perry and Hower (1972) have developed a four stage 
model for dehydration in deeply buried pelitic sedi
ments based upon smectite and mixed-layered clay
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associations. Above 800 C (1972, figure 7) they 
show significant changes in clay stability and min
eral associations. These changes may also be some
what dependent upon aqueous chemistry and burial 
pressure.  

c. Jackson (1956, page 266, figure 5-3) shows a Differen
tial Thermal Analysis (DTA) curve for montmorillon
ite from 0 to 1,0000 C. There are two major endo
thermic peaks between 0-240o C and 550-70 0 0 C 
indicating water loss. The first peak has a. rapid 
water loss from 0-25o C, a significant water loss 
from 25 to 1000 C and thereafter a sharper decline 
to about 1600 C which is the maximum of the peak.  
This indicates that there is a significant water 
loss immediately upon heating. The rate of water 
loss upon heating at low temperatures (from 0-1000 
C) will be partially dependent upon isomorphous sub
stitution in the octahedral layer of the montmoril
lonite (as indicated by Jackson, 1956, page 295).  
Consequently, the thermal behavior of the smectites 
at Yucca Mountain will be in part a function of 
their composition; therefore, detailed field data 
are required prior to attempting to determine the 
implications of dehydration due to repository heat
ing.  

d. Porrenga (1967) has found that for montmorillonites 
there is a tendency for Ca and Na in montmorillonite 
to be replaced by Mg. This exchange of Mg for Na 
and Ca is extremely important with respect to the 
evolution of vadose water chemistry and therefore on 
zeolite stability at elevated temperatures.  
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4.3 Temperature Rise as a Consequence of Authigenic 
Reactions: 

"Surdam and Boles (1977) calculated that the hydration 
of andesine to laumontite in a sandstone with density of 2.3 
g/cc, to 40% andesine, and an initial temperature of 600 C 
at 1.5 km of burial would raise the temperature of the rock 
by 400 C if the heat of the reaction is conserved." 
(Boles, 1977b). Boles (1977(b), page 129), states that 
"Zeolitization of volcanic glass should also evolve heat." 

Consequently, authigenic reactions, which might take 
place within the disturbed zone as a consequence of reposi
tory heating, may also be influenced by the heat-of-reaction 
produced during diagenetic hydration and this heat evolved 
may be outside as well as inside the defined disturbed zone 
boundary.  

If this is a factor to be considered, then the tempera
ture distribution envelope for a proposed repository must 
not only take into account the repository heating, but also, 
heat evolved due to authigenic reactions which may be beyond 
the near-field. The heat of reaction temperatures as postu
lated by Surdam and Boles (1977) are almost as significant 
as the repository heating itself if those reactions proceed 
in a demonstrably rapid fashion.  

4.4 Volcanic Glass Hydration: 

a. Friedman, et al., (1966) have determined the rate of 
obsidian (rhyolitic glass) hydration in terrigenous 
environments exposed to humidity and ground water.  
Rates determined are not intrinsic and are based up
on Pick's Law of Diffusion with experimental evid
ence derived at 1000 C. During the diagenetic
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transformation of obsidian to perlite (hydrated 
glass) the rates are approximately five times faster 
at 1000 C than at 700 C, and about one order of 
magnitude faster at 700 C than at 300 C. Conse
quently, the hydration rate has been shown to be 
temperature dependent. Perlite further hydrates to 
transition metal oxyhydroxides, zeolites, and smec
tites. The rates of formation of this phase of 
authigenics is unknown. Other significant control
ling parameters relating to the hydration of glass 
are the alkalinity of both the glass and surrounding 
fluids, bonding chemistry of the glass, initial 
water (HOH and OH) composition of the glass, among 
other parameters (which are less significant).  
Although it has been shown that diffusivities of 
glass are related to its viscosity which is a func
tion of the original state of polymerization of the 
melt (Scholze, 1966; Stolper, 1982) it has also been 
documented that hydration rates are dependent upon 
the activity of dissolved alkali metals in the envi
ronment. Consequently, glass hydration becomes an 
effective and rapid mass transition process during 
elevated temperatures in the presence of high con
centrations of dissolved alkali metals.  

Hydration proceeds along any exposed glass surfaces, 
causing increases in volume. Many of the glasses 
respond to volume increases by tensile fracturing, 
geometrically providing additional surfaces for 
hydration. The resultant configuration of the 
alteration mass is a reticulate pattern of intercon
nected fractures with expandable and exchangeable 
authigenic mineral fracture coatings and fillings.  
Glass vesicles previously segregated from the expos-
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ed environment are either filled with authigenic 
minerals or are associated with fracture surfaces.  
The permeability is significantly increased even 
when total porosity changes are negligible due to 
the relatively small effective porosity of the frac
tures.  

At Yucca Mountain, a vitrophyre is present between 45 
and 113 meters below the repository horizon and 
partly within the 50 meter minimum disturbed zone.  
Temperature elevation above geothermal-ambience in 
the presence of high humidity will provide adequate 
conditions to promote glass hydration. Under these 
conditions "significant amounts of water" might be 
construed as 80-100% humidity (not necessarily a 
situation of liquid saturation).  

b. The diffusion mechanism of water entering glass and 
other solids is poorly understood in fractured 
media. Although, diffusion appears to follow Fick's 
Law, when single surfaces are present, it appears 
that it is anomalous in behavior in fractured media 
(Anacker and Kopelman, 1984). Consequently, rates 
of diffusion require empirical observations 
especially when these reactions may affect obtaining 
accurate disturbed zone boundaries.  

4.5 Temperature Distribution at the Vitrophyre: 

In accordance with Figure 1 (Braithwaite and Nimick, 
1984, figure 2), on which we have superimposed the vitro
phyre (from information presented in the EA, DOE/RW-0073) 
the following temperature distribution for a 57 kW/acre 
spent fuel loading is anticipated:
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Location 250 years 1,000 years 10,000 years 
Top of Vitrophyre 670 C 830 C 700 C 
Btm. of Vitrophyre 540 C 780 C 670 C 

The depth of the Braithwaite and Nimick (1984) repository is 
390 m below surface, which is possibly some 70 m deeper than 
indicated as an average in the EA. Consequently, tempera
tures shown are possibly a bit higher than they should be 
for the "average" repository horizon.  

4.6 Summary of Concern: 

The anticipated temperature distribution over time for 
a 57 kW/acre loading raises the temperature for the vitro
phyre from the ambient 250 C to 830 C in 1,000 years of 
exposure, an increase of 580 C. This should, on the basis 
of heat conduction alone, raise the reaction rate of the 
vitrophyre glass about 25 fold (from about 8 microns squared 
to 200 microns squared per thousand years for exposed sur
faces). If the hydration reaction is seeded by the reposi
tory temperature, then it is feasible for the hydration 
reaction itself to release heat thereby further raising the 
temperatures in the vitrophyre and surrounding zeolite 
zones.  

We expect that on the basis of repository heating 
alone, there should be sufficient reactivity to cause signi
ficant permeability increases within the vitrophyre. This.  
is especialy true when considering only a few fracture flow 
paths would be required to provide a "most likely pathway" 
for transit between the repository horizon and the water 
table. "Most likely" in this sense is defined in a similar 
manner as Browning (1985) has done.
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Of further concern are the elevated temperature effects 
upon smectites and clinoptilolite with respect to dehydra
ting these authigenic mineral components and providing 
sodium-enriched waters to the system. This condition could 
be responsible for: 

1. Elevating the rate of glass hydration.  

2. Reducing the effective-temperature for clinoptilolite 
stability.  

3. Thereby providing additional pore and fracture fluids 
for reactions.  

Knauss, et al., (1985, Tables 1 and 2) show a significant 
increase in dissolved alkali metals in water reacted with 
crushed tuff during a short term experiment (an increase of 
sodium of about 25% at 900 C in less than 80 days). At 
this temperature, which is about 70 C higher than the cal
culated maximum vitrophyre temperature at 1,000 years (fig.  
1) what would the increase be for sodium in 250 to 1,000 
years?' And how might this contribute towards driving var
ious reactions whose ultimate result would be a significant 
increase in permeability? 

In addition to the dissolved alkali metals, Knauss, et 
al. (1985) show a decrease in pH which would aid in promot
ing dissolution of glass and other silicate minerals.  

5.0 SILICA DISSOLUTION (Appendix B): 

It is stated in the DGTP (Appendix B, page 15, para
graph 2) that generic calculations presented in Appendix B 
indicate that silica dissolution and resultant porosity in
crease are not expected to be significant beyond the mechan
ically "disturbed zone." It is also recognized that the 
distance to the edge of the thermochemically "disturbed
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zone" is strongly dependent on the thermal loading of the 
repository and the ground-water flux in the host rock. The 
following paragraphs offer specific- comments on the 
treatment of silica dissolution in the thermochemically 
"disturbed zone" presented in Appendix B of the DGTP.  

5.1 Heat Transfer Model: 

Codell's analysis of silica dissolution is intended to 
address 'typical to conservative' conditions expected near 
HLW repositories. However, the assumption that convective 
heat transfer by flowing ground water is negligible (DGTP, 
1986, page B2) is certainly not conservative in our opinion, 
and the basis for this assumption is contained in an unpub
lished memorandum. The statement that effects of phase 
changes are expected to be negligible (DGTP, paqe B2) should 
be supported by mineralogical data.  

Two errors in the thermal data are noted; on page B3 
the units for heat capacity of rock, Cp, which should be 
J/(m3oC) are incorrectly given as j(m 3OC). On page 
B8, the geothermal gradient, which is on the order of 200 
C to 300 C per 1,000 m (Turcotte and Schubert, 1982), is 
incorrectly given as "on the order of" 50 C per 1,000 m 
and neglected on this basis.  

5.2 Transport Model: 

The transport model is unconvincing, because of: the 
choice of a conceptual model based on total silica in the 
rock rather than a surface area to fluid mass ratio; the 
exclusion of convective heat transport, although convective 
solute transport is treated explictly; the exclusion of geo
thermal gradient from the analysis: and the exclusion of 
kinetic effects. The rate of silica dissolution is fast on /
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a geologic time scale, but should be considered on the time 
scale 1,000 years) of the heating of a repository and 
vicinity. An important aspect that effects silica kinetics 
is the solid-surface area to fluid mass ratio. Righer sur
face areas to fluid mass ratio yield faster dissolution 
rates, and therefore, a quicker approach to equilibrium.  
This ratio varies widely for different porosity models.  

Dissolution rates of silica are also affected by flow 
velocity. Faster moving water has less time to equilibrate 
with rock and less material is dissolved. Thus, marked dif
ferences in dissolution rates of silica would be expected 
between matrix flow and fracture flow, if fracture flow 
velocities are relatively high.  

The inclusion of kinetic effects will result in a 
smaller amount of silica dissolution than the equilibrium 
model. However, the distribution of the dissolution sites 
may be somewhat different. Codell's model indicates "that 
silica dissolution is greatest where the temperature gradi
ent is steepest." (Codell, 1986, page B9). Areas of the 
repository with the steepest temperature gradients are like
ly to have the shortest residence time for aqueous fluids 
and thus little resulting dissolution. The maximum amount 
of dissolution may ensue when the thermal envelope around 
the repository is fully developed and the fluid has the 
longest residence time to approach equilibrium with the 
rock. This could be in a halo of saturated fractures beyond 
the zone of vaporization of water. Dissolution will then be 
maximized in the hottest areas.  

In summary, other porosity models need to be consider
ed, and kinetic affects of silica dissolution need to be 
considered if flow rates are expected to be significant.
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A sign error is present in Table B2;.the b-coefficient 
for quartz should be -2.028 x 10-3 (Rimstidt and Barnes, 
1980).  

6.0 SUMMARY: 

The disturbed zone as defined by NRC is that zone which 
responds to repository thermal and construction activities 
by producing substantial (significant) changes in intrinsic 
permeability and effective porosity. The terms "substan
tial" and "significant" require clarification as they are 
subjective.  

The DGTP has stated the NRC objective: 

"...establishment of generic and easily evaluated gui
dance on the disturbed zone is desirable in order to 
allow for the demonstration of compliance with the 
groundwater travel time criterion (10CFR60.113(a)(2)) 
consistent with NRC's intent in the criterion..." 
(Gordon, et al., page 16).  

In our opinion, before site characterization, highly complex 
sites such as Yucca Mountain do not yield to confident 
determination of the disturbed-zone boundary as attested to 
by our preceeding discussions of possible distribution of 
thermochemical and physical effects. Closely associated 
with these discussed effects are the fluid phase changes and 
heat and moisture redistributions, which are more complex 
than bouyancy effects. These interrelated complexities are 
reasonable to anticipate considering the strength of the HLW 
heat source and the associated disruption of the ambient 
thermal regime. There are at least three alternative 
approaches in dealing with the determination of the 
disturbed zone: 

1. NRC could stand by the original definition of the dis
turbed zone.  
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2.' NRC could proceed with the proposed draft generic 
technical position.  

3. NRC could restrict the boundary of the disturbed zone 
to arbitrary but stated distances.  

The ramifications of these alternatives briefly are as fol
lows when viewed from the Yucca Mountain Site perspective: 

1. The original NRC definition precludes confident pre
site characterization determination of the disturbed 
zone and therefore travel time.  

2. The proposed draft generic position appears to also 
preclude confident pre-site-characterization deter
mination of the "disturbed zone" boundary and there
fore travel time.  

3. The arbitrary distance boundary approach allows for 
pre-site characterization travel distances to be 
established. However, the intent of confident 
determination of the travel-time objective may not 
be realized due to the other uncertainties with res
pect to fracture and matrix flow conditions prior to 
in-depth site characterization.  

In our opinion, the Yucca Mountain site provides a use
ful test of the NRC generic position on the disturbed zone.  
After careful consideration of site-specific conditions, we 
have come to the conclusion that the DGTP does not simplify 
the determination of an inner boundary from which travel
time calculations begin. The complexity of the site and the 
qeneral absence of experience and data in such fractured 
rock environments in the vadose zone combine to greatly 
reduce the general level of confidence in "modeled" condi
tions. Such are presently based on sparse field data and 
limited knowledge of physical and chemical processes.  

We have also noted that, should the disturbed zone 
boundary be established through an arbitrary distance cri
terion, site complexities and processes uncertainties still 
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do not lend themselves to confident travel-time determina
tions. In summary, we think that considerably better site 
characterization results than currently exist will be 
necessary before a confident pre-waste-emplacement travel
time estimate can be realized.  
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Draft Technical Position on Determination of Dissolution 
Reactions and Kinetics for the Proposed Yucca Mountain 
High-Level Nuclear Waste Repository.  

1.0 Purpose: 

This document presents site-specific objectives and 
approaches for determining the extent of dissolution reac
tions and kinetic effects in welded and nonwelded tuffs of 
and adjacent to the repository horizon of Yucca.Mountain in 
support of licensing requirements.  

2.0 Requlatory Framework: 

The Nuclear Waste Policy Act of 1982 (NWPA, 1983, Pub
lic Law 97-425) requires the Department of Energy (DOE) to 
establish guidelines for the recommendation of sites for 
nuclear waste repositories (high-level waste and spent fuel) 
in geoloqic formations, select sites, perform site-charac
terization studies, construct and operate approved reposi
tories for the disposal of nuclear waste, and close and 
decommission such repositories. The Environmental Protec
tion Agency (EPA) has the responsibility for developing 
standards for offsite release limits of radionuclides to the 
environment. The Nuclear Regulatory Commission (NRC) is 
responsible for establishing technical procedures and cri
teria that will apply in approving or disapproving applica
tions for licenses and authorizations for construction of 
high-level nuclear waste repositories and for closure and 
decommissioning of such repositories.  

Under the multiple barrier concept for isolation of 
high-level nuclear waste in a permanently closed repository, 
the qeoloqic setting of Yucca Mountain, as well as the eng-



ineered barrier system and the shafts, boreholes, and- their 
seals, should have the capacity to retard the transport of 
long-term and short-lived radionuclides, and thus assure 
that releases of radioactive material to the accessible 
environment conform to established EPA standards (NRC: 10 
CFR60.112 - Overall system performance objective for the 
geologic repository after permanent closure).  

The postclosure technical guidelines for dissolution 
(section 960.4-2-6) consist of one qualifying condition, one 
favorable condition, one potentially adverse condition, and 
one disqualifying condition.  

Section 960.4-2-6 Dissolution.  

(a) Qualifying condition. The site shall be located 
such that any subsurface rock dissolution will 
not be likely to lead to radionuclide releases 
greater than those allowable under the require
ments specified in section 960.4-1. In *predic
ting the likelihood of dissolution within the 
geologic setting at a site, the DOE will con
sider the evidence of dissolution within that 
setting during the Quaternary.Period, including 
the locations and characteristics of dissolution 
fronts or other dissolution features, if identi
fied.  

(b) Favorable Condition. No evidence that the host 
rock within the site was subject to significant 
dissolution during the Quaternary Period.  

(c) Potentially Adverse Condition. Evidence of dissol
ution within the geologic setting--such as brec
cia pipes, dissolution cavities, significant vol
umetric reduction of the host rock or surrounding 
strata, or any structural collapse-- such that a 
hydraulic interconnection leading to a loss of 
waste isolation could occur.  

(d) Disqualifying Condition. The site shall be dis
qualified if it is likely that, during the first 
10,000 years after closure, active dissolution, 

.as predicted on the basis of the geologic 
record, would result in a loss of waste isola
tion." 
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Section 960.4-1 referred to above is the qualifying 
condition for the system guideline: 

Section 960.4-1 System Guideline.  
K.> (a) Qualifying Condition. The geologic setting at the 

site shall allow for the physical separation of radioactive waste from the accessible environ
ment after closure in accordance with the 
requirements of 4OCFR Part 191, Subpart B, 
implemented by the provisions of 10CFR Part 60.  The geologic setting at the site will allow for 
the use of engineered barriers to ensure compli
ance with the requirements of 40CFR Part 191 and 
10CFR Part 60..." 

Section 121 of NWPA directs the EPA to "promulgate gen
erally applicable standards for the protection of the gener
al environment from offsite releases from radioactive mat
erials in repositories" and the EPA has published high-level 
radioactive wastes standards (50CFR38066). Section 121 fur
ther specifies that the NRC regulations "shall not be incon
sistent with any comparable standards promulgated by [EPA]." 
Published NRC rules which established procedures and tech
nical criteria for disposal of high-level radioactive waste 

K-> in a geologic repository by DOE are 10CFR Part 60, 46FR 
13980, and 48FR 28204.  

The applicable section of the proposed EPA rules (40CFR 
Part 191, Subpart B - Environmental Standards for Disposal), 
Section 13, sets forth containment requirements. It speci
fies that disposal systems for high-level and transuranic 
wastes shall be designed to provide reasonable expectation 
that 10,000 years after disposal: (a) "reasonably forsee
able releases of the waste to the accessible environment are 
projected to be less than quantities calculated according to 
Table 1 (Appendix A)"(Table 1: Release Limits for Contain
ment Requirements; units: curies/1,000 MTHM for various radionuclides]; (b) "very likely release of waste to the 
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accessible environment are projected to be less than 10 
times the quantities calculated according to Table 1." 

Applicable definitions are: Accessible environment: 
includes the atmosphere, land surfaces, surface water, 
oceans, and parts of the lithosphere that are more than 10 
km in any direction from the original location of radioact
ive waste in the disposal system (NRC has proposed reducing 
distance to 5 km); reasonably foreseeable releases: releas
es ofý radioactive waste to the accessible environment that 
are estimated to have more than one chance in 100 of occur
ring within 10,000 years; very unlikely releases: releases 
of radioactive waste to the accessible environment that are 
estimated to have between one chance in 100 and one chance 
in 10,000 of occurrinq within 10,000 years; disposal: iso
lation of radioactive waste with no intention of recovery; 
and disposal system: any combination of engineered and nat
ural barriers that contain radioactive waste after disposal.  

3.0 Dissolution Issue: 

The Yucca Mountain site has been recommended as one of 
three sites for characterization in accordance with the Nuc
lear Waste Policy Act of 1982 (NWPA, 1983) and the Environ
mental Assessment utilizing the DOE siting guidelines (10CFR 
Part 96n) was the basis for that nomination.  

The DOE objective for evaluating dissolution is to 
ensure that dissolution processes will not adversely affect 
the nuclear waste isolation capabilities of the Yucca Moun
tain site. The primary concern is 't hat dissolution of the 
host rock will compromise the waste isolation capabilities 
of the site by creating new pathways for radionuclide migra
tion to the accessible environment. However, the evaluation 
of dissolution processes is based on the evidence of dissol-
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ution in the qeologic setting of the Yucca Mountain site 
during the Quaternary Period. The DOE considers the ques
tion of dissolution to. be of no concern at Yucca Mountain 
because: (1) no evidence of dissolution (breccia pipes or 
solution cavities) have been found to date, and (2) rock 
types present are "considered insoluble." 

The manner in which the dissolution guidelines are 
phrased render them more appropriate for preclosure reposi
tory considerations than postclosure. Postclosure dissolu
tion guidelines must consider the effects of repository 
emplacement on potential dissolution processes. Therefore, 
the issue of dissolution has been inadequately treated in 
the Environmental Assessment of Yucca Mountain by DOE due 
to: 

1. uncertainty in the enhancement of existing pathways for 
radionuclide transport to the accessible environment 
by dissolution versus the creation of new pathways; 

2. the uncertainty of utilizing the geologic past as a-bas
is for evaluating a perturbation to the environment, 
namely the emplacement of a nuclear waste repository, 
that apparently has not occurred at any time in the 
qeologic past, including the Quaternary Period; 

3. the extremely simplistic and incorrect notion of consid
ering silicate rocks, volcanic qlass, and minerals 
insoluble; 

4. a poor understanding of the metastability of volcanic 
glasses and authigenic minerals; 

5. a poor understanding of the kinetics of dissolution of 
volcanic glass and associated minerals;.  

6. the uncertainty of future physical and geochemical con
ditions at the site due to emplacement of nuclear 
waste; and
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7. the uncertainty of applying equilibrium (isothermal) 
relationships to processes (dissolution reactions and 
kinetics) that are more likely irreversiLble (nonequil
ibrLum).  

These uncertainties have been ignored in the site- sel
ection process and form a series of basic concerns with res
pect to licensing issues. These issues are now best addres
sedduring the site-characterization process.  

4.0 Statement of Position: 

It is the position of the State of Nevada that evalua
tion of dissolution must be based on a combination of labor
atory experiments, in situ field observations, and theoret
ical modeling which establish the present extent of dissolu
tion and possible range of future dissolution for a given 
loading of nuclear waste in the repository. Equilibrium and 
kinetic constants for dissolution reactions, as well as the 
extent of nonequilibrLum processes, can be obtained during 
site characterization through a site-characterization pro
gram strategy which: 

1. Characterizes vadose-zone hydrology including climatic
ally induced changes, specifically fluid flux rates in 
fractures (lateral and depth extent of interconnectiv
ity, aperture width, roughness, and filling mineral 
distribution) versus matrix; 

2. Characterizes vadose-zone hydrogeochemistry: pH, Eh, 
concentrations of dissolved cations, anions, including 
organics, colloids, and particulates; and depth varia
tion; 

3. Characterizes the chemistries and physLcochemLcal stab
ilities of the solid phases: volcanic glass, authigen
ic minerals, and mineral products of devitrLfLcation;
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as a function of temperature, aqueous fluid pressure, 
aqueous fluid composition (including organics), pH, 
and Eh; 

4. Characterizes the stabilities of artificial materials 
(shot-crete, stainless steel, soft steel of roof bolts 
and meshing, and epoxies used to coat and cement roof 
bolts, .etc.) with respect to the thermal and geochem
ical regimes expected during the first 10,000 years of 
repository existence; 

5. Characterizes the kinetics of volcanic glass dissolu
tion/hydration/dehydration reactions and dissolution 
of authiqenic minerals, such as clays and zeolites; 

6. Characterizes the equilibrium (isothermal) dissolution 
of natural mineral and artificial phases separately 
and as a system for the expected variations in temper
ature, and fluid compositions represented by the range 
(yet to be determined) of vadose-zone hydrogeochemical 
analyses to condensed steam under: (a) closed system 
conditions (static, no flow), and (b) open system con
ditions with flow rates representative of convective 
fluid flow rates after repository emplacement; 

7. Evaluates uncertainties in thermodynamic data used in 
equilibrium geochemical modeling of dissolution reac
tions to obtain conservative estimates of the effects 
of such processes; 

8. Characterizes rocks and minerals for microscopic dissol
ution features and textures (although large-scale dissolution structures, such as breccia pipes and solu
tion cavities, have not been found to date, megascopic 
features should be preceded by microscopic dissolution 
textures); 

9. Determines the extent of nonequilibrium (polythermal) 
dissolution and the rates of reaction of natural min
erals present at Yucca Mountain and artificial materi
als separately and in combination as a system in
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experiments scaled to "expected" temperature gradients 
due to repository emplacement for: (a) closed system 
(no flow) and (b) open system conditions for represen
tative convective fluid flow rates; 

10. Characterizes the post-emplacement concentration grad
ient of aqueous species in vadose-zone fluids for 
expected temperature gradients imposed by nuclear 
waste heating; 

11. Determines the importance of thermodiffusion versus 
convective fluid flow at various stages in the ther
mal evolution of the repository (Soret coefficients 
must be known for aqueous species in order to eval
uate thermodiffusion); 

12. Characterizes effective matrix porosity and permeabil
ity changes of volcanic rocks due to equilibrium and 
nonequilibrium processes; 

13. Characterizes effective fracture permeability and 
transmissivity changes due to equilibrium and non
equilibrium processes affecting volcanic glass, min
eral products of devitrification, and authigenic 
fracture-coatinq minerals; and 

14. Characterizes heat and mass transfer (dissolution/pre
cipitation reactions) expected by convective circula
tion of aqueous vapor and liquid resulting from nuc
lear waste emplacement; 

Achievement of these objectives may allow bounding 
estimates to be placed on the extent of dissolution result
ing from repository emplacement and its effects on overall 
repository performance release limits of radionuclides to 
the accessible environment.

8



Mifflin & Associates Inc.  
2700 East Sunset Road, guite C25 

Las Vegas Nevada 89120 
(702 798-0402 & 3026 

PROGRESS REPORT ON A TECHNICAL POSITION 
ON THE DISTURBED ZONE 

Background 

The potential importance of the hydrothermal effects in the vadose zone of Yucca Mountain duo to waste-generated temperatures which exceed the boiling temperature of water is generally 
unrecognized. Our analysis indicates marked increases in both vapor and liquid-phase flow should be expected due to the strong thermal envelope generated by the waste. In the fractured-rock environment, the complexity of heat and mass-transfer processes and associated solution-mineral reactions will be greatly increased by the multiphase liquid and vapor-flow environment.  

The DOE definition of the disturbed zone to date continues to ignore the presence and importance of multiphase fluid transport. Their current definition is not as defined and intended In 10 CFR 60.2 (46FR35280, 35281, July 8, 1981). Instead of a mechanically disturbed zone of the current DOE definition (measured as extending several meters from the repository horizon) hydrothermal effects may extend many tens of meters downward towards the water table and upward towards the land surface.  

The disturbed zone continues to be one Important focus of review activities. We find that the zone of difficult-to-understand (and characterize) processes (46FR35280, 35281, July 8, 1981) has been equated conceptually, in a draft technical position by the NRC, to the zone of Intrinsic property changes (Gordon, et al., 1986). The central concept of a zone of Intrinsic property changes also appears in most, if not all, DOE-sponsored literature that requires a disturbed-zone definition (Langkopf, 1987 and DOE, 1988, Section 8.3.5.12.5, for example). However, even if there were no Intrinsic property changes, heat-driven changes in the hydrologic system at Yucca Mountain can reasonably be expected to be profound (and extraordinarily complex from a modeling perspective). The argument that fluid-buoyancy effects can be modeled with "well developed assessment methods* (Gordon, 1986, p. 6) is not applicable to poorly-characterized, subvertlcal-fracture networks where countercurrent flows of water vapor and liquid water may occur in a partially-saturated environment. These hydrothermal processes can be reasonably expected to occur within 100 years of the beginning of repository loading based on simple calculations using DOE's physical-property values.  

Basic Data 

Ranges and preferred values for hydrogeologic parameters at Yucca Mountain are summarized by Langkopf (1987, Appendix D). The following data are pertinent to our discussion: 

1. Mean and standard deviation of the saturation data for the Topopah Spring welded unit: 
65%, ls= 19% 

2. Porosity of Topopah Spring matrix: 0.11 

3. Residual saturation of Topopah Spring matrix: 0.08 

4. Porosity of Topopah Spring fractures: 18 x 10-5 , derived from (1) apertures reported by 
Langkopf (1987) refers to unpublished modeling studies by J. Gauthier and R. R. Peters communicated to Langkopf in a 1986 internal memorandum (SANDIA). In the modeling study, water redistrnbution was considered from the repository midline to below the repository , Their reported findings support our scenario of total water expulsion in 100 years as vapor. However. their model assumes the matrix would sorb the displaced moisture.  
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Peters, et al. (1984) and (2) the assumption that 40 fractures/m3 reported by Scott. et•.  

al. (1983) are all vertical.  

5. Residual saturation of Topopah Spring fractures: 0.0395 

The fracture porosity in the rock mass above and below the repository horizon is a very important 
parameter, yet very uncertain. Fracture porosity is the receiving volume into which water vapor, mobilized 
during repository heating, will be driven into and condensed. Two approaches have been used to calcu
late fracture porosity. Sinnock, at al. (1984) used bulk-saturated hydraulic-conductivity values from wells 
J-13 (Thordarson, 1983) and H-1 (Barr, 1984) to obtain effective hydraulic aperture via the cubic law.  
Peters, et al. (1984) measured the permeability of a planar fracture in a single piece of core (sample G4
2F) from the Topopah Spring welded unit, and used the cubic law to obtain an estimate of its effective hy
draulic aperture. Both groups of authors use a fracture density of 40 fractures per cubic meter in the 
Topopah Spring welded unit (Scott, et al., 1983) to calculate effective porosity as the product of fracture 
density and aperture. The field-scale approach yields order-of-magnitude larger estimates of fracture po
rosity. but both methods suffer from a limited understanding of actual aperture geometry and the degree 
to which adjoining fracture surfaces are in contact.  

Multiplying the porosity of the Topopah Spring welded unit matrix (0.11) by its mean saturation 
(65%), we obtain 0.0715; seven percent (by volume) of the rockmass Is water. Langkopf (1987, p. 68) 
indicates that, with an initial areal power density (APD) of 57 kw/acre, the 1000C isotherm will reach its 
maximum extent 10 m below the centerline of the waste package 90 years after waste emplacement.  
Actually, water will boil at 95°C under the ambient atmospheric pressure of 85 kPa at the repository 
horizon (Weeks, 1987), so the zone of vaporization will extend beyond 10 m from the centerline.  
Therefore, the zone of vaporization can be conservatively estimated to be 20 meters (65.6 f() thick.  

The CD-SCP (DOE, 1988, p. 6-227) indicates some uncertainty as to the area available and the 
area needed for the proposed repository at Yucca Mountain. We have selected an area of 2,000 acres 
for our calculations. A simple volume calculation yields a conservative estimate of the volume of liquid 
water within the 950C isotherm during the first 100 years of repository operation: 

2,000 Acres x 65.6 Ft. x 0.0715 - 9.381 Acre-Feet 

Possibie Worst Case Scenario 

The matrix water will entirely vaporize within the 950C thermal envelope and, as water vapor, 
migrate away from the 950C isotherm along the most permeable fracture networks. Most, if not all, o1 the 
9.000 plus acre-feet of matrix water will condense on the walls of the cooler fractures beyond the 95°C 
isotherm. This condensation could continue until any given fracture is saturated. Perhaps roughly 
one-half of the vapor would condense to free water above the repository thermal envelope, assuming that 
fracture permeability is approximately equal above and below the repository thermal envelope. Gravity 
drainage of condensate in the regions both above and below the repository would occur in the fracture 
networks on a very large scale. Some condensate trapped above the 950C thermal envelope could be 
recycled from vapor to liquid phases many times before draining through the repository horizon. The hot 
repository zone would likely be continuously penetrated by some returning condensate flow along highly 
permeable fractures which, in turn, might establish steam explosions and increasingly corrosive fluids in 
the envelope of hot rock surrounding the repository. An extensive envelope of fracture (and perhaps ma
trix) saturation totally surrounding the repository horizon seems likely. Recharge flux would also accumu
late in the upper zone of saturation as long as the 950C isotherm existed (assuming that porosity exists to 
accept the accumulating recharge flux). Upon cooling of the thermal envelope to below 950C, the reposi
tory horizon would eventually be effectively penetrated by the saturation front, and additional fracture flow .  
from the repository horizon to the underlying units would occur.
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Significance of Worst-Case Scenario

Licensing criteria would not be met with the above scenario. The disturbed zone could extend 
upward to near the land surface, which is by definition the accessible environment, and down to the water 
table. Pro-emplacement ground-water travel time in the saturated zone would be less than the required 
1,000 year if the edge of the disturbed zone is at the water table. All travel-time eslimatos established in 
the saturated zone are substantially less than 1,000 years.  

The presence of extensive fracture saturation above and below the repository from condensing 
water vapor Insures fracture flow and associated rapid travel times to the saturated zone. The inva
sion of the repository horizon by fracture-flow water during a cool down to below 950C suggests canister 
contact with water early in the history of required repository performance. The main attraction of the va
dose zone in an arid environment is its presumed dry nature -- the absence of moisture for fracture 
flow Is the postulated waste-isolation attribute. If the thermal envelope changes the environment to 
one of widespread fracture flow, the postulated waste-isolation attribute of the hydrogeologic environment 
at Yucca Mountain is lost.  

There remains important uncertainties associated with establishing a confident analysis of dis
turbed-zone behavior. In the preceding scenario, fracture porosity and permeability are key physical 
properties that are poorly known. In addition, the rate of vapor production/migration in the thermal 
envelope is uncertain. Configuration of the thermal 950C envelope, mineral solution, and mineral dissolu
tion rates are also uncertain. Laboratory experiments in conjunction with a much stronger field database 
would permit a more confident analysis of the extents and rates of development of the hydrothormal 
effects of the repository.  

Progress Summary 

Based on a high probability of strong hydrothermal (heat-pipe) effects occurring as the waste 
heats the surrounding rock matrix to boiling temperature, Including a zone of vaporization and upper and 
lower zones of condensation that could extend upward to land surface and downward to the zone of satu
ration, we believe that the DOE and NRC have failed to recognize the probable ramifications of the dis
turbed zone at the Yucca Mountain site. Physical and chemical changes within the zones of vaporization 
and condensation will be difficult to characterize and accurately predict extents, durations, as well as their 
effects on intrinsic properties. There is no valid or rational basis for restricting the dislurbed-zone defini
tion to some region of intrinsic property changes in the vadose zone.  
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Draft Technical Position on the Determination of the 
.Disturbed Zone at Yucca Mountain Proposed High-Level 
Nuclear Waste Repository.  

1.0 Purpose: 

The technical position of the State of Nevada on the 
determination of the disturbed zone boundary is presented as 
an element of site selection and with the cognizance that 
licensing issues are dependent upon appropriate site-selec
tion procedures. This document interprets and identifies 
the "disturbed zone" as it applies to Yucca Mountain and NRC 
regulations (10CFR Part 60).  

2.0 Regulatory Framework: 

The Nuclear Waste Policy Act of 1982 (Public Law 97
425) confers responsibility to EPA for developing applicable 
standards for protection of the environment from off site 
releases of radionuclides (Section 121): to the NRC for 
issuing technical recuirements. and criteria that will apply 
in approving or disapproving applications for licenses and 
authorization to construct high-level radioactive waste 
repositories (Section .121), and for closure and decommis
sioning of such repositories; and to the DOE for issuing 
qeneral guidelines for site selection and site characteriza
tion, and for construction and operation of the waste dis
posal facility in accordance with NRC regulations (Section 
121).



The NRC has established performance objectives for 
high-level radioactive waste repositories including perfor
mance criteria for both the geologic-and engineered barrier 
systems (1OCFR Part 60, Subpart E-Technical Criteria).  
Within this section, the travel time criteria is stated: 

"The geologic repository shall be located so that the 
pre-waste-emolacement groundwater travel time along 
the fastest path of-ltkely radionuclide travel from the disturbed zone to the accessible environment 
shall be at least 1000 years or such other travel time as may be approved or specified by the Commis
sion." (10CFR60.113(a)(2)).  

The "disturbed zone" cited in (10CFR Part 60.113(a)(2)) 
within the travel time criterion has been defined as: 

"That portion of the controlled area the physical or chemical properties of which have changed as a result of underground facility construction or as a result of heat generated by the emplaced radioactive waste such that the resultant change of properties may have a significant effect on the performance of the geolo
qic repository." (10CFR Part 60.2).  

Chu, et al. (1983) have suggested that the "disturbed zone" 
definition reauires additional clarification by NRC; and 
Gordon, et al (NRC) have developed the Draft Generic Tech
nical Position (DGTP) for the Disturbed Zone (1986). Based 
on extensive comments received by NRC, a revised NRC Generic 
Technical Position on the Disturbed Zone is anticipated.  

3.0 Disturbed Zone Issue: 

The disturbed zone, as defined by NRC (1OCFR Part 60) 
is a concept intended to establish a definition of the inner 
boundary from which ground-water travel times from High
Level Nuclear Waste (RIM) Repositories to the accessible 
environment are determined.
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Credit towards the 1,000 year pre-waste-emplacement 
travel time objective is not considered within the "distur
bed zone" because of the potential difficulty in assessing 
the physical and chemical processes contributing towards 
waste isolation within that reqion. NRC (Gordon, et al., 
1986) state that site-specific analyses for determination of 
the extent of the "disturbed zone" should account for: ano
malous geologic situations; effects of the heterogeneous 
geoloqic system; the magnitude of the likely ground-water 
flux (implying vadose and saturated zone flux); the magni
tude of areal thermal loadinq of the repository; geochemical 
and hydrogeochemical characteristics of the site; and 
changes in the configuration of the facility through time.  
(DGTP, page 17).  

However, Gordon, et al. (1986) clearly exclude the 
thermal effects of bouvancy on fluids as part of the defini
tion of the disturbed zone by stating that this will be 
treated during assessment of compliance with the overall 
system performance (10CFR Part 6n.112). We assume that this 
exception also includes phase changes in fluids, and we 
anticipate these to be of significant impact in the Yucca 
Mountain vadose environment. Therefore, the State of 
Nevada's position on the "disturbed zone" explicitly add
resses phase changes in fluids and associated moisture 
redistribution as the result of the fluid-phase changes.  

4.0 Statement of Position: 

It is the position of the State of Nevada that the 
existing NRC definition of the disturbed zone is appro
priate: 

"That portion of the controlled area the physical or 
chemical properties of which have changed as a result 
of underground facility construction or as a result
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of heat generated by the emplaced radioactive waste 
such that the resultant chanqe of properties may have 
a significant effect on the performance of the geolo
gic repository." (IOCFR60.2).  

Following the above NRC regulation, the "disturbed zone" 
boundary within the vadose zone of Yucca Mountain may be 
considered to be: 

1) Defined by the maximum extent of thermally-induced 
fluid (gas and licuid) migrations; and 

2) Defined by that part of the thermal envelope within 
which, changes in the: 

a) Abundant* mineral and/or volcanic glass dehydration 
or hydration states are 10% or greater than the 
intrinsic values (as non-structural water - deter
mined as water of hydration evolved from ambient 
temperature to 100*C, inclusive; and 

b) Mineral and/or volcanic glass volume changes exceed 
the yield point of any mineral, glass or whole rock 
so that tensile failure occurs and results in an 
increase in intrinsic permeability, effective poro
sity, and/or a loss of structural strength.  

The maximum extent of fluid migration is determined as 
a function of the maximum extent of 100*C isotherm during 
the first 1,000 years after waste emplacement, effective 
fracture porosity within the host rock, total quantity of 
vadose water (including evolved mineral water) and accumula

Abundant indicates greater than 5 percent for clays and 
greater than 10 percent for zeolites and volcanic 
glass.
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ted recharqe flux. Thermal effects due to hydration reac
tions should be added to that heat generated by the radioac
tive waste.  

The disturbed zone calculations require laboratory and 
in situ data acquisition. They will not be considered valid 
if solely derived from theoretical model studies unsupported 
or inadequately supported by site-specific data, including 
fracture network conductivity and effective porosity, frac
ture and rock matrix water contents, recharge flux, and dis
tribution and concentrations of minerals and volcanic glass 
which may be hydrated or dehydrated.  

5.0 Discussion: 

The concept of the disturbed zone was proposed by NRC 
(10CFR Part 60) as a volume boundary which constitutes the 
division of hiqhly disturbed host rock due to waste emplace
ment that is difficult to characterize from host rock which 
approaches geothermally ambient temperatures and contains 
metastable and stable mineral and volcanic glass assemblages 
whose behavior may be modeled or predicted with reasonable 
confidence. The determination of the location of the dis
turbed zone boundary is imperative to the proper calculation 
of travel times, since travel-time calculations commence at 
the disturbed zone boundary and continue through to the edge 
of the accessible environment.  

The imposition of the proposed repository at Yucca 
Mountain upon a regional geothermal qradient in the tuffa
ceous rock mass superposes a thermal regime and radionuclide 
inventory which abruptly modifies the natural environmental 
settinq. To date, the boundary between the disturbed zone 
and the apparently less affected and easier to characterize 
environment has been determined by arbitrary definitions
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promulgated by changes in intrinsic porosity and permeabi
lity, suppositions of mineral stability, such as for clinop
tilolite, and technological achievements for approximating 
kinetic and thermodynamic data into idealized and generic 
models in addition to the 50 m zone of physically disturbed 
rock caused by mining.  

The DOE has viewed the Yucca Mountain mineral associa
tions as being non-reactive quasi-stable phases under the 
time and temperatures anticipated during the repositdry 
life. These information are treated as conservative esti
mates; yet, due to limitations in laboratory techniques, 
thermodynamic variables assumed to control mineral equili
bria are limited in their ability to predict the real world 
(in situ) reactions. Gibb's free energy values, as are used 
in geochemical models for pure mineral end-members, do not 
normally have the precision or accuracy required to deter
mine mineral association stabilities in the natural environ
ment. Furthermore, to facilitate modeling, only the end
members of minerals that typically form solid-solution 
series in nature are considered (such as feldspar, clays, 
and zeolites). This simplification is thus only an approxi
mation of reality. Consequently, the underlying context for 
creatinq the concept of the disturbed zone is valid, how
ever, it is problematic due to the inability to treat its 
boundary on a site-specific, activity-stability basis.  

The thermal envelope produced by the repository is 
dynamic in its geometric configuration, because heating and 
cooling events are produced by the thermal load decay rates.  
Since there is apparent debate on the density and size of 
the canister load, little of significance has been offered 
with respect to a precise thermal envelope for the Yucca 
Mountain site and consequently, peak loading temperatures of 
the host rock are yet to be reported as a function of both 
convection and conduction. It seems inappropriate then, to
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establish a generic distance from the repository center line 
to the edge of the disturbed zone (50 meters) as a minimum 
distance requirement. Likewise, it seems premtature to est
ablish fixed temperature reouirements for the determination 
of the "disturbed zone" boundary.  

There are no radionuclide waste repositories which can 
offer analog environments for comparison. A presumably rea
sonable natural analog to the proposed repository system is 
the hydrothermal alteration of an environment where most of 
the chemical components can be treated as mobile and reac
tive variables. In these natural systems, phyllosilicates, 
aluminosilicates, and tectosilicates tend to be zoned in 
monomineraloqic bands concentric to the zone of hydrothermal 
fluid introduction. These, attest to systems with very few 
immobile variables. In the hydrothermal systems, rapidly 
circulating fluids (as per fracture flow) often increase the 
temperature locally in prominent paths of fluid transport.  
Steiner (1968) has observed for Wairakei, New Zealand, that 
in alteration zones juxtaposed to fissures, a new mineral 
assemblage is produced adjacent to the pathways of circula
ting fluids; however, the mineral phases of the general rock 
series tend to conform to the general trend which is depen
dent upon the geothermal gradient of the system. In this 
natural system, a disturbed zone boundary has a strong geo
metric dependence on fluid phase paths of transport, thermal 
convection and conduction, and whole-rock petrology (such as 
mineral associations, grain boundaries, and pore and frac
ture densities). Although there may be differences in the 
peak temperatures of hydrothermal analogs and the Yucca 
Mountain proposed repository, dynamic fluids may produce 
strikinq similarities in the dynamic-fractal-thermal envel
opes developed in both situations. Thus, a zonation of min
eral assemblages is expected for Yucca Mountain as represen
ted by intensive variables of temperature and pressure, and
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extensive variables such as the mass of fluid, abundances of 
aqueous solutes, minerals, and glasses. In this context, 
the most important pathways extending from the repository 
toward the accessible environments represent, in part or in 
whole, the fluid migration perturbations surrounding the 
more general thermal envelope and hence, the disturbed zone 
boundary as a consequence of fluid movement. In the Topopah 
Sprinq Member of the Paintbrush Tuff, near-field reactions 
should be similar to reactions expected at the zones of 
fluid perturbation.  

Zones of fluid (gas and liquid phases) transport (most 
likely by fractures) are uniquely complex in their potential 
behavior due to: 

1. Elevated temperatures above geothermal ambience resul

tinq in faster reaction rates: 

2. Teoformation of gels and solid phases; 

3. Hydration and dehydration reactions uptaking and yield
inq water of crystallization, respectively: 

4. Exchange of cation and anion species resulting in a change in aqueous geochemistry and aluminosilicate and Phvllosilicate exchanqeable supercage dimensions; 

5. Dissolution of stable and metastable phases providing 
divalent, monovalent, and complex ions into solution;.  
and 

6. Providing thermal-chemical-mechanical stresses on the whole rock, mineral and qlass phases resulting in tensile failure aiding transport and reducing whole-rock 
stability.  

The State of Nevada views the fracture, and joint sys
tems of Yucca Mountain as potential and likely paths of 
transport, and as potential perturbations of disturbed zone 
in areas of fluid phase change, and as zonations which are 
geochemically and physically too complex to characterize.
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These zones of fractures and faults should be consider
ed the prominent paths of transport and have the capability 
of transporting radionuclide species both in solution and as 
vapor from the repository to the accessible environment.  
Important vapor transport is accomplished at 100*C or great
er, provides outer zones of condensation and fluid convec
tion above the repository, and zones of condensation and 
transport towards the accessible environment below the repo
sitory. Vapor phase escape to the atmosphere above the 
repository may be sufficient to be taken seriously with res
pect to licensing criteria.  

5.2 Anticipated Diagenetic Events: 

5.2.1 Phvllosilicates: 

The dominant clay minerals present in the tuffs of 
Yucca Mountain are montmorillonite - beidellite (10 to 20 
Angstrom spacing) and dioctahedral beidellite interstrati
fied with illite. The beidellites are sodium enriched but 
may be more calcic high in the Yucca Mountain stratigraphy.  
Sodium montmorillonites have swelling pressures ranging from 
105 to 107 dyne/cm2 which varies with the water to 
clay ratios, and basal spacing may vary significantly with 
very minor chanqes in temperature and humidity. Minor heat
inq of the clay minerals resulting in concommitant collapse 
of the basal spacing could release significant quantities of 
water and result in openinq of fractures. Additionally, 
loss of mineral water could be accompanied by a loss in sod
ium to the aqueous system. clay minerals are commonly in 
abundance as fracture lining and fillings and as fillings 
between volcanic glass shards. Swelling of these minerals 
could either be responsible for fracturing of the surround
ing rock, sealing small fractures or closing the diffusion 
pathways between the fracture walls and pores in the tuff.  
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Any sodium-enriched aqueous fluids evolved from the 
sodLum-montmorillonite dehydration could be responsible for 
a lowering of the stability temperature of clinoptilolite, 
thereby reducing the sorption capability of that zeolite.  
IlKlite interstratification increases with increasing press
ure and temperature thereby reducing the base-exchange capa
city of the clay and providing water and sodium to the aque
ous system.  

5.2.2 Aluminosilicates: 

The dominant zeolites associated with the repository 
horizon are clinoptilolite and mordenite. Clinoptilolites 
are in a continuous solid-solution series with heulandite (A 
and B), analcite and albite. The introduction of Cs as an 
exchanqe ion coming from the nuclear waste will result in a 
loss in mineral water in clinoptilolite. Similar ion 
exchange accompanies changes in the hydration state of the 
zeolite supercage. Temperature elevations smaller than are 
required to transform clinoptilolite to analcime also result 
in water loss to the extent that continuous heating to about 
350 0 C results in a continuous water loss until the dehy
drated phase is reached. Water loss both from clay and zeo
lites can be important relative to qlass hydration and aque
ous geochemistrv. As the alkalic ion concentration in the 
vadose aqueous system is increased, the rates of glass 
hydration are increased and the stability of clinoptilolite 
is decreased. Base exchange (sorption) in clinoptilolite as 
a means for radionuclide retardation depends upon existing 
ionic activity in the supercage sites and the composition of 
the aqueous phases. As these parameters are affected by 
phvsico-chemical reactions within the disturbed zone the 
sorption characteristics of the zeolite becomes variable and 
difficult to determine.
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5.2.3. Volcanic Glass: 

Obsidian and its intermediate hydration product perlite 
are unstable, brittle components in abundance above and 
below the repository horizon. These glasses have the poten
tial to be affected by both autocatalytic hydration (hydra
tion accompanied by base exchange) and dissolution. Boles 
(1977) states: 

"The rise in temperature assocated with increasing bur
ial depth may undergo perturbations from hydration 
reactions involving zeolites. Surdam and Boles 
(1977) calculated that the hydration of andesine to 
laumontite in a sandstone with density 1.3 g/cc, 40% 
andesine, and an initial temperature of 60*C at 1.5 
km of burial would raise the temperature of the rock 
by 400C if the heat of the reaction is conserved.  
Zeolitization of volcanic glass should also evolve 
heat." (Boles, 1977, page 129).  

The effects of the loss of heat during the hydration reac
tion on the repository thermal envelope has not been assess
ed for Yucca Mountain even though the vitrophyre just below 
the repository may be subjected to significant hydration 
effects especially in the light of thermal increases above 
the geothermal norm. The hydration of glass involves a 
increase in volume and results in glass fracturing providing 
additional reactive surface and paths of fracture intercon
nectivity.  

5.2.4 Tectosilicates: 

As a consequence of hiqher rates of dissolution, evolu
tion of mineral water and cations, and increases in environ
mental temperature, the aqueous system within the vadose 
zone could potentially contain sufficient components requir
ed for opal precipitation. This could be partially respon
sible for fracture sealing (inhibiting fracture flow). In 
addition, fracture coatings might be responsible for a red
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uction in diffusion pore space thus inhibiting the circula
tion of fluids in the rock matrix and increasing the trans
port of fluids by fracture flow.  

5.2.5 Other Reactions: 

Pore fluid chemistry is an important control on mineral 
reactions in volcanic tuff environments. High CO2 press
ures might favor clay-carbonate assemblages over clinoptilo
lite-mordenite-analcite assemblaqes. Changes in the pH and 
Eh values for the aqueous system will also change the acti
vity of mineral and glass species and will promote either 
the retardation of radionuclides or their transport to the 
accessible environment. Effective porosity and permeability 
changes provide for the transfer of ions between reaction 
sites and provide variations in the mixing of aqueous fluids 
by matrix diffusion and fracture flow.  

The whole rock and vadose aqueous system should be con
sidered as an interrelated suite of minerals, glass and 
aqueous phase(s) which are subjected to geologically rapid 
thermal and chemical changes resulting in a dynamic shift in 
equilibrium (thermodynamically irreversible processes). The 
"disturbed zone" concept provides a volume within the geolo
qic system where complex interactions and reactions occur
rinq as a consequence of irreversible thermodynamic process
es induced by thermal loading, associated fluid migration, 
and mechanical effects of repository construction, do not 
require comprehensive and accurate characterization. This 
is a reasonable and conservative approach as there is com
pelling evidence that the "disturbed zone" is probably too 
complex to obtain the required characterization to meet 
licensing criteria.
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Mifflin & Associates, Inc.  
2700 East Sunset Road, Suite B13 Document No. MY870422b 

Las Vegas, Nevada 89120 
(702) 798-0402, (702) 798-3026 

PROGRESS REPORT: Computer Codes and Anticipated Modeling During 
Intensive Review of the Disturbed Zone.  

Computer software that will benefit the disturbed zone intensive 

review falls into two general categories, L.e. programs that simulate mass and 

energy transport, and those that simulate geochemical reactions. Geochemical 

reaction models can be further subdivided into reaction path models and mass 

transfer models. Coupling of a geochemical reaction simulator with a 

multiphase flow and energy transport code is clearly beyond the state-of-the-art 

at present (1987), and is considered unlikely to occur during site 

characterization. It is therefore necessary to model geochemical and transport 

phenomena as uncoupled processes, using professional judgement to guide 

feedback between the necessarily separate modeling activities.  

In anticipation of the need for review and recalculation of the thermal 

envelope and host-rock dissolution effects at Yucca Mountain, a number of 

numerical simulators were added to Mifflin & Associates' code library. These 

codes will allow for independent assessment of strongly heat-driven flow in 

partially saturated fractured porous media, consideration of possible reaction 

paths and mass transfers, and investigation of the significance of highly 

uncertain parameters and boundary conditions. To our knowledge, only four 

computer codes presently in existence might solve the problem of heat-driven
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mass and energy transport in partially-saturated porous media. As outlined 

below, we either have or expect to have "official* versions of all four of these 

codes during 1987. There is a much greater variety of geochemical codes from 

which to choose; we have chosen two that are able to perform all necessary 

aqueous speciation modeling functions and are able to describe quantitatively 

the effects of onging geochemical reactions.  

The following codes are expected to form the basis of in-house modeling 

efforts: 

TOUGH, by Karsten Pruess of Lawrence Berkeley Laboratory, is a three

dimensional finite-difference program that takes into account most of the 

physical effects which are important in multi-phase fluid and heat flow.  

Based on discussions with Pruess, this program is an appropriate tool for 

studying an environment characterized by gravity drainage of a mixture 

of recharge and condensate in discrete vertical fractures. The TOUGH 

code and user's manual were received on March 30, 1987.  

NORIA, a finite element computer program for analyzing water, vapor, air, and 

energy transport in porous media, is expected to be released by Sandia 

in the near future. NORIA can solve the same types of problems that are 

solved by TOUGH, but includes Knudsen diffusion and nonlinear binary 

diffusion. The present status of NORIA is that Sandia has not forwarded 

it to Argonne's National Energy Software Center, and a DOE mandate 

requires this formality prior to release of any code. Based on discussions 

with NORIA'S author, Nathan Bixler, and his supervisor, Dave Gartling, 

we expect that NORIA will be available to us within a few weeks of this 

writing (April 1987). We have arranged for release of PETROS, a one
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dimensinal finite-difference code that solves exactly the same set of 

equations as NORIA, following disucssions with G. Ron Hadley of 

Sandia. To complete the transport code picture. Bryan Travis of Los 

Alamos has indicated that he will send us a copy of WAFE, although the 

code is being revised to run "much faster" and the documentation is still 

incomplete.  

PHREEQE, by Parkhurst, Thorstenson,and Plummer of the U.S. Geological 

Survey, is a mass transfer code capable of sumulating a variety on 

solution-mineral reactions including evaporation and mixing. Johnson 

and Shettel of MAI both have extensive experience with PHREEQE, and 

have found it to be relatively efficient and easy to apply compared to 

other available reaction-path simulators such as EQ3/6. Extreme 

evaporation will be handled using a modified Pitzer approach that will be 

set up as a subroutine in PHREEQE. PHREEQE and the Pitzer routine 

are in our library now (April 1987).  

The EQ3/EQ6 software package by Dr. Thomas Wolery of Lawrence Livermore 

National Laboratory, is a reaction-path model that is presently 

undergoing extensive revision. Available versions are EQ3.3015U19 of 

April 9, 1981, and EQ6.3015U93 of March 28, 1981. Since both 

programs are expected to be superceded in May of 1987 by greatly 

improved versions, we do not anticipate immediate application of the 

EQ3/EQ6 package to Yucca Mountain geochemical issues. However, 

since the new EQ3 will incorporate the Pitzer approach to computing 

activity coefficients in high-ionic-strength waters, and EQ6 will handle
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dissolution aad precipitation kinetics, these codes will be incorporated 

into our review process as soon as they are available.  

In summary, our collection of transport and geochemical model codes 

will be adequate in the immediate future for a rigorous review of the predicted 

thermal envelope and associated geochemical effects, subject to the major 

hydrogeologic uncertainties at Yucca Mountain. In addition, some intercode 

comparisons between functionally similar members of the transport and 

reaction-code families can be expected during 1987.  
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Review of Technical Documents Program 

~ Introduction 

The Technical Review activity was review of selected technical documents In hydrogeologic and related topical areas. Documents reviewed were generally by DOE and NRC (or their contractors), and 
the open scientific literature. The activity also provided for State of Nevada requests for specific document reviews and attendance at meetings where hydrogeologic, climatic change, and geochemical issues or Investigations are discussed. In general, the activity provides ongoing technical review for hydrogeologic Investigations, including the following topical or Issue areas: vadose-zone hydrogeology, 
saturated-zone hydrogeology, hydrogechemistry, mineral geochemistry, authigenic mineralogy, climate 
change, disturbed zone, sorption, and modeling (flow models, transport models, reaction-path models, 
etc.).  

In addition to general technical document review, the most Important technical reviews for 1987 
and 1988 were DOE Environmental Assessment (EA) and Consultation Draft Site Characterization Plan, Yucca Mountain Site (CD-SCP). The DOE prepared a draft EA (December, 1984) which received public comments and was revised and published as a final EA (May, 1986).  

The CD-SCP was released by DOE in January 1988. The CD-SCP is the key document with respect to the manner in which the DOE Intends to characterize the proposed Yucca Mountain repository.  This document, when considered In the context of existing Information and the DOE perspectives 
established in the EA, made it possible for the State of Nevada to judge the viability of the DOE program with respect to each Issue area. Each specific objective of the CD-SCP was judged from the following 
criteria: 

A. Existing database for Yucca Mountain and region 
B. Issue and licensing requirements 
C. General technical experience/general scientific literature 
D. Technical Position of the State of Nevada 

The objective of the review was to establish a State of Nevada response with respect to the credibility and acceptability of the SCP for resolution of key technical Issues. In those site characteriza
tion aspects where credibility or acceptability Is absent, the State of Nevada concems needed to be 
established and technically justified.  

Reviews of the DEA and EA and several draft technical positions established by the NRC prompted the preparation of Technical Position Papers by MAI on behalf of the State of Nevada on the following: 

1. Climate change 
2. Disturbed Zone 
3. Ground-water Travel Time 
4. Dissolution 
5. Vadose/Saturated zones.  

The review section deals mainly with two major technical documents - the Environmental Assessment: Yucca Mountain Site, Nevada Research and Development Area, Nevada, vols. I to III [DOEIRW-007.3] (EA) and the Consultation Draft of the Site Characterization Plan : Yucca Mountain Site, Nevada Research and Development Area, Nevada, January 1988 [DOE/RW-0160j (CD-SCP), both by the U.S. Department of Energy. As Indicated above other technical documents were reviewed. A list of 
such documents Is provided below.
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A. In reviewing the EA, MAI efforts focused on: 

1. Identifying and documenting major scientific concerns raised by the EA which warrant 
scrutiny on the basis of: 

a. Data used; 
b. Methodology used; 
c. Results obtained; 
d. Incompleteness or inaccuracy in reported results; and 
e. Incompleteness or inaccuracy In methodologies used.  

2. Identifying and documenting any inconsistencies between scientific results reported In the EA 
and the results reported in cited literature or open literature.  

3. Identifying, documenting, and assessing the support (or lack thereof) within the EA for the 
DOE nomination and recommendation decision.  

4. Providing our expert judgment with respect to assumptions adopted and with respect to 
whether or not a conservative analysis has been established.  

B. In reviewing the CD-SCP, MAI efforts focused on hydrogeology and related activities in terms of: 

1. Conceptual completeness and focus; 
2. Appropriateness of methodology to accomplish stated objectives; 
3. Availability of supportive technology; and 
4. Probability of success and/or feasibility.  

C. Other technical documents reviewed In addition to the EA and CD-SCP are: 

1. Yucca Mountain USGS water-level data.  

2. Proposal for new baseline data format for static and aquifer test water level data/Lehman & 
Associates.  

3. Smectite dehydration and stability: applications to radioactive waste isolation at Yucca 
Mountain, Nevada (LA-1I1023-MS)/D. L Bish, Los Alamos National Laboratory (LANL).  

4. Draft generic technical position guidance for determination of anticipated processes and 
events and unanticipated processes and events/U.S. Nuclear Regulatory Commission (NRC).  

5. Performance assessment of radioactive waste repositories/ J. E. Campbell and R. M.  
Cranwell, in Science, vol. 239, p. 1289 to 1392.  

6. A preliminary comparison of mineral deposits In faults near Yucca Mountain, Nevada with 
possible analogs (LA-1 1289-MS)/ D. T. Vaniman, D. L. Bish, and S. Chipera, LANL
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Appendix E 

Review of Technical Documents Program 

Ust of Appendices 

E-i Technical review comments on the Environmental Assessment: Yucca Mountain Site, Nevada 
Research and Development Area, Nevada, vols. I to III (DOE/RW-0073), DOE by MAI.  

E-2 Review of: Consultation Draft of the Site Characterization Plan : Yucca Mountain Site, Nevada Research and Development Area, Nevada, January 1988 (DOEIRW-0160), DOE by MAI.  

E-3 Technical Meeting/SymposIa Attended.
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Appendix E-I

Technical review comments on the Environmental Assessment: Yucca Mountain site, Nevada Research and Development Area, Nevada, vols. I to III (DOEIRW-0073) by DOE.  
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Review of Technical Documents 

ISSUE: 

The technical accuracy of the U. S. Department of Energy Environmental Assessment : Yucca Mountain Site, Nevada Research and Development Area, Nevada : Nuclear Waste Policy Act (Section 
112) (DOE/RW-0073), vols. Ito I11, 1986 (EA).  

General Objectives: 

Identify and document major scientific concerns raised by the EA which warrant scrutiny on the 
basis of: 

Data used; 

Methodology used; 

Results obtained; 

Incompleteness or Inaccuracy in reported results; and 

Incompleteness or inaccuracy In methodologies used.  

Identify and document any inconsistencies between scientific results reported in the EA and the 
results reported in cited support literature or open literature.  

Identify, document, and assess the support (or lack thereof) within the EA for the DOE nomination 
and recommendation decision.  

Provide our expert judgment with respect to assumptions adopted and with respect to whether or 
not a conservative analysis has been established.  

ACTIVITY SUMMARY: 

All of the sections (Vadose Zone, Climate Change, Hydrogeoiogy, Geochemistry, Mineralogy, and the Disturbed Zone) of the final draft of the EA were reviewed taking into consideration certain specific points such as: Impact of a plenipluvial climate on repository performance, dissolution, radionuclide retardation by authigenic minerals, the stability of the engineered-barrier system in a chemically reactive ground water in the host rock and Ground-Water Travel Time (GWTT).  

FINDINGS: 

The following are general conclusions reached after reviewing the preemnplacement EA. Excerpts or (where possible) summaries of important sections of our review (important with regard to the postclosure performance of the repository) of the EA are provided immediately after this section and 
come under "Specific Findings." 

We find that there Is little scientific evidence available to confidently demonstrate long-term waste 
isolation at the Yucca Mountain Site.  

There is no site-specific data that Indicates the lengthy travel times postulated for the vadose zone. Basically the DOE postulates that matrix flow dominates and that recharge is distnrbuted uniformly ~ and is limited by the rock matrix to transmit the flux. We think this is unlikely given the highly fractured
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rock environment, the manner In which recharge probably occurs In time and space, and suggestive, but 
unreported evidence of localized saturation within the vadose zone In the proposed repository area.  
Therefore, we judge the DOE postulated hydrology of the vadose zone unlikely, and their assessments 
nonconservative.  

There is little evaluation or treatment of vapor-phase radionuclide migration In the vadose zone 
via fracture networks to the land surface, the accessible environment. A conservative evaluation would 
assume that gas-phase radionuclides migrate very rapidly to land surface if fracture networks are 
unsaturated.  

There is little appropriately developed evidence that Important sorption or retardation of the total 
inventory of radionuclides will occur in the vadose zone. The DOE has placed heavy weight on the 
concepts of matrix flow and associated retardation and sorption due to abundant authigenic minerals, low 
flux rates of recharge, and very long travel times. None of these postulates can be demonstrated as valid 
based on realistic scenarios of postciosure repository conditions and appropriate data bases. In the 
absence of an appropriate data base, a conservative analysis should recognize the possibility of 
important fracture flow, significantly larger flux rates, and the thermal envelope's impact on hydrated 
authigenic minerals and moisture migration in liquid and vapor phases.  

There is little' fundamental understanding of most species of radionuclides with respect to 
migration, sorption, and retardation in the anticipated environments of migration pathways. These 
migration pathways must Include the fracture pathways. We think it nonconservative to take important 
sorption and retardation credit when an indepth review demonstrates the serious weakness of the 
laboratory data available, and the absence of comparable radionuclide behaviors in natural hydrologic 
environments.  

We find that the vadose-zone environment is subject to marked changes in the hydrologic 
regimen when the available paleoclimatic information is considered. If the extremely low modem flux 
rates postulated by the DOE are in error, and larger flux rates are in fact present, major impact on the 
hydrologic regimen of the vadose zone should be anticipated during a pluvial climate. The majority of 
recharged flux would be by fracture flow, and we see no mechanism by which long-term retardation of 
radionuclides could occur In the vadose zone.  

We find that the Yucca Mountain Site has not been selected on the basis of conservative 
scientific assessments of the environment and site-selection criteria, rather the selection is on postulated, 
but unproven, conceptual arguments.  

A number of conceptual models have been treated as scientifically supported fact. There has not 
been a consistent effort to conservatively evaluate issues of the site selection In view of no data, sparse 
data, Inappropriate or questionably applicable data, unknown or uncertain physical and chemical 
processes, highly idealized numerical models, etc.  

We recognize no case of an overly conservative treatment of uncertain relationships in the EA.  
We have recognized (and discussed) many cases of nonconservative treatment of issues in favor of 
meeting site-selection criteria.  

We recognize and discuss cases where the general scientific knowledge base has been 
selectively visited, or ignored, to further the conceptual models favorable to site selection.  

We recognize inconsistent and inappropriate use and interpretation of support document findings 
to further conceptual models favorable to site selection.  

We note that some potentially key site-specific data have been ignored in the preparation of the 
EA and are as published in support documents.
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INTERPRETATION OF FINDINGS WITH RESPECT TO OBJECTIVES AND ISSUES:

The following are conclusions based on the above findings. In the "Specific Findings" section 
which comes later In this report, findings and our comments or conclusions are treated together.  

We believe, on the basis of the above observations, that the EA has fallen short of the scientific 
objectivity desirable in repository site selection. On the basis of our more conservative evaluations of the 
available data base and general scientific knowledge pertinent to the site performance Issues of Yucca 
Mountain, we find the site highly complex and unlikely to be demonstrated to meet licensing criteria. We 
find the required waste isolation at the Yucca Mountain Site unlikely to be confidently demonstrated 
during characterization of the site.  

Specific Findings: 

Climate: 

The EA theme is that great uncertainty exists in the analyses of effects of a change to plenipluvial 
climate but that the available data indicate no significant impact on repository performance. We believe 
climate change to a plenipluvial climate (significantly more effective moisture for runoff and recharge) 
creates repository performance Issues of: 1) water-table position; 2) extent of perched water; 3) ground
water travel time in the vadose zone; 4) recharge rates; and 5) In general the ability of the proposed 
repository to Isolate waste. Indepth treatments of these issues within the context of existing data have.  
been avoided in the EA.  

We believe repository performance Issues during a plenipluvial climate have not been 
appropriately addressed In the EA nor resolved with respect to the existing paleohydrologic evidence in 
the region. Available evidence indicates that recharge rates during a plenipluvlal climate may greatly 
exceed the transmissive capacity of the rock matrix, and hence fracture flow may constitute the majority 
of the recharge flux in the vadose zone and zones of perched water could become extensive. If fracture 
flow dominates, the ground-water travel time for majority of flux through the vadose zone would be very 
rapid. In addition, perched zones of saturation, the site-specific position of regional saturation, and the 
total flux rate of recharge to the thermal envelope all become serious and unresolved repository perfor
mance issues.  

Dissolution: 

The EA's assessment of compliance with the qualifying condition for the dissolution guideline 10 
CFR, Part 960.4-2-6 -("The site shall be located such that any subsurface rock dissolution will not be 
likely to lead to radionuclide releases greater than those allowable under the requirements specified in 
Section 960.4-1." (DOE, 1986, vol. II, p. 6-253).) is based on evidence of dissolution in the geologic 
setting of the site during the Quaternary Period. As there was no repository in these rocks during this 
geologic time frame, the potential dissolution effects of placing a thermal source In the vadose zone that 
is capable of generating steam are unknown.  

The EA claims that the "potential host rock at Yucca Mountain has no dissolution features" and 
that on the basis of the geologic record that "no dissolution Is expected during the first 10,000 years after 
repository closure or thereafter." 

We find that the DOE has not provided convincing evidence that: 1) sufficient dissolution would 
not lead to radionuclide releases greater than those specified in 10 CFR Part 960.4-1, and 2) hydraulic 
interconnections leading to a loss of waste isolation would not occur because they may in fact already 
exist.
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Further, a thermodynamically unstable mineral assemblage of silica polymorphs is present in the host rock that may be subject to enhanced readjustment (dissolutoriprecipitation) under expected repository conditions (elevated temperature, convective fluid flux, and above normal geothermal temperature gradients).  

Finally, we find that the geologic past at Yucca Mountain is not an adequate basis for evaluating a postclosure technical guideline such as dissolution.  

In closing, it appears that the DOE intended the dissolution guideline for those sites containing highly soluble phases, such as halite, and thus treated dissolution in a cursory fashion at Yucca Mountain.  However, dissolution/alteration of metastable phases such as volcanic glass and silica polymorphs, zeolites, and clays may be more important to the long-term performance of a nuclear-waste repository at Yucca Mountain than previously thought.  

Geochemistry: 

The guideline for the Geochemistry Section of the EA contains five favorable conditions, three potentially adverse conditions, and one disqualifying condition. A detailed treatment of each of the conditions of the guideline will not be included in this 18-month report so as to avoid producing a cumbersome volume. What this section contains are therefore excerpts/summaries of points reviewed in the Geochemistry Section of MAI's "Technical Review Comments on the Environmental Assessment: Yucca Mountain Site, Nevada Research and Development Area, Nevada (May 1986, vols. I, II, Ill [DOE/RW-0073), by DOE, July 1987.m 

Favorable Conditions: 

Favorable Condition 1: 

"The nature and rates of the geochemical processes operating within the geologic setting during the Quatemary Period would, if continued Into the future, not affect or would favorably affect the ability of the geologic repository to isolate the waste during the next 100,000 years." (DOE, 1986, 
vol. I1. p. 6-174).  

The EA indicates that this condition is present at Yucca Mountain because "sorptive minerals (zeolites) were present in the tuft at Yucca Mountain throughout the Quatemary time; they are still present and are expected to contribute to isolation over the next 100,000 years." (DOE, 1986, vol. II, p. 6-169).  
We find that the thermal envelope may seriously jeopardize the potential sorptive capacity of the clays and zeolites. In addition, the thermal envelope may promote the evolution of mineral water affecting mineral dissolution, glass hydration, and increasing effective permeability, thereby inhibiting the geologic repository from isolating the waste during the next 100,000 years.  

In summary, we find the conceptual arguments presented In the EA are poorly supported by actual field and analytical data. Consequently, we find that a conservative assessment of the evidence indicates that this favorable condition is not present at Yucca Mountain, as there is little evidence to suggest that authigenics are responsible for sorption, and that these minerals will be stable under imposed thermal conditions, within likely paths of transport of the vadose zone.  

Favorable Condition 2: 

"Geochemical conditions that promote the precipitation, diffusion into the rock matrix, or sorption of radionuclides; inhibit the formation of particulates, colloids, inorganic complexes, or organic complexes that increase the mobility of radlonuclides; or inhibit the transport of radionuclides by particulate, colloids, or complexes." (DOE, 1986, vol. II, p. 6-176).  

The EA indicates that this condition Is present at Yucca Mountain because: geochemical properties are expected to promote matrix diffusion; zeolites along flow paths will sorb radionuclides; organic complexes that would Increase radionuclide mobility are not present; particulates and colloids 
may be filtered by tuffs, thereby inhibiting transport.
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Many studies concerning waste-glass radiolysis conclude by exclaiming that acid and hydrogenperoxide production may radically change the vadose-water chemistry at the proximity of the canisters.  
These chemically dramatic events, favoring colloid production, may be responsible for more than actinide
colloidal formation to the extent that: 

1. Other radionuclides may form colloids.  

2. Acid attack on silicates may promote dissolution pathways associated with fracture systems 
favoring fracture flow over matrix flow.  

3. The induced high-oxidation potential may not be adequately reduced considering the paucity 
of transition-metal complexes present (except for canister material itself).  4. The oxidation of canister stainless steel will provide Iron and other transition-metal 
oxyhydroxides, which tend towards colloidal behavior. These complexes may further the 
colloidal complexation of radionuclides Inhibiting authigenic-mineral sorption, and resulting In 
a reduction of retardation.  

In conclusion we do not find sufficient evidence to demonstrate that this condition is present at 
Yucca Mountain.  

Favorable Condition 3: 

"Mineral assemblages that, when subjected to expected repository conditions, would remain 
unaltered or would alter to mineral assemblages with equal or Increased capability to retard 
radionuclide transport." (DOE, 1986, vol. II, p. 6-192).  

The EA Indicates that this condition Is present at Yucca Mountain because the radionuclide
retardation capacity of tuffs is not expected to degrade due to repository conditions.  

We find that retardation capacity as a function of zeolite and clay stability has been Inadequately 
treated In the EA. We find that although volcanic glass likely alters to authigenic minerals with sorption 
abilities, these minerals may not be stable in the vadose zone to the extent that sorption will have significant capacity for radionuclide retardation. Furthermore, we find that the negative effects of 
evolution of mineral water may provide Increased access for radionuclide escape to the accessible environment. Therefore, we do not find favorable condition 3 present at Yucca Mountain, because when subjected to expected repository conditions, the zeolite/clay assemblage will have a diminished effect in retardation of radionuclide transport, and the presence of these assemblages will likely promote 
radionuclide escape by providing significant quantities of water of hydration to the system.  

Favorable Condition 4: 

"-A combination of expected geochemical conditions and a volumetric flow rate of water In the host rock that would allow less than 0.001 percent per year of the total radionuclide Inventory in the 
repository at 1,000 years to be dissolved.* (DOE, 1986, vol. II, p. 6-193).  

The EA Indicates that this condition Is present at Yucca Mountain, because expected 
geochemical conditions and vertical flux of less than 0.5 millimeter (0.02 inch) per year are expected to limit release to less than 0.001 percent per year of total radionuclide Inventory at 1,000 years after 
permanent closure.  

We note that the EA does not specifically deal with the reactions or release rates of radionuclides 
which may occur in gaseous states In the vadose-zone repository environment (14C, 3 H, 1291). Gasphase radionuclides have a potentially short migration path and associated travel time to the accessible
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environment (land surface) above the repository through the fracture networks. Release of C-1 4, as CO2 
may be critical as the sealed canisters fagl. This aspect continues to be a serious deficiency of both the 
DEA and EA.  

In conclusion, we find that the geochemical setting of Yucca Mountain Is not likely to be benign, but rather reactive with respect to waste glass and stainless steel. We find that the flux of vadose water could, conservatively, be up to two orders of magnitude higher than reported In the EA, and we find, therefore, that the waste glass may release considerably greater than 0.001 percent per year of the total radionuclide inventory 1,000 years after permanent closure. Consequently, we do not find that favorable 
condition 4 is present at Yucca Mountain.  

Favorable Condition 5: 

"Any combination of geochemical and physical retardation processes that would decrease the 
predicted peak cumulative releases of radionuclides to the accessible environment by a factor of 10 as compared to those predicted on the basis of ground-water travel time without such 
retardation.* (DOE, 1986, vol. II, p. 6-198).  

The EA indicates that this favorable condition Is present at Yucca Mountain because chemical adsorption, low flux, and matrix diffusion are expected to limit radionuclide release by at least a factor 10.  

The diffusive retardation factor of 100, which the DOE recognizes, is better attributed to Neretnieks (1980), who has not been offered the opportunity to study Yucca Mountain tuffs. Neretnieks 
does indicate that for those rocks he studied, accessibility to the rock matrix (pores) is a major determining factor with respect to the magnitude of the potential retardation. There is strong evidence 
that there are significant differences between diffusion In granites and tufts. Consequently, until the tuffs at Yucca Mountain are appropriately characterized, it is premature to attribute matrix potential (diffusion) during fracture flow as a mechanism of retardation. Further, if fracture flow is the prime mechanism for radionuclide transport, matrix diffusion will be of minor importance with a diminished capacity in higher 
velocity flow.  

The calculation employed to make the determination that a factor of 11.4 decrease of the cumulative radionuclide release can be attributed to geochemical retardation does not utilize conservative values of flux nor travel times, and consequently does not arrive at conservative sitespecific results. The "representative pathN from the disturbed zone to the water table which has the mean travel time is not the fastest path and thus is not a conservative numerical evaluation.  

As stated in the OTechnical Review Comments of the Environmental Assessment: Yucca Mountain Site,..... July 1987, we find that favorable condition 5 has not been demonstrated to be present 
at Yucca Mountain, due to nonconservative assumptions made with respect to radionuclide-retardation 
factors, potential sorptive-barrier behavior, vadose-zone flux, and travel-time calculations. Further, we note that in order to obtain accurate travel-time estimates, there needs to be a reasonably defined 
disturbed-zone boundary which presently has not been accomplished, and site-specific field data which 
clearly demonstrates that fracture flow does not dominate.  

Potentially Adverse Conditions: 

Potentially Adverse Condition 1: 

"Ground-water conditions in the host rock that could affect the solubility or the chemical reactivity 
of the engineered-barrier system to the extent that the expected repository performance could be 
compromised.* (DOE, 1986, vol. II, p. 6-199).
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The EA indicates that this condition is not present at Yucca Mountain because "the stainless steel waste disposal container and waste forms are not expected to show detrimental effects due to host
rock water chemistry.- (DOE, 1986, vol. Il, p. 6-170).  

Contrary to DOE assumptions and postulates, there Is no slte-speclfic evidence that ground
water conditions in the vadose-zone host rock would not jeopardize the repository performance due to 
the chemical reactivity of the vadose-zone components. General chemical evidence suggests that undesirable effects with respect to oxidation could significantly limit the lifetime of the engineered-barrier 
system. The reactivity of vadose-zone water therefore is a paramount issue, but it remains totally unstudied at Yucca Mountain. Consequently, we find that potentially adverse condition 1 could reasonably be present at Yucca Mountain. We therefore disagree with the EA conclusions and find the 
condition present at Yucca Mountain.  

Potentially Adverse Condition 2: 

"Geochemical processes or conditions that could reduce the sorption of radionuclides or degrade 
the rock strength." (DOE, 1986, vol. II, p. 6-202).  

The EA indicates that this condition Is not present because sorptive zeolites are metastable, but little reaction Is expected In the next 100,000 years and because geochemical processes are too slow to 
affect repository performance through the degradation of rock strength.  

Potentially Adverse Condition 2 Is directed towards potential changes of the sorption of radionuclides presumably due to a loss or gain of potentially sorbing authigenic minerals and changes in 
rock strength as a consequence of mineral reactions. The Dibble and Tiller (1981) publication has been inadequately treated in the EA. The kinetic parameters Involved In metastable authigenic-mineral transformation towards thermodynamically more stable phases have not been addressed. Reaction rates K> therefore, on a site-specific basis, given a repository thermal regime and completely uncharacterized 
vadose-water chemistry, are not determinable. Yet, the EA arrives at certain expectations dealing with reaction rates and related transformation times which appear to be totally unrelated to constructive 
extrapolation of scientific data.  

Consequently, we find that the timing of potential reactions are unknown; and the arguments 
presented in the EA are totally unsupported.  

An underlying assumption In the EA Is that the only mode of rock-strength degradation would be the transformation of metastable authigenics to a thermodynamically more stable mineral association; however, we find that reactions such as the hydration of volcanic glass and accompanying volume 
Increases can produce significant changes In structural characteristics (and strength) of the host rock as well as providing significant fracture pathways for radionuclide transport. Dissolution of metastable 
minerals alters the existing mineral assemblages, rendering them less effective towards sorption. The EA misconception that clinoptilolite must be transformed to an analcime or albite prior to loss of sorption capacity is totally unfounded. Minor changes in the vadose-water chemistry and thermal regime can 
cause major sorption stability effects.  

There are sufficient information available to suggest that both rock strength and sorption capacity could be jeopardized by the thermal load and associated geochemical processes that, In the conservative 
view, may develop in the host rock of the repository block. Consequently, we find that adverse condition 
2 is present at Yucca Mountain.  

Potentially Adverse Condition 3: 

"Pre-waste-emplacement ground-water conditions In the host-rock that are chemically oxidizing." 
(DOE, 1986, vol. II, p. 6-204).  

-88- MY89051 Id



The EA indicates that this condition Is present at Yucca Mountain because water is expected to 
contain dissolved oxygen and be chemically oxidizing (DOE, 1986, vol. II, p. 8.170).  

The EA recognizes (DOE, 1986, vol. II, p. 6-204 to 6-205) that: 

1. The host rock is In the vadose zone and its pores are partially filled with air and water.  
Consequently, water can have up to 8.1 ppm oxygen at 250C.  

2. The austenitic stainless-steel waste container should develop a protective oxide film that would limit further corrosion. Therefore, the oxidizing conditions may prolong the lifetime of 
the waste container.  

3. Solubility of spent fuel in an oxidizing environment Is greater than In a reducing environment.  
This could result in larger releases of radionuclides.  

4. The lifetime of the zlrcaloy cladding may be adversely affected if uranium dioxide were to become oxidized and cause stress rupture of the cladding.  

5. These conditions could be altered after waste emplacement and are not expected to cause serious problems with respect to the solubility or chemical reactivitles of the engineered
barrier system.  

We agree with the EA that this condition is present at:Yucca Mountain, and beliei'e it may be a more serious condition than Is alluded to In the EA. We find no mention of radionuclide-collold formation due to oxidizing conditions which is a reaction that will tend to Inhibit sorption retardation. Further, we underline the fact that the vadose water has not been characterized and that the degree to which these waters are oxidizing is unknown. We believe a scenario of the condensation of water vapor in fractures above the repository horizon, and eventual penetration of these waters by fracture flow to the repository horizon as cooling occurs may set the stage for strongly oxidizing conditions.  

We, too, conclude that this adverse condition Is present at Yucca Mountain.  

Hydrogeofogy: 

Ground-water travel time (GWTT) appears to be the most crucial part of the hydrogeology and ground-water sections of the EA with regard to: calculations on the time radionuclides would be released to the accessible environment. Furthermore, the treatment of GWTT Involves a discussion of vadosezone flux, vadose-zone travel time and saturated-zone travel time. This portion of the 18-month report has therefore been devoted to it.  The GWIT analysis In the EA, is a probabilistic approach that attempts to account for variabilities and (uncertainties?) in the key parameters used for calculating ground-water travel time. Unsaturated (vadose) zone flux, unsaturated (vadose) zone travel time, and saturated-zone travel time are considered separately in the EA and the following comments are structured accordingly.  

Vadose (Unsaturated) Zone Flux: 

A critical and highly uncertain parameter that Is of fundamental importance to ground-water travel-time estimation is the flux of water through the vadose zone. Vadose zone flux at Yucca Mountain has been estimated by two general approaches; the first approach uses a variety of indirect local field and laboratory measurements to provide estimates of flux, while the second method involves extrapolation of an empirical regional relationship between elevation, precipitation, and recharge to the local environment at Yucca Mountain. Flux Is considered in the EA to be distributed, that is, not locally concentrated in space by structural features, slope, soil cover, etc., or In time by short-term precipitation events leading to pulses of infiltration and percolation.
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Using thermal flux, properties of core and In-situ potential gradients, DOE finds that: 

1) 10-7 to 0.2 mm per year of flux could be occurring In the matrix of the Topopah Spring welded 
unit.  

2) All preliminary field and laboratory estimates of moisture flux In the Topopah Spring unit are 
less than 0.5 mm per year.  

3) An upper bound of 0.5 mm per year is consistent with the available information.  

Direct measurements of Infiltration and recharge have not been made at Yucca Mountain (Montazer and Wilson, 1984, pa. 37). Recent moisture profiles (Hammermeister, et al., 1984) indicate that topography 
exerts a significant Influence on localization of recharge; infiltration from summer storms seems to be most pronounced beneath washes, as opposed to higher ground. Generalizations regarding the distribution of Infiltration from winter storms, which seldom generate runoff, are not available. It should be clear 
from the available data, however, that flux is not uniformly distributed In either time or space.  

Calculation Based on Geothermal Gradient: 

DOE has used measurements of subsurface temperature gradients to estimate moisture flux in the unsaturated zone at Yucca Mountain. Sass and Lachenbruch (1982, p. 24) calculated a downward vertical flux of 9 mm per year in both the saturated and vadose zones. These authors emphasize, 
however, that results from Yucca Mountain are inconclusive since only one of the 50 wells studied was completed in the manner required of a confident analysis of the thermal effects of natural ground-water flow (Sass and Lachenbruch, 1982, p. 25). The statement in the EA that u..all preliminary field and laboratory estimates are less than 0.5 millimeter" (DOE, 1986, p. 6-151) is, then, a misrepresentation.  

In a referenceable letter to D. L. Veith of DOE/Nevada Operations, W. W. Wilson of the USGS (1985) details the rationale for using 0.5 mrm/yr. as a "reasonable and conservative" value of flux beneath the repository horizon at the primary repository area. Geothermal data from USW UZ-1 have been used by Montazer, et al., (1985) to estimate the quantity of water in vapor form that Is migrating vertically in the Q., Topopah Spring welded unit. The analysis based on an analytical solution for vertical steady flow of ground water and heat through an Isotopic, homogeneous, and fully saturated porous medium (Bredehoeft and Papadopulos, 1965). The interpretation by Montazer, et al. (1985) and Wilson (1985) that temperature profiles are generally convex upward between 91 m and 305 m is open to question: table 1 and figure 12 of Montazer, et al. (1985) reveal that the geothermal gradient can also be interpreted as piecewise linear. The interval from 40 m to 128 m shows a uniform geothermal gradient of 31.450C per km, and the Interval from 128 to 368 m shows a lesser, uniform gradient of 17.500C/km. Linear regression on temperature-depth data from Montazer, et al. (1985, table 1) results In regression coefficients (r2) values of 0.99 and 1.00, respectively, for the shallow and deep intervals (Figure 1).  
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Sass and Lachenbruch (1982i figure 5) present a geothermal profile from well TWI at Rainier Mesa that Is similar in shape to that presented by Montazer, et'al. (1985) for well USW UZ-1 at Yucca Mountain (Figure 2). The fact that the profile at Yucca Mountain resembles that from an area where seasonal flows from fractures Into a tunnel network provides direct evidence of active recharge (Henne, 1982) casts doubt on the utility of the geothermal-gradient-convexity approach to unsaturated-zone flux 
estimation.  

Calculation Based on Propertes of Core! 

Wilson (1985, p. 2) cites Weeks and Wilson (1984) for an estimated moisture flux of 0.003 to 0.2 mrnryr. in the matrix of the Topopah Spring welded unit. Moisture-characteristic curves relating saturation and moisture tension were developed from results of mercury-injection tests on 19 core samples of unsaturated tuff from test well USW H-1 (Weeks and Wilson, 1984, p. 1). Sixteen of these samples were from the Topopah Spring unit. Relative hydraulic conductivity, defined as the ratio of hydraulic conductivity at a given matrix saturation to that as complete matrix saturation, was estimated from the moisture-characteristic curves (Weeks and Wilson, 1984, p. 12). Only seven of the sixteen samples for the Topopah Spring unit were considered "analyzable", that is, their moisture-characterisitic curves could be fit with an analytical expression that can then be integrated to give an equation for relative permeability as a function of matrix saturations or moisture tension. One value of relative permeability (sample 9) was discarded because "..the porosity of the total sample was much larger than that of the small sample used in the porosimeter" (Weeks and Wilson, 1984, p. 13). Ambient unsaturated hydraulic conductivity was obtained from relative hydraulic conductivity (Weeks and Wilson, 1984) and saturated hydraulic conductivity measurements on core from test well UE25a#1 (Anderson, 1982) which is located 2.0 km east of well USW H-1. One of Anderson's (12981) measurements was discarded because of a visible fracture (Weeks and Wilson, 1984, p. 14). The resulting "effective" hydraulic conductivity values were used with an assumed unit hydraulic gradient to obtain the reported 0.003 to 0.012 mnmyr. vertical water flux through the tuff matrix.  

The most noteworthy point regarding flux estimation from core analysis Is the systematic exclusion of fractured samples from the analysis. In addition, there could be intentional bias in Weeks and Wilson (1984) toward presentation of their data in a way that minimizes the computed vertical flux through the Topopah Spring unit. For example, sample 8 (Weeks and Wilson, 1984, page 8) was excluded from the calculation of geometric mean relative hydraulic conductivity for reasons quoted in the last paragraph, but sample 9, for which the porosity difference between 6"small" and "total" sample was higher than-sample 8 sample was higher than sample 8 by a factor of four, was includedl Furthermore, the calculated geometric mean of the seven values of relative hydraulic conductivity that are considered "valid" (Weeks and Wilson, 1984, page 13) include on very low value from the Paintbrush nonwelded unit.  Wilson(1985, page 2) is therefore in error when he cites Weeks and Wilson (1984) for a flux estimated in the Topopah Spring welded unit: their treatment combines nonwelded Paintbrush data with selected 
Topopah Spring data.  

A major uncertainty in the Weeks and Wilson (1984) data is the effect of the air-foam method on measured ambient water content on the core samples. If core samples Were subjected to variable amounts of drying during collection and analysis, hydraulic conductivities estimated from laboratory studies would show greater scatter and a lesser magnitude than field values. The importance of wetting or drying effects for this sample set are not known quantitatively.
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Examination of figures 4 through 22 In Weeks and Wilson (1984, p. 17 to 26) reveals three reasonably distinct sets of moisture-characteristic curves from core samples from borehole USW H-1 (Figure 3). The upper (lithophysal?) portion of the Topopah Spring unit is very similar to the Paintbrush nonwelded unit in terms of percent matrix saturation and the shape and position of the moisturecharacteristic curves. Matrix saturation in the upper zone of USW H-1 averages 0.50 + 0.05. The middle portion of the Topopah Springunit also shows an internal consistency, with matrix saturation averaging 0.71 * 0.10. Matrix saturation in the lower zone, which includes two samples from the Calico Hills nonwelded unit, is 0.85 ± 0.07. It appears that a stratigraphic inhomogeneity is present in the Topopah Spring unit; and significantly, there is no evidence of a discontinuity in the character of moisturecharacteristic curves across the upper and lower boundaries.  

Weeks and Wilson (1984) have used geometric mean saturated hydraulic conductivities from Anderson (1981) as a basis for computing "effective" hydraulic conductivitles from the "relative" hydraulic conductivities obtained in their own study. The geometric mean of a data set minimizes the effect of extreme values; utilization of geometric mean hydraulic conductivity data Is therefore not a conservative 
approach in the present application.  

Calctilation Based on In-SiN Potential Gradientq and Propertlem of Cora 

Montazer, et al., (1985) report "relatively constant" matric potential in the Topopah Spring welded unit in the 400 to 800 foot depth Interval of USW UZ-1. Based on an assumed unit hydraulic gradient, Montazer, et al.. (1985) use relative matrix hydraulic conductivities calculated by Peters, et al., (1984) to estimate 0.1 to 0.5 mm/yr. flux through this interval.  

It is evident from figures 7, 8, 9, of Montazer, et al., (1985) that there has been considerable drift in the output from thermocouple psychrometers and heat-dissipation probes in USW UZ-1 over the two year monitoring period, and several of the instrument stations have failed. Wetting trends, drying trends, and reversals have occurred at Individual stations. The Interpretation by Montazer, et al., (1985) that these data, when extrapolated, indicate "relatively constant" matrix potential that represent ambient conditions is judged to be premature.  

Rush, et al, (1984, p. 54) Indicate that a perched saturated zone Is "probably" present in USW H1 in the depth interval 448 to 458 m; thls is based on 45 minutes of airlift water production at flow rates of 1.3 to 1.6 liters/second (21 to 25 gpm) while the well was at a depth of 458 m (Rush, et al., 1983, p. 19).  This zone is in the lower portion of the Topopah Spring welded unit.  

Similarly, drilling of USW Uz-1 was discontinued at 387 m because a "large' volume of water was encountered, and "the water level could not be lowered significantly." This may represent a naturally occurring perched-water zone, although the water is reported to contain polymer Identical to that used In drilling USW G-1, 305 m to the southeast (Whitfield, 1985). However, no analyses of either the encountered water In UZ-1 or drilling water used at USW G-1 have been published.  

Prior drilling activities In the vicinity of USW UZ-1 is reported to have introduced large quantities of drilling fluids not the subsurface. Approximately 8,700,000 liters (2,300,000 gallons) of water-based polymer drilling fluid were lost during drilling of USW G-1 (Whitfleld, 1985) and over 2,200,000 liters (580,000 gallons) were lost during drilling of USW H-1 (Rush, et al., 1983, p. 20). Locating USW UZ-1 in an area that was proximate to* areas perturbed by prior drilling activities was an error In judgment in our opinion.  

The vadose-zone saturation encountered in H-1 and UZ-1 may be naturally occurring saturation (perched water) or saturation caused by drilling fluid losses. As chemical analyses of fluid samples for UZ-1 and H-1 (448-458 m zone) have yet to be published, we are not able to judge if the water is only drilling fluid, mixtures of perched water and drilling fluid, or perched water. However, to be conservative,
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we assume that the fluid encountered Is perched water until proven otherwise. The DOE program has, to > date, Ignored this evidence for perched water In the Topopah Spring Member Immediately adjacent to the repository block at approximately the repository-zone depth. Establishing the natural occurrence of perched water Is key to site characterization because its presence Indicates fracture flow to the depth of occurrence. Instead of following though with an assessment program of the vadose-zone saturation in the area, the water-potential measurement experiment of USW UZA1 was established. Unfortunately, this effort has yielded so little useful water-potential data that the principal investigators (Montazer, et al., 1985) have treated the widely scattered data as single-valued In terms of fluid-potential gradientl These ambiguous results and the failure to study encountered saturation leaves the vadose-zone flux question 
totally unresolved at this locality.  

The Maxey-Eakin Recharge Method for Fux Estlmation: 

Another line of "evidence" cited by Wilson (1985) In support of the "conservative" upper-bound flux of 0.5 mrrlVyr. is a calculation based on the Maxey-Eakin method. In the Maxey-Eakin method, the recharge to a ground-water basin is calculated from specific percentages of the precipitation which is estimated to fall upon several elevation zones on the mountains surrounding that ground-water basin.  Without explanation from the original authors, "..the amount of water from the successive zones that reach the ground-water reservoir is estimated as 0, 3, 7, 15, and 25 percent of the precipitation in the respective zones (Maxey and Eakin, 1949, p. 40, cited in Watson, et al., 1976, p. 342).  

The Maxey-Eakin method of estimating recharge has not demonstrated validity or utility for determining accurate rates of recharge for localized site-specific hydrogeologic environments such as Yucca Mountain.. The basic assumptions necessary for application of the method are: 1) recharge is systematically related to mean annual precipitation, 2) higher percentages of recharge occur from precipitations which falls at the higher altitudes (and usually In greater annual amounts), and 3) the > ground-water catchment basins can be delineated. The method also required two other assumptions 
when originally developed: that the available ground-water discharge estimates were accurate and that 
the flow systems are in equilibrium (recharge is equal to discharge).  

A serious weakness of the Maxey-Eakin method for estimating recharge In a local setting is the general absence of knowledge of the conditions under which recharge occurs, such as the roles varying local hydrogeologic environments and climatic events may play in controlling recharge. It is also undemonstrated that mean annual precipitation Is the best parameter of climate from which to estimate recharge. Through trial and error, percentages of mean annual precipitation by zonation have been assumed to equal estimated discharge, and It has been assumed that the higher terrane precipitation Is more important and thus more heavily weighted with higher percentages of recharge resulting from the precipitation. There are, however, no studies that have demonstrated unique recharge rates based on 
percentages of precipitation, and therefore, the Maxey-Eakin recharge estimate derived for a relatively 
small area like Yucca Mountain has no dependable validity.  

In the general absence of knowledge of recharge processes and rates In site-specific environments of the Great Basin, Including those at Yucca Mountain, there Is little reason to postulate or justify a uniform flux rate In the vadose zone or to believe a method such as the Maxey-Eakin method would accurately characterize the flux rates for travel-time purposes. It Is entirely possible, In the climate 
that prevails at Yucca Mountain, that all recharge Is restricted to localized site specific hydrogeologic conditions, such as wash areas underlain by alluvium and fractured rock. It Is also possible that in the more arid area, such as Yucca Mountain, much of the recharge may be closely related to "extreme event" precipitation occurrences related to the arid climate. In other words, recharge at Yucca Mountain may be highly localized in both time and space, and travel time estimates for the vadose zone should be so structured to address these possibilities in order to meet the intent of the travel-time objective.
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Vadose (I Insatrated) Zone Travel Times*

Vadose-zone travel time estimates in the EA are based on the analysis by Sinnock, et al., (1986).  The analysis can be summarized as follows: 

1. The disturbed zone was assumed to extend to a a position 560 meters (m) below the midplane of 
the 45 m thick repository horizon.  

2. The region between the disturbed zone and the water table was discretized Into 963 vertical prisms, each measuring 76.3 m square; each prism was divided into 3.105 m thick elements.  

3. Recharge flux was assumed to be uniformly distributed in time and space; 0.6 mm/yr was 
adopted as a baseline value.  

4. A value of saturated matrix hydraulic conductivity for each element within a particular hydrogeologic unit obtained by statistical sampling methods from a frequency distribution fitted to 
the matrix hydraulic conductivity data for that particular unit.  

5. The randomly selected value of hydraulic conductivity was compared with the value of flux; if the flux value was less than 0.95 times the saturated matrix hydraulic conductivity, it was assumed that the flow within that element was entirely in the porous rock matrix, and a value for matrix effective porosity was then chosen by random sampling from the frequency distribution of porosity values for the appropriate hydrogeologic unit.  

6. Water particle velocity for each of the elements for which only matrix flow was assumed to occur was calculated by dividing the flux value by the samples effective porosity, assuming a hydraulic gradient equal to 1.0, then modified to account for partial saturation.  

7. If the ratio of flux to the randomly sampled value of saturated matrix hydraulic conductivity was equal to or greater than 0.95, it was assumed that fracture flow occurred for that quantity of flux in excess of 0.95 times the saturated matrix hydraulic conductivity.  

8. An effective porosity of 0.0001 was assumed for all fracture flow, and the velocity of flow In fractures for each element was determined by dividing the calculated value for flux in the 
fractures by 0.0001.  

9. The shorter of matrix of fracture flow time was considered to be the "travel time" through any 
individual element.  

10. Ground-water travel time in each of the 963 vertical prisms was calculated as the sum of travel times in all of the 3.06 m thick elements comprising the Individual prisms.  
11. The procedure was repeated ten times for each prism to provide a representation of the variation 

in travel time due to the variation in hydraulic parameters.  

The selection of a disturbed-zone boundary 40 m below the midplane of a 4 5 m thick envelope containing the underground facilities (Sinnock, et al., 1986, p. 18) is essentially arbitrary. Although the disqualifying condition addressed in the EA applies to pre-waste emplacement conditions, application of the disqualifying condition to a particular site requires that the extent of the disturbed zone during the 1,000 years following waste emplacement be known. Until a quantitative evaluation of convective heat transfer and associated mineral alterations is demonstrated, the approximate extent of the disturbed zone 
will not be known.
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Discretization of the region between the repository horizon and the water table appears to have 
been guided by convenience rather than a rational choice of element size based on a geostatistically valid correlation length. Since the model does not allow for a nonuniform wetting front (fingering) in Individual prisms; this phenomenon is likely to occur on a scale much smaller than the 76.2 m horizontal grid size.  The assumed vertical correlation distance is of critical Importance In determining the travel time through a vertical prism. This is because the equivalent permeability of a vertical prism is defined by the harmonic mean permeability of the Individual layers; the harmonic mean is weighed toward the properties of the least-permeable elements. The greater the number of elements, the greater the probability that a low permeability, but not so low as to require fracture flow) will be assigned to one or more elements in the prism. Sinnock, et al., (1986, p. 58) have concluded that the travel-time distribution Is apparently most sensitive to flux, correlation lengths, and spatial variations of saturated matric hydraulic conductivity.  Also, "...the sensitivity of the travel times to the correlation lengths suggests how prudent it is to perform a 
carefully designed testing program for determining the correlation length of all key parameters influencing flow velocities" (Sinnock, et al., 1986, p. 50). A key point is that "...neither the vertical correlation length nor the horizontal correlation length has been determined for the hydrogeological units at Yucca Mountain..." (Sinnock, et al., 1986, p. 15). Vertical correlation length was therefore considered a "free" variable in simulations of unsaturated-zone travel time (Sinnock, et al., 1986, p. 15). If the vertical correlation length Is assumed to be at least as great as the thickness of each unit, travel times for approximately two percent of the prisms are less than 1,000 years, even with a flux of only 0.5 mm/yr (Sinnock, 
et al., 196, p. 48 to 49). The EA states that: 

"This approach yields higher, but probably physically unrealistic, estimates of the probability of .continuous fracture flow and rapid matrix flow than the (3.05 - meter) Interval sampling method..." 
(DOE, 1986, section 6.3.1.1, part 6.3.1.1.5, p. 6-150, paragraph 4, lines 11 to 13, and p. 6-162 
first partial paragraph, lines 1 to 23), 

Ignoring evidence such as that presented by Spengler, et al., 1987, p. 25 and 27) that preferred orientations of joints and type and percent of joint fillings In the Topopah Spring Member and the tuffaceous beds of Calico Hills are nearly Identical. Vertical correlation lengths may, therefore, be even 
greater than individual unit thicknesses.  

The baseline flux value used for travel-time calculations is 0.5 mrryr, a value thought by Wilson (1985) to be a "reasonable and conservative" upper bound flux for Yucca Mountain. Using a trial flux value of 1.0 mm/yr, Sinnock, et al., (1986, p. 52) found that a "substantiar proportion of flow paths have travel time of less than 10,000 years. It is emphasized that the nonconservative 3.05 m vertical correlation length was obtained during adjustments of flux; results of simulations that incorporate conservative vertical correlation lengths, and conservative flux rates have not been made available.  
Given the extreme sensitivity of travel time to flux rate (Peters, et al., 1986, p. 30 to 33) and the very real uncertainty in flux (discussed earlier in this review) we consider the range of flux values utilized in trial 
calculations of travel time to be Incomplete.  

Lognormal frequency distributions were fitted to available saturated matrix hydraulic conductivity data from the hydrogeologic units at Yucca Mountain; these distributions were then randomly sampled during each simulation to provide estimates of saturated matrix hydraulic conductivity for each block in the discretized region. Fitting a set of data with a lognormal distribution has two effects; the influence of extremely high values are minimized, and the logarithms take on the characteristics of a normally distribute population. Sinnock, et al., (1985, p. 35) have made a conceptual error by fitting bimodal distributions of saturated matrix hydraulic conductivity data from the Calico Hills vitric unit and Prow Pass 
welded unit with lognormal distributions.  

The assumptions that only matrix flow occurs when the flux rate is less than 0.95 times the saturated matrix hydraulic conductivity Is open to question. Skin effects on fractures and hysteresis in the moisture-content dependent characteristics of the rockmass will cause fracture flow to dominate (over > matrix flow) earlier and more extensively than otherwise expected (see Montazer and Wilson, 1984, p. 25 
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for a discussion of hysteresis). As recognized by Montazer and Wilson (1984, p. 25) a secondary hysteresis effect, due to air entrapment In matrix block s during wetting, would further promote fracture flow during recharge events. Hysteresis and skin effects both escape mention In the EA, and the sensitivity of the analysis to the assumed constant relationship between flux an saturated hydraulic conductivity Is not 
addressed.  

The concept of relative permeability discussed at length by Weeks and Wilson (1984, p. 12 to 13) appears to have been ignored in the treatment by Sinnock, et al., (1985) and subsequently in the EA. If matrix hydraulic conductivities had been adjusted downward to account for the effects of partial saturation, a proportional increase in fracture flow would result.  

Flow velocity through fractures has been obtained from an assumed fracture porosity and an assumed flux excess above the amount transmitted by the matrix. Hydraulic tests on fractured specimens by Peters, et al., (1985, p. 54) Indicate fracture apertures up to 67 microns In the Topopah Spring welded unit and 31 microns in the zeolitized Calico Hills unit. Corresponding fracture hydraulic 
conductivities are 3.78 x 10-3 and 7.9 x 10-4 mis, respectively; under a unit hydraulic gradient water could move from the repository horizon to the water table in fractures such as these in less than one weeki Ogard, et al., (1983, p. 44) report fractures In the Topopah Spring welded unit with apertures exceeding 
250 microns.  

Saturated Zone Travel Time: 

Basic data utilized by the DOE In the calculation of saturated zone travel time at Yucca Mountain 
is as follows: 

1. Potentlometric data from 32 drillholes in the vicinity of Yucca Mountain (DOE, 1986, vol. II, 
section 6.3.2.2, part 6.3.1.1.5, p. 6-148, fig. 60-3).  

2. Fracture effective porosities calculated by multiplying the fracture density from Scott, et al., (1983) by the effective aperture (calculated from a relationship provided by Freeze and Cherry (1979, p.  
74).  

3. Saturated hydraulic conductivities from tests on wells UE-25b#1 (Lahoud, et al., 1984) and J-13 
(Thordarson, 1983).  

Sinnock, et al., (1986) are referred to as the source of fig. 56-3 in the EA (DOE, 1986, vol. II, section 6.3.1.1, part 6.3.1.1.5, p. 6-148, fig. 6-3 caption); no similar figure appears In Sinnock, et al., (1985); Robison (1984) is not cited In Sinnock, et al., (19865). A similar figure does appear In Sinnock, et al., (1985, p. 19). No summary of water-level fluctuations in individual boreholes is yet available in the published literature. Although numerous wells are known to be equipped with pressure transducers and 
data-logging devices.  

Fracture effective porosities for the zone of saturation were computed from a theoretical relationship between hydraulic conductivity of the fractured rock, fracture density, and fracture aperture (Snow, 1968, as cited In Freeze and Cherry, 1979, p. 74). This relationship Is strictly applicable only to a single set of planar joints with constant aperture. Orientation bias, due to the relative orientation of fractures and the borehole, was accounted for through the relationship: 

Fr (sinA)"1 .Fn 

where: F C fractures per cubic meter.  
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Fm - linear fracture frequency.

A - acute angle between the core axis and an Individual fracture set.  

This procedure converts all fractures to a single hypothetical set normal to the core axis.  

Unfortunately, this simplistic approach to the estimation of fracture parameters does not account 
for contrasting properties of individual fracture sets, which are likely to differ in preferred orientation 
roughness, hydraulic aperture, mineral content, etc. The SEM Image of a fracture in the lower, 
nonwelded portion of the Topopah Spring Member (Carlos, 1984, p. 32, fig. 31) Illustrates how variable 
the aperture and roughness of individual fractures are likely to be In the field environment. Analysis that 
does not account for hydraulic properties of Individual fracture sites, connectivities of the fracture sets, 
and hydraulic significance of fracture intersections markedly Increases the uncertainty for the analysis.  

Results of hydraulic testing at well J-13 Indicate that "850 m2/day probably is a reasonable 
maximum value for transmissivity (of the Topopah Spring Member)" (Thordarson, 1983, p. 49). Dividing 
this transmissivity by the 308J5 m thickness of the tested Interval yields a hydraulic conductivity of 2.75 
m/day (1,000 mnyear). Examination of core recovery data from J-13 (Thordarson, 1983, p. 14) indicates 
that highly fractured Intervals are quite localized, so the hydraulic conductivities of the producing intervals 
are probably much higher than the average value given above. Recent work by Erickson and Galloway 
(1984) has resulted In hydraulic conductivity estimates of between 59.56 rrVday (21.7 km/year) and 74.3 
m/day (27.1 km/yr) for fractured Intervals in the Bullfrog and Tram Members of the Crater Flat Tuff. These values contrast sharply with the assumed hydraulic conductivity of 1.0 m/day used in the EA for a 
calculation of saturated-zone travel time in the Indurated tufts.  

ADDITIONAL WORK NEEDED: 

Review of the DOE documents which establish site-characterization programs.  

RECOMMENDED PROGRAM: 

Objective: 

Continue to track the DOE site-characterization program In key Issue areas, where the database 
and/or DOE approach Is deficient.  

EXISTING PROGRAM: 

Review of the SCP and work plans.  
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Appendix E-11

Review of: Consultation Draftof the Site Characterization Plan : Yucca Mountain Site, Nevada 
Research and Development Area, Nevada 

January 1988 (DOE/RW-01 60) by DOE, p. 2 to 28.
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Review of Technical Documents

•-' ISSUE: 

The technical accuracy of the U.S. Department of Energy Site Characterization Plan : Yucca 
Mountain Site, Nevada Research and Development Area, Nevada : Consultation Draft : Nuclear Waste 
Policy Act (Section 113) (DOE/RW-0160), vols. 1 to 8, 1988 (CD-SCP) for Yucca Mountain.  

OBJECTIVES OF ACTIVITY: 

Review the CD-SCP, especially its hydrogeologically related activity, In terms of: 1) conceptual com
pleteness and focus; 2) appropriateness of methodology to accomplish stated objectives; 3) availability of 
supportive technology; and 4) probability of success and/or feasibility.  

ACTIVITY SUMMARY: 

The following elements of the CD-SCP were reviewed In terms of the four points (2a, b, c, and d) 
listed above: 

Geohydrology Program 
Geochemistry Program 
Rock Characteristics Program 
Climate Program 
Thermal and Mechanical Rock Properties Program 
Waste Package Program 
Performance Assessment Program 

The review was structured Into three basic parts: 

Overview Comments -which deals with general Impressions; 
Issue Resolution Comments - deals specifically with several of the most Important 

hydrogeologic Issues; and 
Activity Reviews - (Appendix 1) which contains each Individual's review of the technical 

activities.  

FINDINGS: 

The following comments have been abstracted from the review of the CD-SCP by MAI: 

OVERVIEW COMMENTS 

GENERAL COMMENTS 

The following objectives of the CD-SCP are stated in the Annotated Outline for Site 
Characterization Plans (DOE, February 1987, p. xli to xiv): 

"The purpose of the SCP Is to provide a document In which the DOE: 

Describes the site, design of a repository and engineered barriers appropriate to the 
site, waste packages, emplacement environment, and performance analysis In sufficient 
detail so that the planned site characterization program may be understood.  
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Identifies the uncertainties and limitations on site- and design-related Information developed during site screening, including Issues that need further Investigation or for which additional assurance is needed.  
Describes the detailed programs for additional work, including performance confirmation, to (1) resolve outstanding Issues, (2) reduce uncertainties In the data, and (3) make site suitability findings relative to DOE siting guidelines, 10 CFR 960.  

The SCP will provide a vehicle for early NRC, State, Indian tribal, and public input on the DOE's data-gathering and development work so as to avoid postponing Issues to the point where modifications would Involve major delays or disruptions in the program. Early review of the DOE's site characterization plans as presented in the SCP will provide an opportunity for the NRC to evaluate whether the DOE's proposed program Is likely to generate data suitable to support a license application." (OGR/B-5, p. xii).  

We find that the CD-SCP substantially, but not completely, meets the above first objective. We find that it does not consistently meet the second and third objectives, it does not consistently describe the detailed programs to: 1) resolve outstanding Issues; 2) reduce uncertainties in the data; and 3) make site suitability findings relative to the DOE siting guidelines, 10 CFR 960.  
We find that the CD-SCP does not entirely establish what Is known about the Yucca Mountain from site-exploration activities to date. Many if not most aspects and findings are freely and fully discussed, but key findings, such as evidence of perched water within the vadose zone, and Important observations of gas-circulation gradients within the vadose zone, are omitted. These omitted observations could prove to be the most fundamental findings to date with respect to the site's ability to isolate waste.  

We find also, with respect to the above point two objective, that a major Issue of fracture flow in the vadose zone has been deemed so unimportant that the resolution activity Is to be primarily laboratory experiments. Therefore, we judge the CD-SCP fundamentally deficient with respect to resolving the issue by reducing or eliminating the uncertainties about fracture flow in the vadose zone.  
We find that, with respect to the above, the CD-SCP often fails to provide enough details in the activity plans to confidently judge the plans.  
The following questions are intended to be addressed by the SCP (DOE, OGR/B-5, February 

1987): 
* Have the Important information needs and unresolved issues been identified? 
* Does the SCP specifically address these Information needs and present program plans to obtain the needed Information? 

Are the methods of testing and analysis proposed for the planned site characterization 
program appropriate? 
Have altemative methods of testing and analysis been identified and evaluated, and has an adequate basis been provided for the selection of the methods to be used? 
Will the data to be collected and the reliability of the collection methods and analysis be of adequate quality to support site selection and a future license application? 
Have the testing plans been based on the performance requirements of the Mined Geologic Disposal System (MGDS) components, and are the tests adequate to enable evaluation of whether or not the MGDS components will perform as required?
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We recognize aspects where the CD-SCP Is seriously deficient In all of the above points of question. We think that Important negative answers can be given for the first five questions when aspects of vadose-zone hydrology are considered. Point six, discussion of whether tests are adequate to enable 
evaluation of the expected performance of the MGDS, Is not recognized In the CD-SCP. We assume that 
such testing call upon characterizing a combination of dynamic thermal loading and unloading, multiphase 
water transport, and dissolution processes based on In-situ geochemistry, all acting upon the engineered 
barriers.  

We find the CD-SCP, when judged by the data development/analyses activities, unlikely to create 
a technical program that will establish viable databases to resolve or answer several of the important 
Issues. The basis for this statement can be further examined In Appendix I reviews. A summary of this 
appendix reviews is shown in Table 1 (appendix reviews are not Included In this report). Many activities 
are poorly designed and/or focused with respect to available technology. Many others are not feasible 
with respect to combinations of time, financial resources, and human and laboratory resources. Idealistic 
approaches, with much modeling In the face of little or no data and marked uncertainties with respect to 
processes operating, characterize the planned technical program. The CD-SCP Is very consistent In 
calling upon numerical models (using existing, or newly developed, and/or to be developed codes) for the 
resolution of the characterization issues created by the complexity of the site and the very limited 
databases.  

Our opinion is that the CD-SCP activities need to be carefully screened, focused, and modified 
Into feasible, well-coordinated activity programs that could be completed in five or six years. Each 
program (investigation, study, and activity) needs the benefit of peer review by experts experienced In 
both theory and field investigation.  

Further, an appropriate SCP would clearly Identify and rank the most likely fatal flaws (issues) of 
the geologic-barrier system of the site to prioritize and coordinate site characterization studies. This has not been done; the CD-SCP generally fails to establish a vadose-zone fracture flow/travel time Issue 
resolution program that will work, and totally Ignores the need for a research program to establish the , Impacts of the thermal envelope, and the associated extent of the disturbed zone with the induced 
hydrothermal system. Such a disturbed system has major potential to impact waste isolation.  

DISCLAIMER 

We find the disclaimer printed on the back cover of each volume to be Inappropriate to the work 
presented. It says that the report was prepared as an account of work sponsored by the United States 
Government, but neither the U.S. Government nor the U.S. Department of Energy, nor employees make 
any warranty, nor assumes legal liability or responsibility, etc. It also states that the views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United State Government nor an 
agency thereof.  

The DOE is clearly the author of the CD-SCP, as no authorship is shown other than the U.S.  DOE. If the above disclaimer were to be used In an appropriate manner, the majority of the CD-SCP 
should be backed by specific authorships. Specific authors would be appropriate for the expert opinion and judgment desirable In the planned activities of exploration and research. We find by omitting the 
specific technical authorship, the DOE may have, perhaps Inadvertently, diminished the technical quality 
of the CD-SCP. We suggest the DOE recognize the scientific and technical challenge of characterizing 
Yucca Mountain, and appropriately indicate specific authorship on scientific and technical activities in the 
SCP.  

DOE GOALS 

A very disquieting presentation characteristic of the CD-SCP is the apparent perception that the 
given siteYucca Mountain, in terms of geologic-barrier performance, can be made better or worse, just as 
an engineered system can be made better or worse by design changes. This conceptual approach has 
flavored the DOE selection process (Draft Environmental Assessment and Environmental Assessment
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documents) and continues In the CD-SCP. Explicit examples occur throughout the CD-SCP discussions and In tables, such as Table 8.3.1.5-1 on pages 8.3.1.5-4 and 5. This table, dealing with site performance during v. climate change, shows a column of Initiating events or processes, and another correlating column entitled "tentative goar, which gives the currently perceived extreme values that would be acceptable. Such a title 'lentative goar would be appropriate for an engineered barrier where engineered design determines performance. A natural system, the geologic barrier, can not be altered once the site has been selected. There is no goal, therefore; there is only performance characterization.  Geologic and hydrogeologic aspects can only be characterized to varying degrees of accuracy as to how they will perform In waste isolation. Therefore, if the DOE correctly perceived that its mission is to characterize the site to establish if the repository should be built, the many "tentative goal* columns would be better named "performance requirement" or 'tentative performance requirement." The term "goal" is widely used in the CD-SCP, and should not be used for the SCP for uncontrollable geologic and hydrologic aspects of the specific site. Performance goals are fine for engineered aspects.
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CD-SCP CONTENTS AND TECHNICAL REVIEW 
SThe CD-SCP Is so massive and complex In terms of topical scope and objectives that the reader 

Is easily diverted from the true Intent of the document. The SCP Is the program of exploration and research, both In the laboratory and In the field. Therefore, we have focused our review efforts not on the very extensive organizational discussions and rationalizations, but on the descriptions of the programs 
of exploration and research.  

We believe that success or failure in reaching confident site characterization will depend heavily on the SCP adopted by the DOE. We base this belief on the following: 1) the choice of a repository-horizon environment that is totally unknown from a hydrogeologic perspective; 2) the ten years of effort already expended on Nevada Test Site (NTS) and the Yucca Mountain characterization; and 3) the continuing high degree of uncertainty with respect to many critical performance aspects of the site.  Therefore, the CD-SCP has been reviewed In anticipation of discovering the technical program the DOE would mount to resolve the many Issues and performance questions.  

Activities are the technical and/or scientific efforts planned for site characterization. The CD-SCP links activities, where there is a usually brief discussion of the planned objectives, methods, and associated elements, to studies, generally composed of one or more activities, to Investigations, which are composed of studies, to programs. All have been organized and rationalized with respect to characterization issues from the perspective of licensing requirements. The CD-SCP provides reasonable planning discussions at these levels. However, the activities are a better measure of the planned site characterization, and we give, in general, very low marks for the activities.  

We have reviewed each activity (Appendix I summary is given In Table 1) In our topical areas of responsibility because we recognize them as the only fundamental Investigative activities in the CD-SCP.  These activities, when executed, must provide the Information to deal definitively with all Issues and have the power to characterize the site. Unfortunately, we have found that many activities are only at the conceptual stage at best, and would be better Judged when work plans and technical procedures become available. In response to this very real problem, we were forced to review the activities from an expert opinion mode, generally reading between the lines and judging the activity from several 
perspectives.  

Technical Review Criteria: The four criteria adopted in the activity reviews: 1) conceptual completeness and focus; 2) appropriateness of methodology to accomplish stated objectives; 3) availability of supportive technology; and 4) probability of success and/or feasibility, warrant brief discussion. There are, however, no detailed work plans or technical procedures for each activity upon which we can base an in-depth review. Our ability to review conceptual aspects of a given activity Is, therefore, better than our abiiity to review methodology, since the details of methodology are often not complete. Any activity, If It falls In any of the four categories, falls to establish what Is required for site characterization and/or Issue resolution. For example, one might find In a review that conceptual completeness or focus is rated low, and the other three aspects much higher. This would Indicate that In our opinion, the activity can be performed in terms of methodology, available technology, and that there are the necessary resources for feasible execution, but it will not likely answer the correct questions. Conversely, we also find many of the activities more or less conceptually appropriate and focused, but unlikely to be successful because of deficiencies in methodology, available technology, or the likely availability of resources (including time).  

In the reviews of the activities we find that, out of a total of 190 Individual activities, we judge that 163 (about 86%) will not be successful in terms of the site characterization objectives (Table 1). When analyzed by program, we find only in one program (Climate) where there can be some important progress 
towards site characterization.  
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Table 1. Summary of MAI Reviews Of CD-SCP Activities 

CD-SCP PROGRAM YES TOTAL REVIEWED 

Geohydrology (8.3.1.2) 6(4) 51(47) 57(51) 

Geochemistry (8.3.1.3) 4 33(29) 37(33) 

Rock Characteristics (8.3.1.4) 1 5 6 
Climate (8.3.1.5) 14(12) 15(14) 29(26) 

Thermal and Mechanical Rock Properties (8.3.1.15) 2 2 4 

Waste Package (8.3.4) 1 14(13) 15(14) 

Performance Assessment (8.3.5) 
a. Engineered Barrier System (8.3.5.10) 3 23 26 

b. Total System (8.3.5.13) 0 30 30 

Total (without duplication) 31(27) 173(163) 204(190) 

The DOE has, or could have, at Its disposal, the best scientific facilities and cadre of scientists in the nation. Such resources have not been effectively tapped in the development of the CD-SCP. We 
think it productive to offer the probable reasons for our review findings: 

I. The site-selection and licensing criteria demand knowledge about natural systems that is 
not normally established at the scales of consideration and the levels of confidence 
required.  

II. The DOE has selected an entirely undocumented and little studied hydrogeologic 
environment for the repository at Yucca Mountain. There are few if any useful databases 
from similar environments In the world, and there are no proven techniques of study with 
respect to several key issues.  

Ill. Fractured, and somewhat porous rock Imposes a well-known but analytically Intractable 
degree of complexity to fluid-flow systems, as does the vadose-zone position of the repository horizon. It Is known that: conventIonal mathematical models and 
established field-test procedures will not perform adequately In both the saturated 
and vadose zones of the Yucca Mountain environment.  

IV. The host-rock stability Is uncertain due to Its origin and composition when subjected to 
the heat of the thermal envelope.  

V. The primary (and possibly only) waste-Isolation attribute of the Yucca Mountain 
site Is Its location In an arid climate. The mechanics and site-specific conditions of recharge are unknown In these arid climates for most classes of terrane, including that 
represented by Yucca Mountain.  

The above factors relate to the thoroughness of the technical questions being asked, the very limited 
preexisting knowledge, and the complexity of the site. The following, however, relate to the DOE 
program: 

VI. There is little evidence that the DOE has followed the expert advice offered by early 
peer-review groups. The characterization program continues to be weak in the same 
areas as the site-selection program (useful field studies lacking, useless models 
dominating).

MY89051 Id- 107-



A

VII. There Is ittle evidence of peer review In the development of the majority of the CD-SCP 
activities. Only one program, climate change, seems to have had the benefit of 
Independent peer review, and we judge half of the activities may succeed, which Is a 
major Improvement over all other programs.  

VIII. There Is ample evidence that many activities -have been conceived and written, or 
perhaps rewritten, by authors with limited experience and training in the topical areas, 
and that these activities have not been reviewed by experts.  

Points six through eight disappoint us. They Indicate one or a combination of the following: 1) 
the DOE management has failed to recognize the complexity of the site (has not taken or used expert 
advice appropriately); 2) the DOE management has made a determination that careful characterization Is 
not necessary, nor perhaps desirable; and/or 3) the DOE has failed to effectively develop and manage the 
required scientific program to confidently select and characterize the site.

MY890511d- 108-



PERFORMANCE ISSUES

issues: The following sections are discussions and specific comments focused on selected performance 

PERFORMANCE ISSUE 1.1 

The ability of a mined repository to limit radionuclide releases to the accessible environment Is fundamentally dependent on geologic and hydrologic conditions at the site which, combined, establish the degree of the geologic barrier a specific site offers. Intrinsic properties such as permeability provide one general measure of site quality, while the chemistry of the rock-water system determines the mobility of radionuclides as well as the necessary desirable designs for the waste packages. Key Issue I in the Office of Geologic Repositories issues hierarchy relates to whether the mined geologic-disposal system at Yucca Mountain will isolate the radioactive waste from the accessible environment after closure in accordance with the requirements set forth in 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960 (CD-SCP, p. 8.2-2). Performance Issue 1.1, "Will the mined geologic disposal system meet the system performance objective for limiting radionuclide releases to the accessible environment as required by 10 CFR 60.112 and 40 CFR 191.13?" (CD-SCP, p. 8.2-3), dictates information needs 1.1.1 through 1.1.5 of section 8.3.5.13 of the CD-SCP, "Total System Performance": 

Information Need (CD-SCP) 

1.1.1 Site information needed to calculate releases to the accessible environment.  1.1.2 A set of potentially significant release scenario classes that address all events 
and processes that may affect the geologic repository.  1.1.3 Calculational models for predicting releases to the accessible environment 
attending realizations of the potentially significant release scenario classes.  1.1.4 Determination of the radlonuclide releases to the accessible environment 
associated with realizations of potentially significant release scenario classes.  1.1.5 Probabilistic estimates for the radionuclide releases to the accessible 
environment considering all significant release scenarios.  

Geochemistry 

8.3.1.7 Overview of Rock Dissolution .....  
8.3.1.7.1 Investigation: Rates of dissolution of crystalline and noncrystalline components in tuff.  

Comments: 

1. The use of the word "Investigation" in the title/header Is misleading; no Investigation is planned.  

2. Previous comments (Mifflin & Associates, Inc.) regarding the dissolution section of the EA have 
been ignored.  

3. Specifically, considering the listed conclusions (p. 8.3.1.7-1) regarding dissolution in the EA, restated in the CD-SCP: the second conclusion regarding mineral Insolubility is decidedly Incorrect and not based on any factual information of which we are aware.  

The first part of the fourth conclusion, insolubility of minerals comprising the host rock in and around Yucca Mountain, is Incorrect as well; therefore the second part of the fourth conclusion, "significant subsurface rock dissolution Is not a credible process leading to radionuclide releases greater than those allowable... is incorrect information and contradicts current experiments (J. D. Rimstidt, personal communication, 1988) that suggest important mass transport occurs under nonequilibrium conditions (i.e., thermal gradients expected under repository conditions).  
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8.3.1.7.1.1 Application of Results

In general, there are no results when no Investigations were specifically conducted to consider 
dissolution. The CD-SCP is Illogical when it applies speculative conclusions from the EA to this Important 
site-characterization Issue.. There are no results, only speculative and totally unsupported conclusions, to 
address higher-level findings concerning dissolution.  

The dissolution question affects favorable conditions 3, 4, and 7 (Table 8.3.5.17-1) and 
potentially-adverse conditions (Table 8.3.5.17-2) 5, 7, 8, 10, and especially 23 (potential for future 
perched water bodies that may saturate portions of the underground facility).  

Scenarios to characterize potentially-adverse condition [PAC] 5 do not address changes In the 
hydrologic conditions caused by the heat envelope generated by the repository after a few hundred years.  

Scenarios regarding PAC 7 (ground-water geochemistry conditions that could Increase solubility 
or chemical reactivity of the engineered-barrier system) do not address the thermal regime imposed by 
the waste repository, particularly the hydrochemical and mineralogical reactions that will accompany 
vaporization and condensation in fractures.  

No scenarios concerning PAC 10 (dissolutioning) will be characterized further by DOE because 
their available Information appears adequate to them. This is a serious flaw In the CD-SCP, since the 
assumption that dissolution will not occur has no basis in fact.  

Scenarios regarding PAC 23, the potential for existing or future perched-water bodies that might 
saturate portions of the repository, do not Include any that may result from actual storage of waste 
canisters in the repository over the several hundred years of perturbing thermal Influences. Only the 
potential for perched-water bodies that may form under present [preclosure] conditions will be considered 
by the DOE. This Is a serious shortcoming In DOE's slte-characterization plans considering the 
amount of water vapor that will be driven from the rock matrix in the greater than 950C portion of 
the thermal envelope.  

If the DOE continues to assume that host rock and minerals are Insoluble, then many other 
CD-SCP activities are Inappropriate, such as 8.3.1.3.2.2.1 (History of mineralogic and geochemical 
alteration...); 8.3.1.3.2'2.2 (Smectite, zeolite, manganese minerals, glass dehydration and transformation); 
8.3.1.3.3.2 (KInetics and thermodynamics of mineral evolution); 8.3.4.2.4.1.1 (Rock-water Interactions at 
elevated temperatures); 8.3.4.2.4.1.7 (Numerical analysis and modeling of rock-water Interaction); and 
8.3.4.2.4.4.2 (Repository horizon rock-water Interaction). The CD-SCP dissolution program is totally 
deficient. The aforementioned studies and activities need to be Integrated into a dissolution program.  

General Comments: Geochemistry Section 

The following items represent our major concerns regarding the geochemistry program in the 
CD-SCP. For specific comments, see the activity review sheets and the specific comment section of this 
review.  

1. The continued use of water from well J-13 as a reference water for all experimental work Is not 
justified. Most of the credit taken by DOE for ground-water travel time Is postulated to occur in 
the vadose zone and therefore most of the retardation should also occur In the vadose zone.  
Thus, obtaining chemical analyses of a vadose-zone water should be of the highest priority in the 
CD-SCP. The range of vadose-waters compositions should be determined as quickly as 
possible. As experiments and modeling employing J-13 water may have to be redone, it would 
be judicious of DOE to suspend those activities utilizing J-13 water until the vadose-water 
chemistry Is characterized.  
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2. Another serious problem Involves extrapolating laboratory sorption data (determination of Kd's 
and retardation factors) to actual field conditions. Not enough importance is being attached to this subject. It Is extremely difficult to envisage how data from experiments employing crushed tuff could be correlated to the field with any scientifically valid confidence. Crushing tuff generates new surfaces with attendant high-surface energies and nonrepresentative sorption characteristics. Furthermore, the mineralogy of the new rock surfaces from a modal standpoint is not known and should not be assumed from modal mineralogy of a whole rock sample. This may partially account for the unexplained scatter in previous experimental work and the differences between crushed tufu and solid core experiments. Highest priority should be assigned to validating the proposed experimental approach through field tests of sorption/retardation before additional resources are wasted in this extensively practiced but totally unproven methodology.  

3. A major concern is the undue emphasis placed on modeling before experimental methodology is proven and meaningful field data are collected. Vast resources will apparently be directed to modeling efforts before sufficient information is collected to justify modeling.  
4. Samples to be utilized In activities/studles are not clearly Identified, nor are sample collection and preservation techniques. Very little is known about the site to date because of sampling difficulties.  

5. Analytical methodology is not always indicated.  

6. Technical procedures are not determined.  

7. There are major inconsistencies in planned activities from one section to another.  
8. Incomplete or wrong methodologies are used In many cases to obtain the desired information (See Appendix I Specific comments).  

General Comments: Issue 1.1 Resolution Strategy 

1. DOE continues to assume that matrix flow predominates over fracture flow in the vadose zone and that the matrix must be saturated for fracture flow to occur. No data exists to support these assumptions; in fact, based on suction-head data for the various rock units, these tuff units are most likely effectively saturated and therefore fracture flow should predominate.  
2. DOE continues to assume that the percolation flux Is uniformly distributed in space and time.  This is highly speculative, not realistic nor conservative, and not supported by any data.  
3. The dissolution scenarios (among others) have been ruled "not sufficiently credible to warrant further consideration" (DOE, 1986) by a "panel of experts. The same ruling was Incredulously rendered for the bedded and domed salt sites. This ruling was not made by an Independent panel of scientifically and/or technically recognized qeochemists; but rather it was a DOE panel with, apparently, very limited expertise In the main subject area.  
4. The DOE should convene a panel of recognized practicing geochemlsts and charge these experts with the tasks of evaluation of the rock-dissolution questions, particularly In light of the thermal envelope and the water content of the repository-rock horizon. Then it needs to follow the panel recommendations on appropriate rock-dissolution studies and add these to the SCP, if appropriate.  

5. Under "Performance Parameters for Scenario Class C-3 [Table 8.3.5.13.14., p. 8.3.5.13-631 (changes in unsaturated zone rock hydrologic and geochemical properties)", no consideration is 
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given to the effect of waste emplacement in the repository. Specifically, those changes in 
rock-water geocheristry and hydrologic properties surrounding the repository level that may 
result in the formation of a perched-water body In the vadose zone above and below the 
repository, such as permeability and porosity changes brought about by refluxing of vadose-zone 
waters due to the thermal pulse of decaying waste.  

6. Individual evaluation of topical scenarios for the purpose of eliminating scenarios with Insignificant 
consequences may overlook the coupling that may occur between two or more processes/events 
that could produce significant consequences for the release of radionuclides to the accessible 
environment. We think this has occurred: the DOE has omitted the most obvious scenario of 
water vapor driven from the thermal envelope condensing In the cooler fractures that 
surround the repository horizon and returning to the boiling zone by gravitational forces.  

Summary Comments: Issue 1.1 Resolution Strategy 

Probabilistic estimates of radionuclide releases to the accessible environment must be based on 
sound, statistically valid, data and not on unproven DOE assumptions such as: 

1. Matrix flow predominates in vadose zone; 
2. percolation flux is areally and temporarily uniformly distributed; and 
3. batch sorption experiments employing crushed tuft are representative of field conditions; 
4. nor on statistically biased data such as were used by Sinnock, et al. (1986).  

Until the aforementioned assumptions are proven by site characterization or changed to 
conservative assumptions, and sound statistical and geostatistical techniques are employed to evaluate 
data, the resolution of issues will continue to be flawed.

MY890511d- 112-,



PERFORMANCE ISSUE 1.3:

Important "speciar sources of ground water that are In close proximity to a repository should be well-characterized. Key Issue I In the Office of Geologic Repositories Issues hierarchy relates to whether the mined geologic-disposal system at Yucca Mountain will isolate the radioactive waste from the accessible environment after closure in accordance with the requirements set forth in 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960 (CD-SCP, p. 8.2-2). Performance Issue 1.3, 'Will the mined geologic disposal system meet the requirements for the protection of special sources of ground water as required by 40 CFR 191.16?" (CD-SCP, p. 8.2-3), dictates Information needs 1.3.1 and 1.3.2 of section 8.3.5.15 of the CD-SCP, "Ground-water Protection".  

Information Need (CD-SCP) 

1.3.1 Determination whether any Class I or special sources of ground water exist at Yucca Mountain, within the controlled area, or within 5 kin of the controlled area 
boundary 

1.3.2 Determine for all special sources whether concentrations of waste products in the ground water during the first 1,000 years after disposal could exceed the limits 
established In 40 CFR 191.16.  

Section 191.16 of 40 CFR Part 191 was added to the final EPA rule to provide protection for those individuals in the vicinity of a disposal system (FR 38072, September 19, 1985). The CD-SCP (p.  8.3.5.15-1) provides the following explanation of EPA water-source designations: 

"An aquifer must meet several criteria to be designated as a special source. The first step in the evaluation is to establish whether the aquifer Is a Class I source as defined by the EPA Ground Water Protection Strategy of 1984 (EPA, 1984). The conditions that must be met for designation as a Class I source are (1) that the source Is highly vulnerable to contamination because of the hydrologic characteristics and (2) that the source Is Irreplaceable in that no reasonable alternative is available to substantial populations or that the source is ecologically vital in that it provides 
baseflow to a sensitive ecological system.  

If an aquifer meets the criteria for a Class I source, the next step is to determine whether it qualifies as a special source of ground water. 40 CFR 191.12 defines a special source of groundwater as "those Class I ground waters Identified In accordance with the agency's Ground-Water Protection Strategy... that: (1) are within the controlled area encompassing a disposal system or less than 5 km beyond the controlled area [the controlled area is the actual area chosen according to the 40 CFR 191.12 definition of the controlled area]; (2) are supplying drinking water for thousands of persons as of the date that the [DOE] chooses a location within that area for detailed characterization as a potential site for a disposal system (e.g.. in accordance with Section 112(b) (1 )(B) of the Nuclear Waste Policy Act); and (3) are irreplaceable in that no reasonable alternative source of drinking water is available to that population." 

A valley-fill aquifer, a tuff aquifer, and a carbonate aquifer are present at Yucca Mountain. DOE states that only the valley-fill aquifer was serving a population of thousands of persons at the time that the site was chosen for characterization (CD-SCP, Section 3.8). DOE also offers a preliminary determination that no potential special sources of ground water are present at the site, below the site, within the boundaries of the controlled area, or within 5 km of the controlled area boundary (CD-SCP, p. 8.3.5.15-6).  The hydrologic feasibility of developing the lower carbonate aquifer must consider the possibility of interbasin diversion of baseflow to the Ash Meadows Springs (Section 8.3.1.9.2.). DOE also considers that the Ash Meadows area is part of a different ground-water subbasin (Ash Meadows) from the Alkali Flat-Furnace Creek Ranch ground-water subbasin, whch contains Yucca Mountain (Section 3.6).
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The content of Section 8.3.1.9.2 (Investigation: Studies to provide the Information required on present and future value of energy, mineral, land, and ground-water resources) suggests that the 
'_J CD-SCP does not Intend to refine the very poor understanding of the western margin of the Ash Meadows 

flow system between Yucca Mountain and Ash Meadows. The projection of this boundary north of 
Lathrop Wells is entirely speculative. DOE plans an analysis 1.3.1.1. (p. 8.3.5.15-7) to determine whether 
any aquifers near the site meet the Class I or special-source criteria. This analysis consists of two 
activities (1.3.1.1.1 and 1.3.1.1.2). These pull hydrologic data from other activities and demographic 
information into an assessment.  

Comments and Discussion 

DOE prefers to ignore that the western extent of the Ash Meadows' ground-water flow system Is 
highly uncertain, as well as the carbonate aquifer's uncertain relations with the tuff aquifers of Yucca 
Mountain and the valley-fill aquifer In Amargosa Valley.  

Yucca Mountain overlies the fragmented western extent of a regional-carbonate aquifer 
(Winograd and Thordarson, 1975), which discharges on the order of 17,000 acre-feet per year of 
good-quality ground water near Ash Meadows. Structural relationships probably control the extent of the 
carbonate aquifer In this area. Four major Mesozoic thrust faults that involve the subvolcanic rocks are 
projected through the Yucca Mountain-Jackass Flats area by Wemicke (1988). From southeast to 
northwest, these are the Clery-Spector Range Thrust, the Schwaub Peak-Mine Mountain (?) Thrust, an 
equivalent of the back-facing Panama Thrust, and the Last Chance Thrust. These thrust sheets involve a 
nearly complete Paleozoic section that Is known to Include major aquifers In the region. If, as Carr and 
Monsen (1988) suggest, the breakaway zone for the Fluorspar Canyon Fault is west of Yucca Mountain 
and faults at Yucca Mountain are genetically related to the Crater Flat graben system, then Paleozoic 
carbonates could underlie the entire Yucca Mountain-Jackass Flats area. In the absence of large-magnitude Cenozoic extension, the Tertiary section would be expected to be underlain by an 
allochthonous wedge corresponding to rocks between the Marble Canyon and White Top Thrusts, and > equivalents. The Cottonwood Mountains, southern Funeral Mountains, southern Bare Mountain, and Mine Mountain (NTS) offer the best exposures of tectonic elements that could be structurally analogous to 
those beneath Yucca Mountain. In the Grapevine Mountains, the same structural level of the fold and 
thrust belt Is exposed, but Cenozoic rotation and extensional overprinting have confused relations among 
pre-Tertiary units there somewhat more than in the other listed areas.  

The Mesozoic fold and thrust belt that may underlie Yucca Mountain consists of several discrete 
thrust sheets with stratigraphic throws of up to 5 km and the full spectrum of brittle through ductile 
behavior. A key question Is whether extensional crustal thinning has removed Paleozoic carbonates from 
beneath Yucca Mountain, and if the Silurian dolomite In UE25-p#1 Is part of the laterally continuous 
carbonate aquifers which discharges at Ash Meadows. The northwest strike of prethrust normal faults in 
the Spring Mountains region indicates that hydraulic relations in and beneath the thrust sheets between 
Yucca Mountain and the northem Specter Range-Ash Meadows area should be explored. Because of 
the water-resource potential of the regional-carbonate aquifer, an understanding of flow paths within it is 
needed to resolve performance issue 1.3. The carbonate aquifer serves as a water supply for NTS 
activities and supports the unique and endangered ecology of the Ash Meadows area, Including the 
Devil's Hole part of Death Valley National Monument. In addition, the major spring areas in Death Valley 
National Monument are the principal water supply for the Furnace Creek area and may be part of the 
carbonate-aquifer system.  

The available evidence Indicates that: 

1. The alluvial aquifer Is Class 1.  

2. The tuff aquifer Is Class 1 because it is a prime recharge source to the alluvial aquifer.  
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3. The carbonate aquifers that discharge at Ash Meadows and at Death Valley are Class 1.  
We see that the "special source" designation can only be confidently resolved by determining the flow-system relationships and boundary conditions between the three aquifers known to exist in the vicinity of the controlled area. The CD-SCP has no data collection activities that will produce a definitive database and it therefore offers no useful plan to resolve the ground-water protection "special source" 

issues.
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PERFORMANCE ISSUE 1.6

The statutory requirement for evaluation of ground-water travel time (GWTT) presupposes a need 
for understanding the geometry and geologic controls on ground-water flow. Key Issue I In the Office of 
Geologic Repositories Issues hierarchy relates to whether the mined geologic-disposal system at Yucca 
Mountain will isolate the radioactive waste from the accessible environment after closure in accordance 
with the requirements set forth In 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960 (CD-SCP, p.  
8.2-2.). Performance issue. 1.6, "Will the site meet the performance objective for prewaste-emplacement 
ground-water travel time as required by 10 CFR 60.113" (CD-SCP, p. 8.2-5), dictates Information needs 
1.6.1 through 1.6.5 of section 8.3.5.12 of the CD-SCP, "Ground-water Travel Time": 

Information Need (CD-SCP) 

1.6.1 Site information and design concepts needed to identify the fastest path of 
likely radlonuclide travel and to calculate the ground-water travel time along 
that path.  

1.6.2 Calculatlonal models to predict ground-water travel times between the 
disturbed zone and the accessible environment.  

1.6.3 Identification of the paths of likely radlonuclide travel from the disturbed 
zone to the accessible environment and identification of the fastest path.  

1.6.4 Determination of the prewaste-emplacement ground-water travel time along 
the fastest path of likely radlonuclide travel from the disturbed zone to the 
accessible environment.  

1.6.5 Boundary of the disturbed zone.  

The success of several investigations in the geochemistry program will depend on recognition of 
ground-water flow paths: 

CD-SCP Section 

8.3.1.3.1 Investigation: studies to provide Information on water chemistry within the potential 
emplacement horizon and along potential flow paths; 

8.3.1.3.2 Investigation: Studies to provide Information on mineralogy, petrology, and rock 
chemistry within the potential emplacement horizon and along potential flow paths; 

8.3.1.3.4 Investigation: Studies to provide the information required on radionuclide retardation 
by sorption processes along flow paths to the accessible environment; 

8.3.1.3.5 Investigation: Studies to provide the Information required on radionuclide retardation 
by precipitation processes along flow ppths to the accessible environment;.  

8.3.1.3.6 Investigation: Studies to provide the Information required on radionuclide retardation 
by dispersive, diffusive, and advective transport processes along flow paths to the 
accessible environment; 

8.3.1.3.7 Investigation: Studies to provide the Information required on radionuclide retardation 
by all processes along flow paths to the accessible environment; and 

8.3.1.3.8 Investigation: Studies to provide the Information required on retardation of gaseous 
radionuclides along flow paths to the accessible environment.  
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The conceptual framework for calculating ground-water travel time requires Identification of "likely" flow paths to the accessible environment, along which travel times are calculated, and a disturbed-zone boundary from which calculations are begun. The original disturbed-zone concept was based on a near-field region of difficult-to-model flow processes (48 FR 35280, 35281, July 8, 1981).  Later, the NRC (Gordon, et al., 1986) proposed to restrict the disturbed-zone definition to Include only a region of intrinsic-property changes. However, this later proposal has not been formally adopted by the NRC probably because of the large region of hydrothermal (heat-pipe) effects that may develop around emplaced waste, including non-Darcian fracture flow as condensate accumulates. Intrinsic-property changes will probably accompany boiling and condensation of pore fluids, so even if the restricted definition of the disturbed-zone boundary, such as proposed by Gordon, et al. (1986) were adopted by the NRC, the boundary may extend a considerable distance above and below the repository.  

Ground-Water Flow Path 

It appears that the DOE is approaching the problem of ground-water flow paths from the following 
perspectives: 

1. Calculate flow paths using two-dimensional porous-medium model.  

2. Map the intersection of land surface with a composite regional potentiometric surface that rises and falls over geologic time.  

3. Determine physical-property conditions that govern fracture versus matrix flow.  
4. Investigate apparently steep and apparently flat regions in the composite potentiometric surface by drilling additional WT-holes and by conducting tracer tests.  
5. Prepare a plan to investigate the hydrologic significance of the Ghost Dance Fault.  

-Perspectiv CD-CP Section. M lgy 
Calculation based on fluid potentials 8.3.5.12.3.1.2 Numerical Model 
Intersection of composite 8.3.1.2 Reexamine and redate paludal regional potentiometric surface deposits 
with land surface 

Determine physical-property conditions 8.3.1.2.3 Develop empirical relations that govern fracture vs. matrix flow from laboratory tests 
Investigate steep and flat regions 8.3.1.2.3.1 Drill WT-holes, hydrology hole, in composite potentiometric surface and possibly southern tracer 

test complex 
Investigate steep and fiat regions 8.3.1.2.2.3.3 Solitario Canyon horizontal in composite potentlometric surface borehole 
Investigate hydrologic significance of 8.3.1.2.2.6 Develop plan only Ghost Dance Fault 

Disturbed Zone 

DOE proposes to develop a disturbed-zone definition (8.3.5.12.5.2, activity 1.6.5.2), and reevaluate that definition based on saturated and unsaturated-zone system investigations (8.3.1.2.2 and 8.3.1.2.3). We strongly suggest that it would be fundamental for the SCP to Include activities that delineate the extent and character of the disturbed zone as now defined.  
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The disturbed zone Is an Important focus of State of Nevada review activities. We find that the 
zone of difficult-to-understand (and characterize) processes (46 FR 35280,35281, July 8, 1981) has been 
equated conceptually by the DOE to the zone of Intrinsic-property changes. The central concept of a 
zone of intrinsic-property changes appears In most, if not all, DOE-sponsored literature that requires a 
disturbed-zone definition (Langkopf, 1987 and CD-SCP, Section 8.3.5.12.5, for example). However, even 
if there were no intrinsic property changes whatsoever, heat-driven changes In the hydrologic system 
at Yucca Mountain can reasonably be expected to be profound (and extraordinarily complex from a 
modeling perspective). These hydrothermal processes can be reasonably expected to occur within 100 
years of repository loading based on simple calculations using DOE's physical-property values.  

The CD-SCP assumes that the NRC draft generic technical position (Gordon, et al., 1986) will be 
adopted formally by the NRC. The State of Nevada has pointed out to the NRC that that draft position 
fails to consider the hydrothermal effects of the waste, causing multiphase fluid flow. It Is obvious that the 
more restricted (in space) the disturbed-zone definition, the longer the flow paths In the vadose zone 
along which travel times are calculated, and the longer the travel times in any flow scenario.  

The potential hydrothermal effects In the vadose zone of Yucca Mountain due to waste-generated 
temperatures which exceed the boiling temperature of water Is generally unrecognized' in the CD-SCP.  
Our analysis indicates marked Increases In both vapor and liquid-phase flow are expected due to the 
strong thermal envelope generated by the waste. In the fractured-rock environment, the complexity of 
heat and mass-transfer processes and associated solution-mineral reactions will be greatly increased by 
the multiphase liquid and vapor-flow environment. We estimate that about 10,000 acre-feet of water 
are present within the volume of rock that Is expected to reach boiling temperature within 100 
years.  

The CD-SCP definition of the disturbed zone Ignores the Importance of multiphase fluid transport.  
The CD-SCP definition Is not as defined and Intended In 10 CFR 60.2 (46 FR 35280, 35281, July 8, 
1981). Instead of a mechanically disturbed zone of the current DOE definition (measured as extending 
several meters from the repository horizon) hydrothermal effects have the potential to extend downward 
and upward tens to hundreds of meters from the repository horizon.  

Based'on our findings of: a) a high probability of field-scale hydrothermal multiphase (heat-pipe) 
effects occurring during repository loading, and b) the resultant zone of vaporization and condensation 
that could extend upward and downward significant distances from the repository horizon, we believe that 
a zone of intrinsic property changes Is not conservative as a basis for defining the disturbed zone.  
Physical and chemical changes within the zone of vaporization and condensation would be difficult to 
characterize by direct observation, and will be Impossible to predict accurately based on initial conditions 
only. • The DOE needs to address and establish a research program to resolve both the thermal and 
hydrothermal effects In the repository performance In the SCP.  

CD-SCP Ground-Water Travel Time Strategy 

The DOE recognizes the "reasonable assurance" licensing requirement (10 CFR 60.101(a)(2)) 
that the ground-water travel time at Yucca Mountain Is at least 1,000 years leaves this Issue ambiguous 
as to what constitutes data of sufficient quantity and quality (p. 8.3.5.12-10).  

1. Langkopf (1987) refers to unpublished modeling studies by J. Gauthier and R. R. Peters In a 1986 internal 
memorandum (SANDIA) where water redistribution was considered from the repository midline to below the 
repository. Their reported findings support our scenario of total water expulsion as vapor In a 100-year period.  
However, their model assumes the matrix would absorb the moisture.  
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CD-SCP states (p. 8.0-9): 

"The top-level strategy focuses strongly on the investigations of the characteristics of the flow in the unsaturated zone, relying heavily on the current view that the percolation is low and that the water in the unsaturated zone is tightly confined within the rock matrix. If these concepts can be confirmed, then the general objective for the system and for the post closure performance of the engineered and natural barriers are very likely to be met. As part of these investigations, the program will address alternative concepts including flow in fractures, lateral movement of water at rock interfaces in the unsaturated zone, and the effect on the flow of structural features such as faults. The ability of the unsaturated rock to hold water and limit contact of water with the waste packages will also be investigated." 

We find that the CD-SCP approach indicated by the above warrants both applause and criticism.  The correct issues have been Identified, including ground-water travel times, but the characterization approach is to prove conditions and processes favorable to waste isolation. This would make good sense if there were established technologies, in-depth understanding of the processes, simple natural systems, and well understood analog environments. This is not the case for the vadose zone at Yucca Mountain. The SCP therefore needs to be structured to test for the unacceptable conditions, and for the most part, it falls in terms of the vadose-zone issues.  

Vadose-Zone Conceptual Model Comments 

The CD-SCP investigation 8.3.1.2.2 entitled "Studies to provide a description of the unsaturated zone hydrologic system at the site" presents the DOE's purpose and objective as "to develop a model of the unsaturated-zone hydrologic system at Yucca Mountain that will assist in assessing the suitability of the site to contain and isolate waste." It is also stated that In developing the model the needed information will be provided through ten studies to characterize the flow and transport through the Yucca Mountain unsaturated zone. The major studies planned to be conducted by DOE during site characterization address the areas of unsaturated-zone infiltration, percolation, gaseous-phase circulation, and hydrochemistry. Appendix I indicates our opinion of the general failure of these investigations to adequately establish site characterization objectives.  
The CD-SCP conceptual model of water flow through the vadose zone is generally based on the assumption of steady-state downward flow. A second assumption is that the water flux through the vadose zone is so small that most water flow Is through the matrix of the rock and not through fractures.  A third assumption Is that matrix flow will predominate through the repository horizon (Topopah Spring).  This assumption largely depends upon the hypothesis that excess recharge is both diverted away from the repository horizon and retarded by capillary and permeability barriers at the contacts between the Tiva Canyon welded unit and the underlying Paintbrush Tuff nonwelded unit; and between the Topopah Spring welded unit and the overlying Paintbrush Tuff nonwelded unit.  

The CD-SCP vadose-zone conceptual model is articulated on p. 3-207 to 3-213. In reviewing the CD-SCP, we have become aware of two important facts. First, the CD-SCP does not seriously consider conservative conceptual models that fit the limited site-specific data and the open-literature data.  Second, the CD-SCP conceptual model, amazingly, perfectly satisfies all of the following conditions: 
"() Low moisture flux in the host rock and in the overlying and underlying hydrogeologic units; 
(ii) A water table sufficiently below the underground facility such that fully saturated voids contiguous with the water table do not encounter the underground facility; 
(iii) A laterally extensive, low-permeability, hydrogeologic unit above the host rock that would inhibit the downward movement of water or divert downward-moving water to a location beyond the limits of the underground facility; 
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(iv) A host rock that provides for free drainage; or

"K- (v) A climatic regime in which the average annual historic precipitation Is a small percentage of 
the average annual potential evapotranspiration." (10 CFR 60.122(b)(8)).  

The above, of course, are the NRC favorable conditions for a repository in a vadose-zone 
environment.  

We think the'CD-SCP conceptual model of flow of water through the vadose zone is not based on 
nor supported by the available technical data. The estimated downward ground-water flux may below In 
the light of published data. Estimates of the downward vertical matrix flux (no fracture flow) through the 
repository-horizon host rock range from a low value of 0.003 mnVyear (based on laboratory 
determinations on core, Weeks and Wilson, 1984) to a high of 10 mnmyr (Sass and Lachenbruch, 1982) 
based on the geothermal-gradient analyses. Montazer and Wilson (1984) data from borehole UZ-1 show 
negative (upward) flux of approximately 1 to 2 mm/yr In the Topopah Spring unit. They also estimated 
that a downward flux through the same unit to be 1 mm/yr based on geometric mean of the saturated 
hydraulic-conductivity measurements on core samples assuming a hydraulic gradient of one. However, 
Montazer and Wilson (1985) reported that the measured hydraulic conductivity of two saturated samples 
was two-orders-of-magnitude greater than the geometric mean. For the Paintbrush Tuff nonwelded unit, 
they estimated that a vertical flux of 0.1 to about 100 mm/yr may be occurring. Additional uncertainty on 
the estimated flux under present conditions is introduced by recharge estimates of 4.5 mm/yr (Rush, 
1970) to 5 mm/yr (Waddell, et al., 1984). These estimates of recharge are Inconsistent with the 
postulated 1 mmVyr by the CD-SCP. If the saturated-matrix conductivity of the Topopah Spring unit is 
limited to a maximum of 1 mm/yr as DOE Indicates, then the vadose flux could pass through the 
repository-horizon host rock (Topopah Spring) as fracture flow.  

The CD-SCP conceptual model also assumes by implication that the recharge throughout the 
proposed repository boundary area is uniformly distributed. In desert terrane such as the Yucca Mountain 
site, the recharge may be low and variable. However, much of the recharge is certainly concentrated and 
focused beneath washes, in and through open and exposed fractures, and through faults In the rock 
matrix of the repository block. It is very likely that most of the recharge occurs through the fractures and 
in tum gives rise to the flux values that shorten dramatically the ground-water travel times through the 
vadose zone toward the accessible environment.  

The CD-SCP assumption that a capillary barrier exists at the contacts between the Tiva Canyon 
welded unit and the underlying Paintbrush Tuff nonwelded unit, and between the Topopah Spring welded 
unit and the overlying Paintbrush Tuff nonwelded unit is unlikely based on the available information 
provided by DOE. There Is no data or evidence that recharge moves laterally down dip at the contact 
between the fractures networks of the Tiva Canyon welded unit and the matrix of the Paintbrush Tuff 
nonwelded unit. To date, no field or laboratory data have been published by DOE which Indicate that 
saturated conditions have been observed at or near the contact. It is unlikely that water will move laterally 
over any significant distance until the tuff is almost saturated.  

In addition to the above, the CD-SCP postulates the existence of a capillary barrier between the 
Paintbrush Tuff nonwelded and the Topopah Spring units. There Is no evidence that water is present 
across this contact or as a general condition across the site. Therefore, there Is no basis to assume that 
"excess rechargeu has been stored or that significant lateral flow is occurring within this unit.  

The CD-SCP discusses (on pages 8.3.1.2-248 to 250) the use of the geochemical approach to 
evaluate and determne the flow direction, water flux, and ground-water travel time in the unsaturated 
zone by Isotopic techniques. It also states: 
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"uPore fluids from the matrix and near fractures will be extracted from exploratory shaft rubble core for chemical and Isotope analyses.', "Fracture fluids are expected to permeate the surrounding matrix., and oFluids from samples with moisture contents less than 11 percent (including samples that have been squeezed and centrifuged) will be extracted using the vacuum distillation method.* 
This technique may be useful in estimating and evaluating the ground-water travel times of water in the matrix. However, it is not clear from the CD-SCP how water in the fractures, especially the Topopah Spring unit, will be sampled for the geochemical isotopic technique. Nowhere under any activity is it explained how fracture waters will be sampled and analyzed when encountered. •There are no activities that address field determination of saturated fractures, or ephemeral fracture flow. Other problems that are not addressed by the CD-SCP are the distributed nature of recharge over the repository block, the scale at which data is developed, the three-dimensional distribution in space of data collection, and the manner In which interpretations of these data will be made. Based on surface mapping and the core data, there are several million fractures within the repository block and every one of these is a possible conduit for both liquid and vapor flow. In addition, there are very significant lithologic units and associated facies that can markedly impact matrix-hydraulic conductivities. We find no activities that recognize and deal effectively with these problems.  

Vadose Zone Boreholes: The CD-SCP activity 8.3.1.2.3.2 (p. 8.3.1.2-14) entitled TMSite vertical borehole studies* describes the DOE investigation which involves dry drilling and coring of nine planned boreholes that will range In depth from 122 to 460 meters below the land surface. We are surprised by the apparent strategy of the vadose-zone drilling program. Based on the exlsting data on moisture in the vadose zone, it could be interpreted that the drilling plan has been designed to avoid developing additional data on perched water, or resolving already developed ambiguous data. Specifically UZ-14, near UZ-1, has a design depth of 120 m. Thus, it will avoid encountering known saturation at 387 m, which stopped UZ-1 drilling. Also, it will not provide any data to resolve the ambiguous potential records of UZ-1 in the Topopah Spring.  

In addition, all the deep boreholes (UZ-9, UZ-9a, UZ-9b, UZ-2, UZ-3, UZ-10) are useless with respect to evaluating the occurrence and extent of perched water at or below the repository horizon in the repository block. UZ-2 and UZ-3 are shallower than UZ-6 and located very close to UZ-8, hence no new data on the distribution of perched water is likely to be established. UZ-9, UZ-9a, uZ-9b, and UZ-10 are too far from the repository block to be representative of the block conditions. All the rest of the boreholes are too shallow to develop data at or below the repository horizon. Such a plan is unlikely to establish new information on perched water and it can not resolve existing questions about already encountered perched water.  

We find that the same two drilling techniques previously used in site-selection studies are planned for all future surface based vadose-zone studies. Both of these drilling methods have serious weaknesses that are well known to DOE from experience, and these weaknesses seriously impact the ability of the DOE to characterize the vadose zone. The ODEX method Is slow and has produced a depth maximum of around 400 feet. The reverse-air vacuum produces a large diameter borehole, can not drill through perched water, produces unstable boreholes In fractured tuff, and Is unnecessarily costly. The moisture data from UZ-1 and UZ-6 are compromised by ;-le large diameter of the borehole and the prolonged drilling time.  
Vadose Zone Siting Criteria: The NRC siting criteria set forth In 10 CFR'60.122 consist of two sets of conditions namely, the first set (10 CFR 60.122(b)) encompasses favorable conditions and the second set (10 CFR 60.122(c)) encompasses the potentially adverse conditions. The NRC siting criteria include the requirement that DOE must demonstrate and show by analysis that the potentially adverse conditions, if present at the site, do not affect significantly the ability of the geologic repository to meet the performance objective related to Isolation of the waste. The CD-SCP sets out a plan to prove a conceptual model of favorable conditions. In doing so, it fails to provide a plan of activitIes that test for unfavorable conditions in the vadose zone.  
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Concluding Vadose Zone Comments

The confident characterization of the vadose-moisture regime of Yucca Mountain fractured tuft Is 
the most important hydrogeological site-characterization objective. Based on our technical review of the 
CD-SCP, the following observations are warranted: 

1. The methodologies proposed by DOE for obtaining in-situ physical measurements of moisture 
conditions In vadose-zone fractured tuff are based on porous media models which are 
Inappropriate for fractured tuff; therefore, the proposed methodologies are highly experimental 
and have questionable probability of success.  

2. Within fractured rocks, such as In the vadose zone of Yucca Mountain, the unresolved problem of 
an appropriate scale of data collection Is not being addressed. The CD-SCP Is not clear on how 
this scale problem Is going to be resolved.  

3. There Is no new approach In the CD-SCP for establishing confident travel times In the saturated 
zone. We suggest that the SCP should contain field-oriented research activities that attempt to 
establish the scale(s) at which the tuff aquifers can be treated as equivalent porous media 
between the repository block and the accessible environment.  

4. The heavy reliance on computer and numerical codes developed for characterizing the liquid, 
vapor, heat, and radionuclide transport within the fractured rocks Is disturbing because of the 
general absence of a reliable validation methodology and the continuing unavailability of reliable 
field data at various scales (laboratory versus repository scale).  

Saturated Zone and Regional Hydrogeology 

A key component of hydrogeologic characterization Is establishment of relations between 
geologic elements of the system and fluid flow. Boundary conditions for any region of Interest are 
primarily due to geologic controls either directly, as In the case of an Impermeable barrier to flow, or 
intrinsically, as In the case of a natural conduit.  

In the summary of significant results from Chapter 1 (Geology) of the CD-SCP, the following 
statements are made: 

"Planned studies will Identify and characterize the subvolcanlc rocks and delineate their contact 
with overlying volcanic rocks (Section 8.3.1.17) to allow for refinement of hydrologic and tectonic 
models." (CD-SCP, p. 1-323).  

Also, 

"Inactive faults and fractures, In their role as hydrologic barriers and conduits, may also Influence 
the hydrology In the repository area for the postclosure period (Chapter 3)." (CD-SCP. p. 1-328).  

Chapter 3 of the CD-SCP summarizes the present state of knowledge concerning the hydrology 
of the Yucca Mountain site. Two sections, 3.7.4.2, "Ground-Water Flow Paths During the Quatemary 
Perod," and 3.9.3.1, "Accessible Environment and Credible Pathways," relate to flow-path and travel-time 
issues.
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The CD-SCP states on p. 3-198:

"*Tests are planned to evaluate the conditions under which flow in fractures and faults may occur 
(Section 8.3.1.2.3), thus aiding in the definition of flow paths in the unsaturated zone." 

Also, 

"...because of the nearly flat potentlometric surface under parts of Yucca Mountain, specific fiowpath directions are currently difficult to define. Furthermore, the degree of anisotropy has not been evaluated. Additional water-table holes and extensive multiple-well and single-well tracer tests may help define anisotropy, hydraulic connections, and probable flow paths in the saturated 
zone (refer to Section 8.3.1.2.3.1)." 

According to a statement on p. 3-105, Section 8.3.1.2 includes studies to reexamine and redate spring and marsh deposits from the south end of Crater Flat and south of Yucca Mountain.  

Regarding ground-water flow paths during the Quaternary period, the CD-SCP states on p.  3-107: 

"...the occurrence of calcitic veins, tufts, and marsh deposits kilometers to tens of kilometers upgradient from areas of modem ground-water discharge indicates that flow to points of ground-water discharge were shorter in the past." 

Evidence of possible megascale channeling In carbonate rocks of the southern Great Basin has been available in the open literature for over a decade. The CD-SCP reiterates the results of Winograd 
and Pearson (1976): 

[Winograd and Pearson] have shown a radiocarbon anomaly in Crystal Pool to probably be caused by megascale channeling, with water moving to this discharge point at velocities appreciably greater than those to adjacent springs." (CD-SCP, p. 3-102).  
Structural Control on Flow Paths: As stated on p. 8.3.1.17-186, the tectonic synthesis will be applied to information need 1.6.1 (Section 8.3.5.12.1), "site information and design concepts needed to identify the fastest path of likely radionuclide travel and to calculate the ground-water travel time along that path." This is one component of the ground-water travel time Issue, as outlined on p. 8.3.5.12-23 in a discussion of interrelationships of information needs. DOE Indicates that tectonic synthesis will also be applied to investigations 8.3.1.2.1 (regional hydrologic system) and 8.3.1.4.2 (geologic framework).  

We have reviewed the CD-SCP for investigation activities planned to assess the hydrologic significance of geologic structure In the Yucca Mountain region. We looked for evidence that hydrologic test drilling is effectively integrated with geologic-characterization activities. The basis for our review comments Is Table 8.3.1.4-2, "Site Characterization Plan Proposed Drilling Requirements," which lists proposed boreholes and associated CD-SCP activities.  

Only one actMty of the CD-SCP is squarely aimed at characterizing the hydrogeologic significance of a discrete repository-scale geologic structure. Activity 8.3.1.2.3.1.1, "Solitarlo Canyon Fault Study In the Saturated Zone," will attempt to determine whether the Solitarlo Canyon Fault is a barrier to eastward movement of ground water through the repository block. Two new WT-holes will be drilled near the Solitarlo Canyon Fault, plus a new hydrologic test hole (production well) east of the fault on the ridge crest of Yucca Mountain, designated H-7. A long-term pumping test intended to observe pumping response across the Solitarlo Canyon Fault is planned. We commend this effort but question why similar studies are not planned to evaluate other known structures, such as the Ghost Dance Fault.  
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Steep hydraulic gradients Immediately upgradlent of the repository appear to have focused DOE's attention with respect to mission objectives. Activity 8.3.1.2.3.1.2, "Site Potentlometric-Level 
Evaluation," calls for two water-table driliholes near Drill Hole Wash to obtain additional data on the 
steep hydraulic gradient In this area, and another two water-table drillholes south and east of the 
repository site. It Is evident from the discussion on p. 8.3.1.2-302 that data from geologic ddllhole USW 
G-5 will be used to help determine the probable cause and nature of the steep hydraulic gradient north of 
Drill Hole Wash. Conversely, the region Inferred to be down the hydraulic gradient receives virtually no 
attention in terms of possible structural controls and hydraulic connection with underlying and overlying 
aquifer lithologies.  

No plans are given for assessment of preferred flow paths in carbonate rock between Yucca 
Mountain and Ash Meadows, or refinement of the inferred westem boundary of the Ash Meadows 
ground-water flow system. Activity 8.3.1.2.3.1.6, "Well Testing with Conservative Tracers 
Throughout the Site," calls for a possible second multiple-well tracer test complex in a location "where 
the physical rock properties are significantly different from those of the C-hole location" (CD-SCP, p.  8.3.1.2-327). There Is no discussion of the many distinct geologic controls on fluid flow that might be 
investigated with tracers, nor is there any elaboration of the role of tracers In developing a hydrologic 
characterization of structural discontinuities. Most Importantly, the building of a statistically meaningful 
sampling rationale from available data is not evident in the geohydrology program.  

Hydrologic Effects of Regional Strain Features: Calcite veins in Pliocene and younger rocks at Ash 
Meadows strike N40*.10OE (Winograd and Szabo, 1986; CD-SCP, 1988). This is approximately at right 
angles to the direction of regional Cenozoic extension. Although major northeast-trending structures exist 
in the Yucca Mountain region, the CD-SCP does not appear to address the possibility that they might 
represent conduits to ground-water flow because of their fundamentally dilational character.  

The CD-SCP alludes to the possible, but unknown hydrologic significance of detachment faults in 
the following statement: 

"If detachment faults exist at depth below the site, their relevance to repository design and 
performance as potential sources of ground motion, rupture, or hydrologic conduits or barriers 
hinges on their age, depth, and nature of the intersection of the detachment faults with the 
steeply-dipping Quaternary normal faults within the site area' (DOE CD-SCP, p. 8.3.1.17-132).  

The possible hydrogeologic significance of detachment faults Is therefore recognized in the CD-SCP, but 
no studies are presented for hydrogeologic assessment of detachment faults. The structural studies that 
focus on particular groups of faults near Yucca Mountain are disjointed from a hydrogeologic perspective, 
with the exception of Solitario Canyon Fault studies, since they do not Include hydrogeologic objectives.  
One of the stated objectives of activity 8.3.1.17.4.12.1 (Evaluate Tectonic Processes and Tectonic 
Stability at the Site) is to "...evaluate the regional extent of detachment faults...and evaluate regional 
extent of Paleozoic rocks known to be aquifers, aquitards, or to provide favored surfaces of detachment 
or thrusting" (DOE CD-SCP, p. 8.3.1.17-181). The description of this activity given on p. 8.3.1.17-182 of 
the CD-SCP provides for topical reports on "Quaternary wrench faulting, detachment faulting, normal 
faulting, and left-lateral strike-slip faulting." Gravity and magnetic maps will be compiled, and "geologic 
cross sections showing Inferred subsurface structural and stratigraphic geometry will be prepared." 
Nowhere, however, do we find a statement of any clear hydrogeologic objective accompanied by a testing 
methodology, in these tectonic studies.  

We have been unable to judge the merits of DOE's proposed borehole locations since locations 
given in the CD-SCP are Inconsistent and generally unjustified. For example, we note major 
discrepancies between proposed borehole locations given In Section 8.3.1.2.3.1.2 "Activity: Site 
Potentiometric Level Evaluation," and Section 8.3.1.4.1 "Investigation: Development of an Integrated 
Drilling Program." If, as stated on p. 8.3.1.4-18 of the CD-SCP, each proposed drillhole represents a 
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source of data Intended to answer a particular requirement of design or performance assessment, then all proposed holes should be precisely located and comprehensively justified. Furthermore, if Figure 8.3.1.4-2 contains a mixture of randomly-located and Judiciously-sited holes, they should be clearly 
distinguished.  

The difficulty In defining flow paths In the saturated zone for travel-time calculations is due, as stated on p. 8.3.1.2-295 of the CD-SCP, to the fact that hydraulic tests at Yucca Mountain have failed to 
identify definitive hydrostratligraphlc units: 

"If pervasive fracturing crosses stratigraphic boundaries and accounts for orders of magnitude greater hydraulic conductivity than does the matrix, it may not be appropriate to simulate 
ground-water flow within a framework of hydrostratlgraphic units." 

As indicated earlier, only one activity, 8.3.1.2.3.1.1, "Solitarlo Canyon Fault Study In the Saturated Zone," Is focused directly on determining the hydrologic role of a discrete geologic structure. While it is recognized that "...flow down the Ghost Dance Fault could result In concentrated flow In a part of the repository horizon" (CD-SCP, p. 8.3.1.2-255), a plan to characterize flux In the Ghost Dance Fault has 
not been presented In the CD-SCP.  

There Is no provision in the CD-SCP for hydrogeologic assessment of (discrete) geologic discontinuities in a geostatistically robust (rigorous) fashion. Plans have been made for a limited analysis of the hydrogeologic significance of the Solitarlo Canyon Fault, and as yet no plan exists for analysis of the Ghost Dance Fault. Activities proposed in the CD-SCP to provide flow-path characterization offer little hope of resolving performance Issue 1.6 with respect to flow in the saturated zone. A comprehensive drilling and testing program that Includes an assessment of the hydrogeologic character of representative geologic structures (or areas) is absent from the CD-SCP. The CD-SCP fails to focus site-characterlzation activities on real (as opposed to simulated) flow paths.  

INTERPRETATION OF FINDINGS: 

The CD-SCP Is seriously deficient in establishing a site characterization program that will resolve 
key licensing Issues.  

ADDITIONAL WORK REQUIRED: 

A comparison of the new SCP (published In December 1988) with our "Review of Consultation 
Draft of the Site Characterization Plan ... of January 1988".  

RECOMMENDED PROGRAM (objectlves/actlvltles): 

Objective: 

Review of the SCP, especially its hydrogeologically related activity, In terms of: 1) conceptual completeness and focus; 2) appropriateness of methodology to accomplish stated objectives; 3) availability of supportive technology; and 4) probability of success and/or feasibility.  

EXISTING PROGRAM: 

Review of the revised SCP.
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Appendix E-111 

Technical Meetings/Symposia Attended 
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Date 

23 Jan. 1987 

26 to 28 Jan. 1987 

10 to 12 Feb. 1987 

24 to 28 Feb. 1987 

27-30 Apr. 1987 

17-21 May 1987 

18-21 May 1987 

27 to 29 May 1987 

15-16 Jun. 1987 

23-26 Jun. 1987 

8 to 9 Jul. 1987 

30 Jul. to 9 Aug. 1987 

11 to 16 Sept. 1987 

06 to 08 Oct. 1987 

03 to 06 Oct. 1987

Spons 

US-DC 

Princel

Technical Meetlngs/Syr 

3or 

:E 

on University

National Water Well Association 
(NWWA) 

US-NRC 

Nuclear Structure Research 
Laboratory, University of 
Rochester 

American Geophysical Union 
(AGU) 

NWWA-Assoclation of 
Ground Water Scientists and 
US-EPA-EMSL 

US-DOEIUSGSISAIC 

Sandia National Laboratory 

Continuing Education in 
Engineering, U. C. Berkeley 
Extension 

US-NRC 

International Union for 
Quatemary Research (INQUA) 

GSA 

Minerals and Geotechnical 
Logging Society 

Colorado Section of the 
American Institute of Professional 
Geologists and the Computer 
Oriented Geological Society
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nposla Attended 

Meetlng/Symposla 

DOE Environmental and Socioeconomic 
Monitoring and Mitigation Plans : 
Background on Site Characterization 
Activities.  

Contaminant Transport Modeling 
Seminar/Short Course.  

Solving Ground Water Problems with 
Models.  

NRC Field Trip in Southern Nevada.  

Fourth International Symposium on 
Accelerator Mass Spectrometry.  

AGU Spring Meeting.  

First National Outdoor Action Conference on 
Aquifer Restoration, Ground Water 
Monitoring and Geophysical Methods.  

Peer Review on Calcite and Opaline Silica 
Deposits Located along Faults Near Yucca 
Mountain.  

Uncertainties in Groundwater Travel Time 
Calculations at Yucca Mountain, Nevada, 
Second Meeting.  

Aqueous Corrosion - Theory and Analysis.  

Review of USGS Program.  

Congress XI: INQUA.  

Paleoenvironmental Interpretation of 
Paleosols Penrose Conference.  

Second Intemational Symposium on 
Borehole Geophysics for Minerals, 
Geotechnical and Ground Water 
Applications.  

Computer-Aided Methods and Modeling in 
Geology and Engineering.



18 to 22 Oct. 1987 

24 to 29 Oct. 1987 

07 to 10 Dec. 1987 

16to 18 Feb. 1988 

22 to 26 Feb. 1988 

Feb. 1988 

29 to 31 Mar. 1988 

23 to 26 May 1988

Clay Minerals Society (CMS) 

GSA 

AGU 

Association of Ground Water 
Scientists and Engineers 

DOE/USGS.  

Nevada Water Resources 

Association 

GSA 

Association of Ground Water 
Scientists and Engineers and 
the US-EPA-EMSL.

Clay Minerals Society Meeting.  

Geological Society of America Meeting and 
Short Course.  

AGU Fall Meeting.  

Ground Water Geochemistry Conference.  

NNWSI-USGS Trench 14, Busted Butte 
Carbonate/Opal Hydrogenic Deposits 
Sampning Field Trip.  
Nevada Water Resources Association 
Meeting.  

GSA Cordilleran Section Meeting.  

Second National Outdoor Action Conference 
on Restoration, Ground Water Monitoring 
and Geophysical Methods.

MAI Field Trips: 

29 May 1987 

June 1987 

June 1987 

20 and 25 August 1987 

October 1987 

November 1987 

27 to 30 December 1987 

February 1988 

February 1988 

February to April 1988

Crater Fiat Preliminary Age Dating Field Studies.  

Field Mapping at Com Creek Fiat.  

Reconnaissance Study of the distribution of packrat middens of 
Pleistocene age In Fortymile Wash, Sandy Valley, Coyote Springs, and 
L Pahranagat Valley.  

Colloid Sampling in Oasis Valley and Ash Meadows.  

Tecopa Basin field trip 

Reconnaissance Studies of "Lacustrine Life deposits in Piute Valley, 
Searchlight, Nevada) and Coyote Springs.  

Field Trip to Pahrurmp Valley and Tecopa Valley 

Tecopa area field trip.  

Tecopa area field trip.  

Field trip to collect pack rat middens along the White River drainage 
system.
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