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Chapter 1. Introduction

1. Introduction

1.1 Background

Yucca Flat is a north-south elongated basiniwithe Nevada Test Site, Nevada, formed
in the past 11 million years by basin-and-raegtension. Alluvial deposits of thickness
to 900 m overly Miocene volcanic rocks ofngeally rhyolitic composition erupted from
caldera sources west and northwest otidigin. The Miocene volcanic rocks originated
as nonwelded to densely welded ash-flofistuash-fall deposits, and reworked tuffs.
With basin subsidence, the volcanic rocksne in contact with groundwater, causing
zeolitization and/or argillization. The wa@nic rocks unconformably overly Paleozoic
sedimentary rocks including a regionathmanate aquifer extending beneath and beyond
Yucca Flat.

Between 1951 and 1992, 659 underground nuctésts (747 detonations) were
conducted in Yucca Flat (U.S. DepartmehEnergy, 2000), including 325 within the
Miocene volcanic rocks. Residual radiondelicontaminants from underground nuclear
tests include fission products, devemmponents, and activation products.
Approximately one-third of underground nuclear tests in Yucca Flat were conducted
below or within 100 m of the water tablEhe U.S. Department of Energy is conducting
remedial activities at the Nevada Test Site.

The Underground Test Area (UGTA) prajecidresses groundwater contamination
resulting from historical undground nuclear testing conducted by the U.S. Department
of Energy on the Nevada Test Site. As dithe UGTA project, groundwater flow and
transport models are being developed at multiple scales including the Corrective Action
Unit (CAU) scale designed to encompassumidwater flow and contaminant transport
processes associated with diffet testing areas at the Neealest Site. One CAU-scale
model will address groundwater flow and contaminant transport in the Yucca Flat and
Climax Stock testing areas as outlined in reBigure 1-1. The UGTA project will also
use smaller scale flow and transport modekhe Yucca Flat and Climax Stock areas to
examine complex test-related procsses siscfl) test-induced effective stresses and
pressurization of pore fluid€?) infiltration of rainfall aad captured runoff into test-
induced craters and collapse chimneys] (3) thermal groundwater flow and
radionuclide transport extended from previstuigdies at Frenchman Flat and Pahute
Mesa CAUs (Tompson et al., 1998; Pawloskalet2001; Wolfsberg et al., 2001; Carle et
al., 2007).
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Figure 1-1.

Map of Nevada Test Site showing outlines of CAU-scale groundwater flow and
contaminant transport model boundaries (from Bechtel Nevada, 2006).
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West East
Southern Yucca Flat as

TM-LVTA

Hydrogeologic Units Hydrostratigraphic Units Not to scale

Alluvial aguifer AA Alluvial aquifer I\\ Fault; arrows show
razus [ _ TM-LVTA  Timber Mountain lower vitric-tuff aquifer sense of movement
[ Vitric-tuff aquifer uTCcU Upper tuff confining unit
o . TSA Topopah Spring aquifer
Ttk confiriiog Lt LTCU LDS\"EpI' tuff r?orr;i;ni nqg unit
Welded-tuff aquifer OSBCU  Oak Spring Butte confining unit
) ATCU Argillic tuff confining unit
E Carbonate aquifer LCA Lower carbonate aquifer

Figure 1-2. Schematic cross section of hydrogeologic and hydrostratigraphic units in southern
Yucca Flat (from Bechtel Nevada, 2006).

As part of the hydrogeologic and flow andrisport model development efforts for the
UGTA project, rocks beneath Yucca Flat h&seen categorized into hydrogeologic units
(HGUs) and hydrostratigraphimits (HSUs) to provida geometric framework for
development of CAU and subAU scale flow and transpomodels (Bechtel Nevada,
2006).Figure 1-2shows a schematioss section of HGUs and HSUs in southern Yucca
Flat. Volcanic rocks within Yucca Flat are separated into aquifers and confining units.
The Tuff Confining Unit (TCU) is a hydrogeologic unit that congafiour confining

HSUs — the Upper Tuff confining unit (UTG, Lower Tuff confining unit (LTCU), Oak
Springs Butte confining unit (OSBCU), aAdgillic Tuff confining unit (ATCU). Much

of the volcanic rocks within TCU confiningnits consist of zealzed and argillized
bedded tuffs with relatively low permeabililityolcanic aquifer HSUs are located either
above the TCU, such as the Timber Moumtawer vitric-tuff ajuifer (TM-LVTA) or
interlayered within TCU HSUs, such agthopapah Spring aquifer (TSA). The aquifer
HSUs of the Miocene volcanics largely ct®f unalterred or fractured welded tuffs.

1-3
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Most underground nuclear tests conducted incduelat were located within or above the
TCU. The hydraulic and mineralogic propestof the TCU suggest that the TCU will
retard both groundwater flownd radionuclide transport.

As part of UGTA project, mineral percegts using X-ray diffraction (XRD) methods
were compiled for 4,135 rock samples from the southwestern Nevada volcanic field
(Warren, 2007). These mineral percentage datave from a variety of sources including
containment program perspecti and newly aegldata, which leads to variability in
detection limits and data quality. 1,172 of #nesck samples are loeat within HSUs of
the TCU.

In this report and elsewhe(Zavarin et al., 2004; &8ter-Navarro, 2007), “reactive

minerals” are defined as calcite, zeolite, smectite, hematite, and mica while all other
minerals are defined as “non-reactive malg’. The reactive mierals are known to
effectively sorb radionuclidesf interest. At the NTS, #hzeolite category is dominated

by clinoptilolite but includes mordenite and analcime. The hematite category includes all
iron oxides. However, due to its crystallinature, hematite is more easily identified by
XRD than goethite or hydrous ferric oxidehe mica category includes both illite and
biotite/muscovite. The categories of reactinmerals are based on their similar sorptive
properties. The non-reactive minksrenay, in fact, contribute tihe retardation of certain
radionuclides but their contribution will bienited. One exception is the role of

manganese oxides. While manganese oxikag provide a signifiant radionuclide sink,
information regarding their abundance antgptwe behavior is limitied and cannot be
addressed at this time. Manganese oxides minerals, when present, are typically identified
as fracture lining minerals. The role of fra&dining minerals is not addressed in this
report.

Observed variability of reactive mineralrpentages within the TCU indicates that
radionuclide sorption propertiedll vary spatially withinthe TCU. Accordingly, HSUs
have been further subdivided into reaetimineral categories (RMCs) and reactive
mineral units (RMUSs) to address spatial vaitigbof radionuclide sgption properties in
radionuclide transport modeg(Stoller-Navarro2007). RMCs are categorized by ranges
of reactive mineral percentag@hapter 4), while RMUs amapped as equivalent to or
subunits of HSUs based on reactive mineraloparacteristics and lithology (Chapter 5).

Analysis of spatial variability of reactive neral percentages in the TCU is needed to
develop accurate and realistic approadbhgspulating radiondicle transport models

with radionuclide sorption propertiddany UGTA transport models assume linear
exchange processes between solutes infodeand minerals ipporous media solids
through use oKy coefficents known to depend on reactive mineral percentages
(Viswanathan, 2003; Zavarin et al., 2004).c&ithe percentages of reactive minerals are
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known to vary spatially in the TCWq coefficients for diffeent radionuclides are
expected to vary spatially in the TCU.

This study uses the TCU XRD data to amalyand simulate frequey distributions and
spatial variability of reacti minerals and radionuclidg coefficients in the TCU. An
important objective of this study is to igrate HGU, HSU, RMCand RMU frameworks
of UGTA flow and transport modeling effsrivith theoretically sound geostatistical
analysis of spatial variabilitgnd stochastic simulation ofactive mineral distributions
andKag.

1.2 Document Organization

Chapter 2 states objectives and summaltegsechnical elements of this report,
including relationship to UGTAvork, approach to charactesition of spatial variability
of reactive mineral distributions akadl, and subsequent geostatistical analyses.

Chapter 3 evaluates the TCU XRD dati#weonsideration of factors affecting
subsequent geostatistical analyses:

e Location and spacing of data,

Effects of different XRD methods,
e Properties of compositional data,
e Transformation of data (e.g. logarithmic, additive log ratio),

e Characteristics of reactive mineral frequag distributions in the composite XRD
data set.

Chapters 4 and 5 evaluate reactive mingisttibutions with rgpect to RMC and RMU
frameworks developed for the UGTA projecitmconsideration of feasibility to apply
geostatistical methods to characterizatbneactive mineral distributions ai@ within
RMCs and RMUSs.

Chapter 6 describes use of the additiverbig (ALR) and otherelationships between
reactive and non-reactive mineeddundances to define critrfor distinction of five
reactive mineral facies (RMFs). RMFs aresdly related to inglidual or grouped RMUs
having similar lithologic and reactivaineral distribution characteristics.

Chapter 7 evaluates reactive mineralristions in RMFs, including XRD method-
specific corrections. Justification of the ALR transformation is demonstrated by Gaussian
distributions obtained for the ubiquitousactive reactive minerals mica, smectite, and
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zeolite in RMFs. The spatial distribution RMFs is intepreted in relation to RMCs,
RMUs, and hydrostratigraphic s (HSUSs) in the TCU.

Chapter 8 applies the component additivity methodology of Zavarin et al. (2004) to
convert distributions of reactivminerals into distributions dbg{K, | for ten

radionuclide classes. Chapter 9 appliesogrtam analysis to investigate spatial
variability of log{K,} within RMFs.

Chapter 10 addresses geostatisticalation of spatial variability oKy and Iog{Kd}

and reactive mineral distributions, including issuelated to data limitations, effects of
spatial correlation and scale, properties of compositional data, and uncertainties in
component additivity methodology parameters for estimatingimulation approaches
are proposed involving dict simulation oﬂog{Kd} and simulation of ALR transformed

variables with subsequent backsérmation to mineral fractions ah@.

Chapter 11 provides consions and recommendations.

1.3 Previous Work

Using a subset of mineralogic data examimethis study, Prothro (2005) identified three
“mineralogic zones” based on relative abundgnaf primary and secondary minerals
within the TCU. These three zones clgssbrrelate to the tee most voluminous

reactive mineral facies (RMFs).-UTCU Zeolitic, OSBCU Zealitic, andArgillic —

that will be defined in this port. Relative to Prothro (20P3his study interprets more
XRD data over a wider extent of Yucca Flatiwiocus on reactive minerals that impact
the spatial variahbily of radionuclideKg.

Ware et al. (2005) conducted laborgtexperiments on sorption and desorption
processes to estimata for 2*'Cs,*Np, ?**Pu,*°Sr, %**U transport in TCU and Lower
Carbonate Aquifer (LCA) rocks. Zavarinat (2007) provide ranges of retardation
factors for*’C, **'Cs,*Np, #®%u, Sm°Sr, %3 transport in TCU and LCA rocks
derived from laboratory ansumerical experiments. Hower, these studies do not
provide sufficient number and resolutionkqf estimates to characterize spatial variability
of Kqthroughout the TCU. Additionally, sorption characteristics for Al@a, and Eu are
not evaluated.

Shaw Environmental Inc. (2003) compilkd estimates for central and western Pahute
Mesa derived from modeling studies, laborgtexperiments and gliative evaluation.
Papelis and Um (2003) conductetidaatory studies to estimaig for Cs, Sr, and Pb in
Frenchman Flat. Conca (2000) compilegdranges for radionuclides in volcanic rocks at
Yucca Mountain. Some of thekg may be obtained from similar lithologies or
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stratigraphic units as in the TCU. Howewe&g,data from Pahute Mesa, Frenchman Flat,
or Yucca Mountain may not be relevant toc€¢a Flat because of different mineralogic
distributions relating to litology, proximity to eruptive soces, and diagnenitic history.

Stoller-Navarro (2007) provigepreliminary estimates &, distributions in vitric,
devitrified, and zeolitic tuff categosggrouped from RMCs) based on Yucca
Flat/Climax mine mineralogy and waterechistry data. These estimates compéare
distributions derived from koratory experiments and theechanistic model using the
component additivity approach (Section 8 3foller-NavarroZ007) also examindsy
distributions derived frotaboratory measurements on similar volcanic rocks for the
Yucca Mountain Project.

1-7
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2. Objectives and Key Technical Elements

The overall objective of this report is¢baracterize spatial Mability of reactive
minerals an&Ky affecting prediction of radionuclideansport behavior within the Tuff
Confining Unit (TCU) in Yucca Flat. Characteation of spatial variability of reactive
minerals an&y includes these objectives:

e Definition and identification of reactivaineral facies (RMFs) as zones within
the TCU having distinctive distributions of reactive minerals.

e Evaluation of spatial variability of relge mineral distributias and Kd within
RMFs using geostatistical techniques.

¢ Integration of RMF and geostatistical interpretations with other UGTA
frameworks for interpreting spatial distributions reactive minerals and Kd,
particularly reactive mineral categaiifMC) and reactive mineral unit (RMU)
approaches by (Stoller-Navarro, 20@nd mineral zonation interpretation
(Prothro, 2005).

Key technical elements used to addressathjectives of this report are summarized
below.

2.1 Linksto UGTA CAU M odeling and Stratigraphic
Frameworks

The Tuff Confining Unit (TCU) hydrogeologiunit in Yucca Flat (Bechtel Nevada,

2006) largely consists of low permeatyilvolcanic rocks with relatively high

percentages of reactive minerals including calcite, hematite, mica, smectite, and zeolite.
The TCU is conceptualized as barrier to both groundwater flow and contaminant
transport in Yucca Flat. Corrective Actitnit (CAU) and sub-CAU scale contaminant
transport models for the Yucca Flat and@x Mine will assume linear sorption

isotherms to account for effects of reaetchemistry. The linear isotherm employs
distribution coefficientsky (mL/g units), to simulate a ratio between moles of
contaminant sorbed per mass of the porous unedelative to the moles of contaminant

per solution volume.

The component additivity approach (Zaweet al., 2004) links reactive mineral
percentages to estimateskqf Details of the componentlditivity approach are given
Section 8.1. X-ray diffraction (XRD) analyspsovide estimates of mineral percentages
for 4,135 splits of samples collected withine@ southwestern Nevada volcanic field
(Warren, 2007). Chapter 3 provides further details on the XRD data set. 1,172 of these
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XRD data are attributed to hydrostratigrapints (HSUs) locatedithin the TCU — the
upper tuff confining unit (UTCU), lower tuffonfining unit (LTCU), Oak Springs Butte
confining unit (OSBCU), and the argillic tuff confining unit (ATCU) (Bechtel Nevada,
2006). The HSUs will be used in CAU floand transport models to distinguish
differences in hydraulic properties within th€U. HSUs may be fther subdivided into
reactive mineral units (RMUSs) based on lithgy, stratigraphic relationships, and mineral
distributions to distinguish variations in transpmperties, particularli(g, within the

TCU (Stoller-Navarro, 2007 he reactive mineral categofRMC) approach also
addresses spatial vation in reactive minal heterogeneity, buibhrough categorization
based on mineral percentage ranges and natiependent of stratigraphic relationships.

2.2 Consideration of XRD Methods

An essential step in utilization of the UCXRD data is recognition of strengths and
limitations of the four XRD methods used — ertd standard (“E”), full spectrum (“F”),
internal standard (“I"), andemi-quantitiative (“S”). Thesmethods vary in ability to
resolve mineral percentages as detaileSdation 3.3 and disussed throughout this report.
Importantly, the ability to resolve low percegés of reactive, silicate, and glass minerals
is critical to distinguishinginiquely mineralized zones (e.g. RM or RMFs) in the TCU.
The most accurate “F” data provide a measwent standard to gie interpretation of
mineral percentage data from other XRD methods. The most numerous “S” data have
large uncertainty caused bymeral percentage estimates derived from ranges. This
report incorporates consideration of difaces in accuracy and resolution of XRD
methods throughout all interpretation of spatediability of reactie mineral percentage
andKy (Chapters 4-10).

2.3 Approaches to Characterization of Spatial Variability of
Reactive Mineral Distributions

The objective of this report is to characterspatial variability ofeactive minerals and

Kq affecting prediction of radionuclide transpbehavior within the Tuff Confining Unit
(TCU) below Yucca Flat. An essential step in utilization of the TCU XRD data is
recognition of strengths and limitationstbé four XRD methods used — external
standard (“E”), full spectrum (“F”), internatandard (“I”), and senguantitiative (“S”).
These methods vary in ability to resolvenerial percentages as detailed throughout this
report. Importantly, the ability to resolve Igyercentages of reactive, silicate, and glass
minerals is critical to distinguishing uniquely mineralized zones (e.g. RMUs or RMFs) in
the TCU. The most accurate “F’ datapide a measurement standard to guide
interpretation of mineral peentage data from other XRmethods. The most numerous
“S” data have large uncertégyncaused by mineral percegtaestimates derived from
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ranges. This report incorporates consideradiodifferences in accuracy and resolution of
XRD methods throughout all interpretationspfatial variabilityof reactive mineral
percentage andy (Chapters 4-10).

Chapters 4 and 5 evaluate reactive minieegjuency distributions in the RMC and RMU
frameworks using linear anddarithmic scaling ofeactive mineral percentages. In the
interest of consolidating limited data anthplifying characterizatioof spatial variation
of reactive minerals any, this report defines criterfar identifying reactive mineral
facies (RMFs) corresponding to individua groups of RMUs or RMCs having
distinctive distributions ofgactive minerals (Chapter 6). B8 are also distinguished by
ratios between smectite and zeolite canggl to silicate or glass minerals.

Five RMFs are distinguished as giva bold type throughout this report:

e L-UTCU Zeolitic composed primarily of zeolitic bedded tuffs within the LTCU
and UTCU HSUs.

e OSBCU Zealitic composed primarily of zeolitibedded tuffs within the OSBCU
HSU.

e Argilliccomposed of argillized bedded tuffiemarily located within the ATCU
HSU and secondarily locatedthin the OSBCU and LTCU HSUs.

e Devitrified composed primarily of RMUs distinguished by partially welded to
welded ash flow tuffs having devitrifiemineralogy indicated by high ratios of
silicate minerals compardd smectite and zeolite.

e Vitriccomposed of glassy tuffs, primartlystinguished by vitric RMCs and high
ratios of glass compared to smectite and zeolite.

At typical vertical sequenasithin the TCU includes the three most voluminous RMFs,
L-UTCU Zedlitic, OSBCU Zealitic, andArgillic, which closely relate to the three
mineralization zones in the TCU descrildProthro (2005). This sequence exhibits
trends of increasing smectiad decreasing zeolite with depirevitrified andVitric
RMFs are sporadically located mosiithin the OSBCU and LTCU HSUs.

2.4  Implementation of Additive Log Ratio Transformation

Mineral percentage datepresent a vector with components summing to 100%.
Compositional data present theoretical challenges to implementation of geostatistical
technigues. Parametric geostitial techniques are moredsibly applied to populations
of data characterized by Gaussian distributions.
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Difficulties arise in implementation of geosstical methods to raw percentage or
logarithm of mineral percentage values beeaof non-Gaussian characteristics including
finite limits (e.g. 0% to 100%, or Log{100}=2Additionally, spurious correlations and
singular covariance matrices are induced by the summing constraint of mineral
percentages adding up160% (Aitchison, 1986; Pawlosky-Glahn and Olea, 2004).

To address the difficulties of applying gedsstizcal techniques to mineral percentage
data, Chapter 7 implements the additiveraigp (ALR) transformation to XRD data as

the logarithm of the ratio between a reagtmineral percentage divided by the sum of
non-reactive mineral percentages. RidR transformation produces Gaussian
distributions within RMFs for the more ubiquitous reactive minerals mica, smectite, and
zeolite.

2.5 Estimation of K 4 Distributions in RMFs

XRD data in the TCU are less numerous for calcite and particularly hematite compared to
mica, smectite, and zeolite. Nonetheless, the XRD data indicate calcite and hematite are
usually absent throughout the TCU. Wheresant, calcite and hematite percentages are
typically a few percent. Because mica, smecétel zeolite are generally ubiquitous with
few exceptions in the TCU, mica, smectite, and zeolite domiadiestributions

estimated by the component additvihethod (Chapter 8). Importantky for seven of

ten radionuclide classes — Am, Eu, Ni, Np, Pu, Sm, U — is dominated by smectite
distribution because sorption of these radioitles to mica and zeolite is not included in

the component additivity approach. Dudhe low surface area of mica and zeolite and

the weak ion exchange properties adb radionuclides under ambient groundwater
conditions, Zavarin et al. (2004uggested that sorption thiese radionuclides to mica

and zeolite will be insignificarwhen compared to smectit&; for **Ca and Sr is

dominated by zeolite and secondarily by smectite kKaiidr Cs is dominated by mica

and secondarily by zeolite and smectite.

Using XRD method-specific correctionszero-valued data, final estimations of

log{K,} distributions assume ubiquitous (atin-zero percentage) smectite in all RMFs,
ubiquitous zeolite in the-UTCU Zeolitic andOSBCU Zeolitic RMFs, and ubiquitous
mica in all RMFs except thHe-UTCU Zeolitic, because thin peralkaline tuff beds
occurring in the LTCU HSU have zero midéde zero-value corrections tighteg{K, }
distribution estimates and, consequently, sthoeduce uncertainty in CAU contaminant
transport modeling predictions. Theven radionuclide classes wikh dominated by
smectite - Am, Eu, Ni, Np, Pu, Sm, U — show similar trends between RMFs characterized
by increasindog{K, }with depth and similatog{K, }etweerOSBCU Zedalitic,
Devitrified , andVitric RMFs. For the seven radionuclides that sorb to smectite (and
zeolite or mica), reactive mineral ata{K, distributions for different RMFs (or
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RMUSs) could be consolidated ihe OSBCU HSU. Estimates &dg{K, distributions

for Cs are similar for all RMFs in tHECU because mica distributions are similar
throughout the TCU. While Cs also sorbzémlite and smectiteverall zeolite and
smectite distribution depth trends in the TCU counteract effedts tor Cs. Estimates
of log{K,} distributions for*’Ca and Sr reflect differenceszeolite for different RMFs.

Distinction ofDevitrified andVitric RMFs is most important féfCa and Sr because
large contrasts in zeolite abundarwould produce large contrastig particularly
within the OSBCU HSU.

2.6 Geostatistical Analysis of Spatial Variability and
Stochastic Simulation

The reactive mineral facies (RMF) and additiog ratio (ALR) appraches used in this
study were largely chosen with implemdita of geostatisticahnalysis in mind
(Chapters 9 and 10). Two important consideret for implementation of geostatistical
analysis are:

e Sufficient numbers of data are needed to perform analysis of spatial variability
using variograms and cross-covariance io@s$t Accuracy of variogram analysis
improves as the number of data pairm@eased. Hence, grouping of categories
(e.g. RMUs) with similar statistical proges into RMFs isadvantageous to
geostatistical analysis.

e Frequency distributions ampreferably Gaussian and, thus, amenable to
characterization by bivariate stattsti(e.g., mean, variance, covariance,
variogram, etc.). The ALR transformatierthe logarithm of the ratio between
reactive mineral and sum of non-reaetminerals - consistently produced
Gaussian distributions for ubiqaits reactive minerals in RMFs.

Variogram analysis was performed on radionuclmg K, distributions estimated in

each RMF by the component additivity methodology (Chapter 9). Vertical and lateral
directionlog{K, } variogram analysis was performed separately for “F” and “S” method

data recognizing differences in number gndlity of data. Numérs of “E” and “I”
method data were not sufficient for variogramalysis, as detailed in Sections 3.3 and
3.4. No vertical or lateral spatial mtinuity was detected by “F” methddg{K, }

variogram analysis, suggesting correlationessalf reactive mineral spatial variability

are less than the minimum measurement spacing (6 m in the vertical). Variograms
generated by “S” data impart an erronemngression of spatial correlation caused by
semi-quantitative estimates derived frogactive mineral percerga range. “S” data
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composing most of the TCU XRD data aet not useful for analysis of spatial
variability.

For radionucliddog{K, }distributions dominated by sméet(Am, Eu, Ni, Np, Pu, Sm,

and U), variograms with similar differences between smectite and calcite component
additivity coefficients willproduce similar variogram struees. Although daite is of
relatively low abundance, a small percentafjealcite can produce a large degree of
variability in K4 because of high component additivity coefficients for calcite.
Variograms oflog{K, }for zeolite-sorbing radionuclide$'Ca and Sr) have similar

structure, while Cs, a strong sorbeniica, has a unique variogram structure.

Stochastic simulation involves generating “reaions” of a region&ed variable (e.g.,
log{K,} ) or vector of variables (e.g., reactivenmial percentages or ALR) that honor a

model of spatial correlatiotf. spatial corelation oflog{K, } could be detected (e.g. by

closely-spaced full spectrum XRD data), st@tltasimulation techniques are available to
generate realizations ¢dg{K, With spatial correlation sicture honoring variogram

models. However since no spatial correlationogfK, wgs detected, no stochastic
simulations oflog{K, }were generated in this study (Section 9.3.2).

An alternative approach to stochastic sirtialais to generatesalizations of reactive
mineral distributions rather thdog{K, , then apply the component additivity

methodology to the simulated reactivenemal distributions to generateg{K, }

realizations (Chapter 10). Smectite, miaad @eolite, which are generally ubiquitous in
the TCU and also dominakg, are amenable to geostatiaticharacterization by spatial
cross-covariance matrices of the ALRa8al cross-covariares of ALR in thd.-UTCU
ZeoliticandOSBCU Zealitic could be measured from full spectrum XRD data, although
with uncertainty caused by limdenumber of data. The ALR cross-covariances indicated
no spatial correlation except, possibly, for smectite irGBBCU Zeolitic RMF. A
stochastic simulation algorithm was appltedhe zero-lag ALR cross-covariance matrix
(Section 10.2). Subsequent ALR backsfmmmation applied to simulated ALR
distributions produced nonsymmetric mingralcentage distributns consistent with

XRD data distributions including bounding betweérand 100%. If spatl correlation of
ALRs could be detected (e.qg., if closely spaftdidspectrum XRD data were obtained),
this cross-correlated simulation method coloé expanded to consider spatial cross-
correlations (Section 10.3). Some advantaijgbe ALR cross-correlated simulation
approach are:

e The stochastic simulations cdube conditioned to XRD data.
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e The reactive mineral realizations would apfa all radionuclideclasses instead of
separately as in the direldg{K, s}jmulation approach.

¢ Assessment of uncertainties in thengmnent additivity methodology parameters
could be implemented independent of thaative mineral reaations (Section 10.4).

Comparisons ofog{K, Jgenerated from ALR mineral pentage simulation and direct
log{K,} simulation indicate similar distribains and mean and standard deviation

statistics, although the ALR mineral percentagproach can address finite maxima and
asymmetry irkqdistribution (Section 10.5).
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3. TCU X-Ray Diffraction Data Set

The data analyzed in this report consish glubset of a compilation of x-ray diffraction
(XRD) analyses for 4,135 splits of sample#ieztied within the southwestern Nevada
volcanic field described by Warren (2007), déag in nearly 51,000ecords of mineral
abundance. These data were compiled intceEspreadsheet formhay Stoller Navarro
Corporation (Stoller-Navarro, 2007) to cohdate and cross-reference other information,
including location, lithology, satigraphic unit, hydrogeolagunit, hydrostratigraphic
unit (HSU), geologic formation, reactive mmaéunit (RMU), reative mineral category
(RMC), XRD method, and comments, into dime per sample. The data subset
examined in this study consists of oXMRD data within the HSUs of Upper Tuff
Confining Unit (UTCU), Lower Tuff Confining Unit (LTCU), Oak Springs Butte
Confining Unit (OSBCU), Argillic Tuff @nfining Unit (ATCU), which are located
predominantly in the hydrogeologic unit nairees the Tuff Confining Unit (TCU). This
results in a subset of 1,172 samples.

Information considered for each sampledig this study includes location (easting,
northing, elevation), RMC, RMU, XRD ntedd, mineral perceng@s of the reactive

minerals calcite, hematite, mica, smectitgj aeolite, and mineral percentages of the
non-reactive minerals glass, quartristobalite, and tridymite. For most samples, the data
do not include estimates of all of the abovenationed mineral percentages, particularly
hematite and tridymite. For a mineral percentage datum having no estimate, the datum is
treated as a “null observatiombt a zero value. It is esg@l to distnguish between

either zero, low quantity (below detectilomit), or null observation. Occurrence of null
observations largely depends on the XRDhudf analyst, and original objective for
collecting the XRD data.

Reactive mineral percentage dataamjanction with the component additivity

methodogy (Zavarin et al., 2004) are used to formidatactors models of radionuclide
transport. Non-reactive mineral percentagéa are useful, where present, in
distinguishing vitric or devitrified tuffs fromeolitic or argillic tuffs. As will be described

in Chapter 5 through 7, the RMUs will form a primary basis for categorizing XRD data
into reactive mineral facies /s) for subsequent characterization of spatial variation of
reactive mineral percentages atgdistributions within the TO as detailed in Chapters

8 through 10.

3.1 Location of HSUs and Wells with XRD Data

Figure 3-1 shows locations of drill holesvireg XRD data in the TCU in Yucca Flat
superposed on cutaway block views & #CU HSUs — UTCU, LTCU, OSBCU, and
ATCU. The HSU grid was obtained frotime Yucca Flat HSU model developed by
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Bechtel Nevada (2006). The cutaway viewsesd how the HSUs within the TCU are
vertically displaced to varying elevatiohg faulting and deformation within Yucca Flat.
Some of the vertical relief with the TCU MS is attributable to the morphology of tuff
deposition, such as topography at time gfatgtion, proximity to source, and direction
of depositional processes. The green ca@eas represent HSUs above the TCU.
Notably, the UTCU is usually separated ieaily above the main portion of the TCU by
HSUs distinguished as aquifer units nothe TCU — Topapah Spring Aquifer (TSA) and
Lower-Vitric Tuff Aquifer (LVTA). The beginning of Section 5 aRk@yure 5-1 describe
further details on TCU hydrostratigraphy.
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Figure 3-1. Location of drill holes with XRD data within TCU in Yucca Flat and vicinity.
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3.2  Spatial Distribution of XRD Data

Figure 3-2 througlirigure 3-11 plot XRD data for eackactive mineral on a cutaway
block views for northern anaathern portions of Yucca Flat. For this report, separation
of views of Yucca Flat into northern and doerin halves provides better resolution of
data location compared Eogure 3-1. In these views, veiicexaggeration is raised from
2:1 to 4:1 compared teigure 3-1 to improve visualizatiaf vertical spaal variation of
mineral percentages. Geneyalhe reactive mineral perdage data indicate more
variability along the elevation axis compared to lateral directions. Two drill holes, UE-
14b and ER-12-2, include data within HSUgleé TCU but are not located within Yucca
Flat: (1) UE-14B is located in Mid Valleynd (2) ER-12-2 is locatl on Rainier Mesa.

3.2.1 Zonation

Prothro (2005) maps vertical mineral zonatin the TCU as consisting of three zones:

(1) an upper zone characterized by abundahtee zeolite mineral clinoptilolite, (2) a
middle zone with felsic minerals dominant over clinoptilolite and clay minerals, and (3) a
basal argillic zone. This zonation resultamoverall decrease zeolite abundance and
increase in smectite abundance with depth as evid&ngume 3-8 td=igure 3-11 .

However, it is difficult to identify zondboundaries from vertical profiles of the

mineralogic percentage data alone becausm@é variations in mineral percentages of
smectite and zeolite within the zones.

Identification of zonation associated withlcite, hematite, and mica is not obvious
compared to smectite and zeolfégure 3-2 andrigure 3-3 show calcite percentage data.
Most data indicate zero calcite. The majoof non-zero calcite data occur toward

greater depth near central Yucca Flat typicatlpercentages of 3% or less. Hematite

data show a similar pattern to calcite, with a majority of the data indicating zero hematite.
Non-zero hematite data appears more aburatagreater depths in central Yucca Flat,
typical at percentages of 3% or less. Figure 3-6 and Figure 3-7 indicate mica is generally
ubiquitous throughout the TCU, with highesiues ranging to 10%. Most of the high

mica percentage data originate from thé fitethod data, which is constitutes only 17%

of the data. From visualizati@ione, it is difficult to determine whether the data indicate
any zonation of mica abundance beyond vamatibat could be atbutable to XRD

method.

3.2.2 Data Clustering

Data clustering is an important consideyatfor statistical and gstatistical analysis.
Figure 3-2 througlirigure 3-11 indicate that many thie data are clustered in small
volumes, particularly near east-central aodthern Yucca Flat. Becae of variation of
well depths, the data can be preferentiaiynpled in shallow zones. Vertical data
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spacing varies for different methods. Weightoiglata values should be considered in
statistical analysis to eqgliee effects of intensive saripg using certain methods or

preferential locationdzigure 3-2 througlrigure 3-11 indicate the “S” method data are
relatively numerous and closely spaced and, tt&isdata statisticeould be affected by

clustering.
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Figure 3-2. Locations and values of calcite percentage for XRD data within reactive mineral units of
TCU in northern Yucca Flat. Percentages scaled by color.[ ], ¢, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-3. Location and values of calcite percentage for XRD data within reactive mineral units of
TCU in southern Yucca Flat. Percentages scaled by color.[ ], ¢, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-4. Location and values of hematite percentage for XRD data within reactive mineral units
of TCU in northern Yucca Flat. Percentages scaled by color.[ ], 0, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-5. Location and values of hematite percentage for XRD data within reactive mineral units
of TCU in southern Yucca Flat. Percentages scaled by color.[ ], ¢, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively
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Figure 3-6. Location and values of mica percentage for XRD data within reactive mineral units of
TCU in northern Yucca Flat. Percentages scaled by color.[ ], 0, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-7. Location and values of mica percentage for XRD data within reactive mineral units of
TCU in southern Yucca Flat. Percentages scaled by color.[ ], 0, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-8. Location and values of smectite percentage for XRD data within reactive mineral units
of TCU in northern Yucca Flat. Percentages scaled by color.[ ], 0, x, and + symbols
indicate data analyzed by E, F, |, and S methods, respectively.
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Figure 3-9. Location and values of smectite percentage for XRD data within reactive mineral units
of TCU in southern Yucca Flat.[ ], 0, x, and + symbols indicate data analyzed by E, F, |,
and S methods, respectively.
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Figure 3-10. Location and values of zeolite percentage for XRD data within reactive mineral units of
TCU in northern Yucca Flat. [ ], 0, x, and + symbols indicate data analyzed by E, F, |,
and S methods, respectively.
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Figure 3-11. Location and values of zeolite percentage for XRD data within reactive mineral units of
TCU in southern Yucca Flat.[_], ¢, x, and + symbols indicate data analyzed by E, F, I,
and S methods, respectively.
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3.3 XRD Methods and Considerations

As discussed above, the mineral percentageesan the XRD data subset analyzed in

the study were generated by four different methods: “E” for external standard (Pawloski,
1983), “F”, for full spectrum (Chipera anddBi, 2002), “I” for internal standard (Bish

and Chipera, 1989), and “S” for subjectiiost “S” method data were generated by
various analysts in the 1960s and 1970s. “34 éae quantified by reges of mineralogic
percentage and, thus, differ from “E”,”";Fland “I” data, which provide numerical

estimates of the mineral percentage andpme cases, a quantditon of uncertainty

(e.g., Pawloski, 1983). Warren (ZQ0assigned numerical esttes and uncertainties to

“S” data based on the mode (mean of extreme values) of estimation ranges. Uncertainty
in the XRD mineral percentage estimates has been reduced over time by technological
advances in methodology, with the “F” data mayieast uncertainty émeral within 1 to

2%) followed by “I” and “E” data. Further tils on the methods and resulting effects on
estimation uncertainty adiscussed by Warren (2007).

Variation in data quality between the differeméthods presents several considerations to
be addressed in performing geostatistical analyses:

e Resolution. “Resolution” in this report refert® the smallest mineral percentage
that is resolved by the method. Eachimoe has limited resolution, which further
varies by analyst and technology. Furthere, resolution is limited by the
objectives of the original data analyssch as whether or not certain minerals
were carefully targeted for analysi®esolution reflects the precision of the
measurements, in particular the magnitudeasfations in mineral percentage that
can actually be detected. Importantly, teson pertains also directly to the
meaning of a “zero” value. The differmbetween the true mineral percentage
and “zero” can span from a fraction opercent to several percent depending on
method resolution. This is particularly prebiatic for minerals that tend to occur
in small non-zero percentages either ulhapsly, such as mica or smectite, or
locally, such as calcite and hematite in the TCU. Furthermore, detection of small
percentages is needed to define theV@alued portion of mineral frequency
distributions. Small fractions of thesemarals may actually exist, but remain
undetected to various degrees because of variable resolution of the different
methods.

e Uncertainty. All of the mineral percentagestimates are uncertain, and this
uncertainty varies between methods andlysts. Uncertainty in the data will
propagate to uncertainty in geostatist@aalysis. In particular, the magnitude of
a variogram measurement includes vasiatssociated with both actual spatial
variability and local uncertaty including data error.
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¢ Inconsistency. The different XRD methods have different resolution and
uncertainty, which limits feasibility of eobining data from different methods to
identify distinctive zones of mineraje characteristicée.g. Prothro, 2005).
Inconsistency between data from differ&XRD methods limits feasibility of
applying geostatistical methotts the pooled data set.

Limitations of data resolution are partiatly problematic because characterizing the
spatial distribution of low reactive mineralrpentages is crucial to prediction of the
more mobile regions of reactive transport. Analogously, characterization of the spatial
distribution of high-permeability is crucial fwediction of flow behavior. For example,
the TCU data set indicates that devitrifiettlavitric rocks associated with moderately
welded to welded ash flow tuffs tend to hakie lowest reactive mineral percentages. If
ash flow tuffs are permeable, ash-flow tuftaitd provide preferential transport pathways
for sorbing radionuclide classes. Limitais in XRD data quantity, resolution, and
uncertainty (which all vary by method) hampeediction of the actl distributions of
mineral percentages in localizednes, particularly thoseith the lowest reactive mineral
percentages (e.g. devitrifier vitric tuffs).

The “F” and “S” method data provide the bualkthe most useful data on reactive mineral
percentage distributions in the TCU. “@4ta are the most numerous. However, given
“S” data are based on estimates of percentagge, the “S” data have limited resolution
and, thus, relatively lower accuracy dmngher uncertainty at lower percentages
compared to “F” data. “S” data are relativaccurate for higlmineral percentages
because the range of uncertgiis smaller relative tthe magnitude. “E” data, while
generally accurate at high percentage, suffer from poor resolution of low smectite
percentages. This is prematic for estimation dy s for the 7of 10 radionuclide classes
which have large dependence on smectitegrgage. The “E” data have difficulty
resolving the lower portion dhe smectite frequency distritbon in zeolitic, vitric, and
devitrified tuffs. Only five “I” data are prest in the TCU, and these are all within the
ATCU.

In use and analysis of the TCU XRD data g&a$, important to consider strengths and
limitations of the different methods. For examflwill be shown thaafter consideration
of resolution limitations, the semi-quantitaiVS” data provide similar reactive mineral
frequency distributions in comparison to thest accurate “F” data. This is fortunate
because the “S” data are far more abundantttimafiF,” “I”, and “E” data. However, in
conducting geostatistical analysis of spatialatality, the “S” data suffer from two main
drawbacks: (1) larger uncertainty at $sinp@rcentages and (2) systematic errors
originating from assignment of constant \@duhrough vertical intervals or zones. The
“S” data are useful defining distinguisigi zones with similar mineral percentage
characteristics, particularly zones charazezl by high zeolite or smectite percentages.
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However, the “S” data have limited value for interpreting spatial variabiliky tfecause
data values estimated as the mode of a rangarirfalse indications of spatial continuity.

3.4 Data Processing

Data processing relates to selection antthag of data used in the geostatistical
analysis. Data spacing and quality affeaigjatistical analysisf data spacings are
preferential to certain locations, the frequedcstributions will be biased to the data
values characteristic of locations with ins&ve sampling. For example, much of the “E”
data were targeted in zones with low eleatrresistivity with the objective of identifying
clayey intervals. Data quality derives frahe resolution and uncertainty of the data,
which relates to sample quality and methad andividual analyst as discussed above in
Section 3.3.

3.4.1 Consideration of XRD Method

Plots of mineral percentage data with aligan for each drill hole indicate that data
analyzed by the “S” method tend to produceticmous segments of identical percentage
values, often with very close data spacimgcontrast, data analed by the “F” method,
considered the most accurate, indicate thiaeral percentage is variable over short
distances. “E” data indicate mineral percentageariable over short distances. However,
“E” data lack resolution of smectite at low percentage.

For exampleFigure 3-12 plots mineral percentage data for smectite, zeolite, and total
felsic minerals in boreholes U9CI1, U9CNICQ, U9CR, U9CS, and U9CV of Area 9,
Yucca Flat. These data fall within the Lavwaand Upper Tuff Confining Units (L-UTCU)
and the Oak Springs Confining Unit (OSBEWhich are predomately zeolitized
bedded tuffs. The “S” method was used for all data except for U9CV, where the “E”
method was used. “S” method data produaginaous bands closely-spaced and like-
valued data for smectite and zeolite percgat&ero values for smectite and zeolite are
plotted for reference at 0.12, and null obs¢ions are plotted at 0.11. Felsic mineral
totals of {quartz + crimbalite + tridymite Heldspar}, indicators of devitrified tuffs, are
plotted at 0.12 unless non-zero. Data for U9@iangle symbols), however, show wide
variation of zeolite percentage and eithero values or wide variation of smectite
percentage within vertical stances of a few meters. “Bata contain non-zero felsic
totals, whereas “S” data are predominatadyo values. Both “S” and “E” data show
similar zeolite distributions. Limitations on resolution of low smectite percentage are
apparent for both methods. Smectite percentbuye'S” data lie at fixed values of 0, 3, 5,
8, 10, and up, indicating that “S” data resadweectite percentage &bout 2 to 3% at
best. Smectite percentages for “E” data are usually zero or greater than 10%, indicating
the “E” method detection limit for smectitetigically above 10%. The “S” data indicate
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smectite percentage in the L-UTCU HSUyipically less than 10%. The “E” method
does not appear to resolve the majorityhaf true non-zero portion of the smectite
frequency distribution in the L-UTCU. THE&” data contain key silicate mineral
percentages, particularly gqua cristobalite, tridymiteand fedspar, useful for
distinguishing devitrified tufffrom zeolitic, argillic, owitric tuffs. The “S” data
typically lacks silicate mineral percentagenaking it less useful for distinction of
devitrified tuffs.

Data processing decisions in this study weredena light of the variable quality of the
data, including how data quality will affect tirction of zones with consistent statistical
properties of reactive mineral alg spatial variability, namel§reactive mineral facies”
or “RMFs” as will be detailed in Chapter Bhe main factors in distinguishing RMFs are
prior classification of samples by “reaaimineral unit” or “RMU” as described by
Stoller-Navarro (2007) combined with measures ofoyitfevitrified, and argillic
characteristics detailed in Chapter 6. Thtaos devitrified, and argillic characteristics
used to distinguish RMFs are differ¢han the “reactive mimal category” (RMC)
categories described by Stolleetarro (2007). However,rsie prior classification of
RMC'’s is defined by abundances of reactiv@erals related to mafic, vitric, and
devitrified characteristics, RMC criterianpially overlap with RMFs. In particular,
estimates of glass percentage are usefdistinguishing vitric from non-vitric facies,
and estimates of silicate mineépercentages are useful irstihguishing devitrified facies
from non-devitrified facies.
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Figure 3-12. XRD mineral percentages for smectite, zeolite, and total felsic minerals (quartz,
cristobalite, tridymite, and feldspar) for selected Area 9 drill holes in Yucca Flat. Zero
values are plotted at a value of 0.12 and null observations are plotted at a value of 0.11.
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3.4.2 Total Mineral Percentage

Fundamentally, we assume that the “F” data (the most accurate data) have sufficient
resolution of reactive mineral percentages to establish spatial variabiity whereas

the variable quality and quantity of “E”,”land “S” data may limit characterization of
spatial variability ofKy. One indication of data quality ike total of tle reactive mineral
percentages, which ideallyowld sum to 100%. However, importance of total percentage
can be deceiving for any XRD data wherensamineral percentages were not analyzed
for (null observations). Using only total perceggaas a means to filter out data of poor
guality can lead to bias toward data witlgtrer percentages of tfew minerals analyzed
for, such as zeolite and smectite. Ultimat#tys bias would lead toward overestimation
of Kq and insufficient attention to ahacterization of zones with lokg and, hence,
greater radionuclide mobility. Concern for biagarticularly pertinent to “S” data, which
is commonly limited to analysis of selectedherals. To avoid bias, this study utilizes all
“S” data regardless of total percentage exedyere zero, and minerals not analyzed for
are treated as null observations, not zero values.

In data processing for computation diiive log ratio (Sections 3.4.4 and 6.1) atqgl
the total percentage of minerals is factored into consideration as follows:

e Resolution of the total is assumed to be 2% for F data and 5% for S data.

¢ If the total of reactive mineral percegés is less than @qual to [100% -
resolution], the exact value of the dataised in all further data processing.

e If the total of reactive mineral percentages is greater than or equal to [100% -
resolution], the reactive mineral percentages are renormalized by multiplication
by a factor of 100%/[100% - resolution].

The above procedure ensures that reactiveeral totals remained less than 100%, which
is necessary for implementation of additive log ratio methods (Sections 3.4.4 and 6.1).
Furthermore, given limited resolution of the m&ds, it is realistic to assume that the true
percentage of non-reactive minerals is at least a smattexanpercentage.

3.4.3 Compositional Data

The term “compositional data” refers to varctiata with components that sum to a
constant value, usually unity or 1008ineral percentage data, therefore, are
compositional data with mineral percentages@aponents of the vector, where the total
of the components isdeally, 100%.

Application of geostatisticahethods to compositional data is not straightforward. The
summing constraint inherent to compositibtiata causes singularity in cokriging
equations formulated by cross-covariancérioas of compositional data. The summing
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constraint also produces smus cross-correlations not indicative of a legitimate
statistical cross-correlation. Frequency rsttions for compositional data are bounded
(e.g., between 0 and 100%) and are typicalgnad (on either linear or logarithmic
scales) and, thus, do not fit the classgedstatistical assumption of a Gaussian
distribution.

3.44 Additive Log Ratio

Criteria for distinction of reactive mineral fasi (RMFs) will substatially rely on use of
the “additive log ratio” (ALR) transformation. Adescribed in detail in Section 6.1, the
ALR transformation is recommended in getistecal analysis otompositional data
(Aitchison 1986; Pawlosky-Glahn and Olea, 2004; Aitchison, 2007).

In practice, the ALR is defined as tlogarithm of the ratio between fractions (or
percentages) of a component and the cometd of the sum of component fractions
analyzed. The ALR is applied to a finitember of components open to interpretation.
Any base of logarithm, such as natural or base 10, can be used in the ALR. Base 10
scalability is more readily intpretable and will be used @usively in this study. In ALR
analysis of reactive mineral distributions, the components analyzed may be logically
limited to the reactive minerals such tkta complement (or non-reactive percentage)
will be [100% — sum of reactive mineral percentages] as follows:

%r reactiveminerali

ALR(reactiveminerali) = log,,

n )

100%- Y %reactivemineralj

J

where 0" is the number of reactive minerals. i@positional data angdis for reactive
mineral distributions using the ALR coulthnceivably, extend to other key minerals,
such as glass or felsic minerals, that instrumental to distinguishing RMFs.

3.5 Basic Statistics and Frequency Distributions

In this section, basic statistiand frequency distributiofisr the entire TCU XRD data
set are examined irrespectivedafta location, bias, method, ldhology. Further analysis
in Chapters 4 through 7 consider data tmeg bias, method, and lithology in grouping
data by reactive mineral categories (RM@sgactive mineral unittRMUSs), and reactive
mineral facies (RMFs). The purpose of thection is to obtain a preliminary
understanding of the characstits of reactive mineral frequency distributions for the
entire TCU data set.
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The frequency distributions of reactive minenall be evaluated ithree scales: linear,
logarithmic (base 10), and lagimic of reactive/non-reacte ratio or “additive log

ratio” (ALR). Each scale offers certain adwages and disadvantages. Ultimately, this
geostatistical study needs a scaf measurement that is amenable to geostatistical
analysis of discrete populationsdata. For example, if the data are to be analyzed as a
continuous random variable, a Gaussian frequemtribution for the random variable is
preferable. Non-parametric geostatistigap@aches can be applied to non-Gaussian
frequency distributions, however, non-paramsedpproaches require more complicated
model development. Moreover, separation efdata into discrete populations is a key
step for identification of mineralizatioromes with distinctive radionuclide transport
properties.

3.5.1 Linear Scaling

Table 3-1 gives basic statistics of reactivaenal percentage for the reactive minerals -
calcite, hematite, mica, smectite, and zeolite. The “skewness” statistic indicates degree of
asymmetry or tailing in the sliribution, with positive skewnegsdicating tailing toward

high data values, negative skewness indicating tailing towardata values, and zero
skewness indicating amsynetric distributionFigure 3-13 shows TCU XRD data

frequency distributions of reactive mineparcentages plotted on a linear scale. Data
entries without numerical values aredted as “null obseations” assuming the
corresponding minerals were not analyzedridhe sample record. Typically for “S”
method data, not all reactive minerals wanalyzed for, particularly calcite and

hematite. Notably, 1,151 of 1,172 XRD data contain analyses for zeolite, while only 228
of 1,172 XRD contain analyses for hemat{&enerally, the linear scale frequency
distributions indicate tative abundance of reactivainerals in the TCU:

o Calcite percentages are uby#34%) zero. Where non-zey calcite abundance is
usually only a few percent.

o Like calcite, hematite percentages are usually (84%) zero and, where non-zero,
hematite abundance is usually only a few percent. Hematite is usually not
analyzed for, with only about 19% ofethlata containing hematite percentage
estimates.

e Mica percentages are udlyg64%) non-zero and typally limited to a few
percent.

e Smectite percentages are usually (88%) nero-and vary from a few percent to a
few tens of percent. The overall smecfiegquency distributin is clearly skewed
right on a linear scale.
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e Zeolite percentages are ubu@92%) non-zero and on ¢horder of few tens of
percent. The zeolite data frequencgtdbution has the most Gaussian-like
distribution on a linear scale comparedtber reactive mirrals. The zeolite
frequency distribution has obvious peaks waalteys, much of which is related to
“S” method resolutiorisee Section 3.3)

On the linear scale, it is difficult to deteine whether the frequency distributions are
multi-modal (composed of different populationszones), particularly in relation to the
low mineral percentages.

Table 3-1. Basic statistics for reactive mineral percentages in TCU XRD data set.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 836 228 1,024 1,145 1,151
Mean 0.82 0.29 2.24 9.63 44.46
Abs. Dev. 1.39 0.48 1.91 8.45 22.70
Std. Dev. 3.65 0.84 3.29 13.66 26.93
Skewness 9.56 3.83 423 3.19 -0.26
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Figure 3-13. Linear-scale frequency distributions of reactive mineral percentage for all TCU data
including E, F, I, and S methods.

3.5.2 Logarithmic Scaling

Table 3-2 gives basic statistics of reactivaenal percentage for the reactive minerals -
calcite, hematite, mica, smectite, and zeokigure 3-14 shows the TCU XRD data
frequency distributions plotted on a logaritierscale. Zero values are plotted as below
0.1 to enable inclusion in the logarithmieduency plots. Other than zero values, no
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XRD data actually have valuésss than or equal to 0.1. & logarithmic-scaled plots
improve visualization of the frequency dibttions for data with low percentages,
particularly calcite, hematite, and mica. Mica and smectite logarithmic-scaled frequency
distributions show potential fee characterized by Gaussiistribution(s). The zeolite
frequency distribution, however, appearsaaistrongly left (negatively skewed) on the
logarithmic scale.

Because mica generally occurs in low petagg, a large proportion of the “zero” values
are likely non-zero quantities below ttietection limits of the various methods.

Similarly, many “zero” data for smectite could be non-zero quantities. Strong negative
skewness, including low and zero zeolitegaatages, in the zeolite frequency
distribution is indicative o& bi-modal distribution betweerolitic and non-zeolitic (e.g.
devitrified, argillic, or vitric) populations.

While logarithmic scaling is often useddpply statistical tdmiques to compositional
data, questions arise in examining logamittrscaled bulk reactive mineral percentage
distributions in the TCU:

e How should zero-valuedata be treated?
e How can skewed distributions, partiatlly for zeolite, be addressed?
¢ How can finite (<100%) disbutions be addressed?

Use of the additive log ratio (ALR) transformation provides a first step toward addressing
skewed and finite distributions (Section 3.543 previously discussed in Section 3.3,
addressing zero-valued datdlwequire careful considetian of the XRD methods and
understanding of the relationship of reactive mahdistributions to rok characteristics.
Previous interpretations &fRD data by Stoller Navarro (B7) using reactive mineral
categories (RMCs) and reactive mineral fa¢ieSIFs) must be examined to gain insight

on characterization of reactive mineral disitions in the TCU (Chapters 4 and 5).

Table 3-2.  Basic statistics for l0g,, {reactive mineral percentage} of non-zero data in TCU XRD

data set.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 131 37 650 1,004 1,012
Mean 0.46 0.08 0.43 0.81 1.62
Abs. Dev. 0.32 0.37 0.20 0.35 0.23
Std. Dev. 0.47 0.45 0.31 0.45 0.34
Skewness 0.01 -0.89 -0.18 0.05 -2.52
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Figure 3-14. Logarithmic-scale frequency distributions of reactive mineral percentage for all TCU

data including E, F, I, and S methods.

3.5.3 ALR Scaling

Table 3-3 gives basic statistiobthe additive log ratio (ALR) for the reactive minerals -
calcite, hematite, mica, smectite, and zeokigure 3-15 shows the TCU XRD data
plotted as the logarithm (base 10) of tieactive/non-reactive mineral ratio. This
approach utilizes the additive log ra(i®LR) approach advocated by Aitchison(1986)
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and Pawlosky-Glahn and Olea(2004) for geostatistical analfys@mpositional data (see
Sections 3.4.4 and 6.1). The ALR appropobduces frequency distributions with
Gaussian or multi-Gaussian-like characteridiicsll three of the reactive minerals with
relatively ubiquitous characteristics -aaj smectite, and zeolite. The ALR approach
potentially offers a single framework foharacterizing frequency distributions of
reactive minerals in the TC{as opposed to characterizingrs®mineral distribution in a
linear scale and others in a logarithmic scale).

Table 3-3. Basic statistics for additive log ratio (ALR) in TCU XRD data set for non-zero values.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 131 37 650 1,004 1,012
Mean -1.15 -1.58 -1.17 -0.75 0.09
Abs. Dev. 0.38 0.41 0.28 0.38 0.40
Std. Dev. 0.53 0.50 0.38 0.50 0.55
Skewness 0.03 -0.81 0.09 0.49 -0.89

In Figure 3-15, the zero valued reactive mihpexcentages are assigned values of -3.0,
considering that no measured ALRs reachedwasas -3.0. Left tails of ALR frequency
distributions diminish rapidly below abolit.0 to -1.5, indicating #lower limits of the
XRD methods detect reactiven-reactive minerahtios down to about 1:10 to 1:30.
ALR values as low as -2.0 are rare and loamrexplained, for example, by a very low non-
zero reactive mineral percentage (e.g. 1.0%8)lpercent combined with other reactive
mineral percentages equaling zero.

ALR frequency distributionsssociated with non-zero dataeayenerally bell-shaped for
mica, smectite, and zeolite. The ALR transformation permits infinite taietrsides of
the frequency distribution, unlike the éiar and logarithmic scales. Frequency
distributions for calcite and hematite remain difficult to characterize because of
predominately zero-value data with typicdlbyv calcite and hematite percentages where
non-zero. Mica data show near-zero skewnesectta data show slight right skewness,
while non-zero zeolite data show prominent negative skew. Right skewness for smectite
frequency distribution could relate, in pad,the lack of resolution for low smectite
percentages. The large negative ALR skesgrfer zeolite appears related to bi-modal
characteristics in the frequency distrilouti Even if the ALR frequency distributions
appear Gaussian, multiple sub-populations or zones with Gaussian frequency
distributions may
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exist.
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Figure 3-15. Frequency distributions of log ratio reactive/non-reactive mineral percentage for all TCU
data including E, F, I, and S methods.

Similar to the logarithmic approach, the topic‘ledw to treat zero values” in the data is a
very important consideration in applying theR approach. This topic will be examined
in greater detail in Section 7.2. Preliminariigure 3-16 examines the simplified
assumption of fitting a Gaussian distributionALR values for non-zero data, by treating
zero-valued data as “null obrwations”. A Gaussian disition appears to provide a
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reasonable fit to all non-zero ALR transfoigata. A naive statistical approach might
examine only these non-zero data, given &h@aussian assumpticould be justified,
without consideration of geological and dgtality aspects. @hsideration of geology
and data quality raises important issues open to interpretation:

The calcite and hematite ALR frequency dizitions remain difficult to interpret
because typical calcite and hematite petages in the TCU are at or below XRD
detection limits.

A significant proportion of mica, smectiteyczeolite data have zero values, but
it is plausible that a largeroportion of the zero-valuethta represent non-zero
percentages below the detection limitisTissue is particularly important to
characterization of mica distributions besaunica is typically present in low
percentages near or below the detediioit. Much of the zero-valued mica data
could represent non-zero mica petegye below the detection limit.

The smectite ALR frequency distribution appears to fit a Gaussian distribution
very closely for all TCU data. Howevehis fit could be very deceiving. An
argillic zone having high smectite percentagknown to occur at the base of the
TCU. Since the argillic zone is deepéastends to have thlowest density of
sampling within the TCU (relatively fewer deep drill holes and samples chosen
for XRD analysis). Thus, many of the high ALR values for smectite may be
underrepresented by the composite TCU data set.

The zeolite ALR frequency distriboi shows a pronounced left skew. This
skewness and other deviations from a Gaussian distribution for all reactive
mineral frequency distributions could baused by combinations of different
populations of data representing differeahes within the TCU (Prothro, 2005).
For example, the abundant bedded tufithivw middle to upper portions of the
TCU are predominantly zeolitic. Howevdinere are patterns of zeolite abundance
related to lithologic and diagenetic preses. Zeolite abundantnds to increase
upward within the TCU except for welded or vitric ash-flow tuffs, which tend to
contain higher felsic or glass proportions and lower zeolite proportions.

To address geologic and data quality iss@dgpters 4, 5, and 7 re-evaluate reactive
mineral frequency distributions in relatitm sub-populations or zones defined by RMCs,
RMUs, and RMFs, respectively.
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Log Ratio {zeolite/non-reactive}

non-zero reactive mineral percentage data including E, F, I, and S methods, with
Gaussian distribution fit to mean and variance.
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Figure 3-16. Frequency distributions of log ratio reactive/non-reactive mineral percentage for all TCU
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4. Reactive Minerals in RMCs

Reactive mineral categories (RMCs) haeetv defined by Stoller-Navarro (2007) to
categorize discrete populatioosdata for assignment &y properties in transport
models based largely on reactive and-neective mineral percentage cutoffaible 4-1
summarizes the criteria for definition thfe six major RMCs present in the TCU —
argillic (ARG), zeolitic(ZEOL), devitrified mafic poo(DMP), devitrified mafic rich
(DMR), vitric mafic poor (VMP), and vitric mafic rich (VMR). One RMC atypical to the
TCU, carbonate (CC), represents only one sample in the TCU.

Table 4-2 shows the number and fractionezfative mineral percentage data sorted by
RMC. The majority (72.6%) of mineralogic data are categorized into the ZEOL (zeolitic)
RMC. Considering 62 data have no RMC categorization because of incomplete mineral
percentages as discussedetction 4.2.1, the proportion of ZEOL RMC data rises to
77.7% for data with an RMC categorizati The preponderance of ZEOL RMC data is
explained by two primary factors: (1) the majp of the volume othe TCU consists of
zeolitized bedded tuffs, and (@) zeolitized bedded tuftsccur in the middle to upper
formations of the TCU where more data haeen obtained relatiie lower formations.

Of the remaining 27.4% of the mineralogidalahe second largest data fraction of 9.0%
is categorized into ARG. Most ARG data are obtained from ther|a@agillic portion of

the TCU, although some portions of the #emdd bedded tuffs are categorized into

ARG. The remaining data fractions ameorder of size are DMR (6.1%), no RMC

(5.3%), DMP (4.0%), VMP (1.5%), and VMR..2%). The single datum occurrence of

the CC (carbonate) RMC, while observed witthie TCU, is considered an outlier and

will not be evaluated further in this study.

As indicated bylable 4-1, the devitrified RMC’s, DM and DMR, are associated with
welded ash flow tuffs. Distinction betwetmafic poor” and “mafic rich” largely rests
upon a 2.0% RMC cutoff for biotite percentatjdica,” composed largely of biotite, is
relatively ubiquitous in the TCU withraean percentage of 2.24. Separate DMP and
DMR categories are not amenable to chi@rgation by the Gausan distribution. The
2.0% cutoff used in RMC distinction splits the population of devitrified tuffs into two
parts, the sum of which is more likely to tigaracterized by a Gssian distribution. As
indicated byTable 4-1, the vitric RMCs, VMP and VR] are associated with non-welded
ash flow tuffs and vitrophyric beddediffs. Similar to DMP and DMR, the key
distinction between VMP and VMR is the 2o utoff for biotite percentage. The VMP
and VMR RMCs split the population of non+ded ash flow tuffs and vitrophyric
bedded tuffs into two parts, the sum of whis more likely to be characterized by a
Gaussian distribution.
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Effects of XRD method resdion and uncertainty presents another difficulty in
distinguishing between “mafic poor” and “nafich” categories. Methods unable to
accurately detect mica percentagpove2% could result in null observations or data
values of “0.0” leading to categorizatiohthe RMC as “mafic poor” even though the
true mica percentage is greater than 2%dnicular, for the 5.3%f the data without a
RMC category, 44% of mica data values &#®” and 52% of mica data values are null
observations. All of the data withoatRMC category are obtained from “S”
(semiquantitative) method data.

RMC categories are not amenable to paramgeostatistical approaches because the
mineralogic cutoffs used to categorize RMEBsuptly crop frequency distributions that
could otherwise be characterized by a §€an distribution (e.g., through use of the
additive log ratio transformation in Chap®. It would be pssible to post-process
geostatistical characterizations back itite RMC framework, for example, by applying
the RMC definitions to statistal distributions or geostatiséicrealizations characterized
by mean and (co)variance ss$éics. Also, it would be possible to use non-parametric
geostatistical approaches, particularly indicator approaches with cutoff values
corresponding to the RMC cutoff values. However, use of indicator approaches would
require development of a several indicator agwams at different cutoff values to span
the full range of the frequency distributiorr fElach mineralogic zone. Thus, an indicator
approach requires much more modeling effort and complication compared to a
parametric approach. Secondly, a categorical approach may not be appropriate for the
large size of grid blocks used in transpoddels. For example, if the length scale of
mica spatial variability for “mafic poor” and “afic rich” zones is smaller than the grid
block size, designation of “mafic poor” and afic rich” grid blocks based on point data
will cause the transport model to over prédijgatial variability of transport properties
attributable to micapatial variability.
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Table 4-1.  Definition of reactive mineral categories (RMCs) within TCU in Yucca Flat from Stoller-Navarro (2007). Additional reactive minerals present
in quantities significant to prediction of K, for some or all radionuclide classes, but not included in Stoller-Navarro (2007), are included

within square brackets [ ] in column 4.

Reactive Mineral Reactive Minerals Present in

UGTA Criteria

Category (RMC)

Typical Lithology

Major Alteration

Significant Quantities

Zeolitic (ZEOL)

Bedded tuffs, Nonwelded tuffs,

Primarily zeolitic, may also

Zeolite [smectite, mica]; if

>30% zeolite; zeolite>clay

pumiceous lavas include argillic argillic, includes smectite typically <10% glass
Argillic (ARG) Bedded tuff Argillic Smectite [mica, calcite, zeolite] | >20% clay and clay>zeolite
Vitric, mafic-rich Ash-flow tuffs None (vitric/glassy) Mica, hematite [smectite, Vitric

(VMR)

(nonwelded to Partially welded or
vitrophyres), bedded/ash-fall tuffs
(unaltered), vitrophyric and

zeolite]

>30% glass; <30% zeolite; <30% clay
mafic-rich

pumiceous lava >2.0% biotite or
>2.5% total Mafic content
Vitric, mafic-poor | Ash-flow tuffs None (vitric,glassy) [mica, smectite, zeolite] Vitric
(VMP) (nonwelded to Partially welded or >30% glass; <30% zeolite; <30% clay
vitrophyres), bedded/ash-fall tuffs )
. X mafic-poor
(unaltered), vitrophyric and o
pumiceous lava <2.0% biotite or
<2.5% total Mafic content
Devitrified, Ash-flow tuffs Devitrification, vapor-phase Mica, hematite [smectite, Devitrified
mafic-rich (DMR) | (moderately to densely welded), mineralization, quartzo- zeolite] <30%glass; <30% clay; <30% zeolite;

dense/stony lava

feldspathic, albitic

typically >60% quartz and feldspars
mafic-rich

>2.0% biotite or >2.5% total mafic content

Devitrified, mafic-

poor (DMP)

Ash-flow tuffs
(moderately to densely welded),
dense/stony lava

Devitrification, Vapor-phase
Mineralization, Quartzo-
feldspathic, albitic

[mica, smectite, zeolite]

Devitrified

<30%glass; <30% clay; <30% zeolite; typically

>60% quartz and feldspars
mafic-poor

<2.0% biotite or <2.5% total mafic content
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Table 4-2. Number of reactive mineral percentage data in TCU sorted by RMC. Numbers of null
observations are given in parentheses.

RMC Total | Fraction Calcite Hematite Mica Smectite Zeolite
ARG 106 9.0% 92 (14) 27 (79) 104 (2) 106 (0) 103 (3)
ZEOL 851 72.6% | 565(286) | 168 (683) | 742(109) 834 (17) 851 (0)
DMP 47 4.0% 47 (1) 4 (44) 45 (3) 48 (0) 48(0)
DMR 71 6.1% 61 (10) 12 (59) 71 (0) 71 (0) 70 (1)
VMP 17 1.5% 17(2) 5 (14) 17(2) 19(0) 19(0)
VMR 14 1.2% 8 (6) 2(12) 14 (0) 14 (0) 12(2)
CC 1 0.1% 1(0) 0(1) 1(0) 1(0) 1(0)
AIRMCs | 1110 | 94.7% | 791(319) | 218(892) | 994 (116) | 1093 (17) | 1104 (6)
No RMC 62 5.3% 45 (17) 10 (52) 30 (32) 52 (10) 47 (15)
All data 1172 | 100% | 836(336) | 228 (944) | 1024 (148) | 1145(27) | 1151 (21)

4.1 Basic Statistics

Differences inKq distributions in RMCs depend on differences in reactive mineral
distributions between the RMCs. Basic statiss including meambsolute deviation,

standard deviation, and skewness, give smaieation of the characteristics of the

reactive mineral distributions. While stdard deviation is a common measure of

variation, absolute deviation is more robust to outliers. Skewness measures asymmetry in
the distribution. Skewness for a Gaussiarrithgtion equals zero. Basic statistics for

reactive mineral percentages and;rgactive mineral percentasjeare given below for

each RMC. Statistics for non-zero mineral percentages are given in parenthesis. In
logarithmic calculations, zero pmmtage data are assigned adaglue of -2.

4.1.1 ARG

The principle lithology for the ARG (argjit) RMC is bedded tuff. ARG tuffs are
typically argillic, with distinctively high peeentages of the clay minerals smectite and
kaolinite. The ARG RMC is defined by clggrcentage greatdran 20% and clay
percentage greater than zeolite.

Table 4-3 and’able 4-4 show basic statistics feactive mineral percentage andilpg
percentage in ARG, with statistics for npero data given in parenthesis. Smectite
percentage in ARG is distinctively high, wihmean value of 43.1%. Considering that all
ten radionuclide classes sorb to smectite, ARG RMC would play a major role in
retardation of radionuclide transport witlire TCU. Percentageof other reactive
minerals are comparable to those in ofRMCs except for zeolite in the ZEOL RMC.

4-4
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Table 4-3. Basic statistics for reactive mineral percentages in ARG RMC. Values in parenthesis are
for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 92 (21) 27 (13) 104 (66) 106 (106) 103 (44)
Mean 1.49 (6.53) 0.67 (1.40) 2.85 (4.48) 43.1 (43.1) 6.23 (14.57)
Abs. Dev. 2.43 (4.70) 0.78 (1.03) 2.88 (3.71) 16.5 (16.5) 7.72 (6.78)
Std. Dev. 3.75(5.41) 1.40 (1.78) 5.53 (6.40) 20.6 (20.6) 8.95 (8.08)
Skewness 2.73(0.57) 3.43 (2.36) 3.83(3.17) 0.98 (0.98) 1.05 (-0.18)
Table 4-4. Basic statistics for logio[reactive mineral percentage] in ARG RMC, with zero-valued
data assigned logso value of -2. Values in parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 92 (21) 27 (13) 104 (67) 106 (106) 103 (44)
Mean -1.40 (0.63) -1.05 (-0.03) -0.46 (0.43) 1.59 (1.59) -0.70 (1.04)
Abs. Dev. 0.93(0.39) 0.98 (0.26) 1.13 (0.28) 0.16 (0.16) 1.49 (0.31)
Std. Dev. 1.13 (0.45) 1.03 (0.36) 1.22 (0.41) 0.20 (0.20) 1.53 (0.40)
Skewness 1.39 (-0.33) 0.24 (0.84) -0.33 (0.44) 0.20 (0.20) 0.36 (-1.46)
412 DMP

The principle lithology for the DMP (devitrified mafic poor) RMC is moderately to
densely welded ash flow tuff or denserst lava. Devitrificatbn results from vapor-
phase mineralization (hot conditions) leadingdlative abundance of quartz, feldspar,
cristobalite, and tridymite. Devitrified RMCare defined by lessdin 30% glass, less
than 30% clay, less than 3Q2éolite, and, typically, great than 60% quartz and
feldspars. “Mafic-poor” is defined by less th219% biotite or lesthan 2.5% total mafic
content.

Table 4-5 and’able 4-6 show basic statistics feactive mineral percentage andilpg
percentage in DMP, with statistics for neero data given in parenthesis. The DMP
RMC is distinguished by relatively low perdages of all reactive minerals including
mica as categorized by “mafic-poor” coarpd to the “mafic-rich” DMR RMC.

However, distinction of DMP from DMR is levant only three radnuclide classes that
are sorbers to mica'*Ca, Cs, and Sr. Of these, only Cs sorption can be dominated by
mica becaus&Ca and Sr also sorb more stronglyzeolite and comparably to smectite
relative to mica. Despite being consideredhss “argillic’ nor “zeditic,” mean smectite
and zeolite percentages are still highantimica in both DMP and DMR RMCs. With
typically low percentage, mica usuahligs a secondary effect on tdtal Mica

4-5
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abundance would have the most impackgm devitrified or viric rocks including

DMP, DMR, VMP, and VMR RMCs. Distirton of “mafic poor” and “mafic rich”

RMCs (e.g., DMP/DMR and VMP/VMR, see below) will mainly affect Cs transport
prediction. Overall, the DMP RMC'’s relatiyelow smectite and zeolite percentages will
lead to the lowestys in TCU.

Table 4-5. Basic statistics for reactive mineral percentages in DMP RMC. Values in parenthesis are
for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 44 (6) 4(1) 42 (14) 45 (24) 45 (19)
Mean 0.90 (6.62) 0.05(0.2) 0.45 (1.36) 5.09 (9.55) 6.64 (15.7)
Abs. Dev. 1.56 (6.69) 0.08 (0.0) 0.62 (0.55) 5.03 (3.86) 7.91 (6.07)
Std. Dev. 3.71 (8.53) 0.10(0.0) 0.74 (0.62) 5.92 (4.75) 9.11(7.19)
Skewness 4.69 (0.85) 0.75(0.0) 1.24 (-0.18) 0.76 (0.30) 0.88 (-0.29)

Table 4-6. Basic statistics for logio[reactive mineral percentage] in DMP RMC, with zero-valued
data assigned log1o value of -2. Values in parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 44 (6) 4(1) 42 (14) 45 (24) 45 (19)
Mean -1.66 (0.48) -1.67 (-0.70) -1.31(0.07) -0.45 (0.91) -0.68 (1.13)
Abs. Dev. 0.62 (0.51) 0.49 (0.0) 0.92 (0.20) 1.45 (0.20) 1.53 (0.23)
Std. Dev. 0.92 (0.60) 0.65 (0.0) 1.00 (0.28) 1.48 (0.28) 1.57 (0.30)
Skewness 2.15(0.30) 0.75(0.0) 0.75 (0.00) -0.08 (-1.30) 0.34 (-1.60)

413 DMR

Like the DMP RMC, the principle lithologipr DMR (devitrified mafic rich) is
moderately to densely welded ash flow tiffdense/stony lava. “Bfic-rich” is defined

by greater than 2.0% biotite or greater tBaB%0 total mafic content. Thus, the difference
between DMP and DMR is based on a dividing near mean biotite or mafic content
within the same lithology.

Table 4-7 and able 4-8 show basic statisticsrefictive mineral percentage andipg
percentage in DMR, with statistics for nor-@elata given in pargheses. As discussed
previously for the DMP RMC, the high micartent in DMR only has significant effect

on Cs transport prediction. Smectite and zeolite percentage remain relatively high in
DMR compared to mica. Since all radionuclaasses are smectite sorbers, and the mica
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sorbers all also zeoliworbers, distinction of DMPnal DMR RMCs has secondary effect
on Ky prediction except for Cs.

Table 4-7. Basic statistics for reactive mineral percentages in DMR RMC. Values in parenthesis are
for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 61 (8) 12 (4) 71 (68) 71 (66) 70 (53)
Mean 1.02 (7.81) 0.33 (1.00) 4.61(4.81) 9.42 (10.1) 12.1 (16.0)
Abs. Dev. 1.78 (6.64) 0.47 (0.75) 2.15(2.08) 5.17 (4.85) 8.76 (6.57)
Std. Dev. 3.69 (7.49) 0.77 (0.87) 2.79 (2.65) 6.83 (6.44) 9.88 (7.40)
Skewness 4.00 (0.54) 2.16 (0.65) 1.29 (1.54) 0.51 (0.58) 0.01(-0.38)
Table 4-8. Basic statistics for logio[reactive mineral percentage] in DMR RMC, with zero-valued
data assigned log1o value of -2. Values in parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 61 (8) 12 (4) 71 (68) 71 (66) 70 (53)
Mean -1.65 (0.71) -1.39 (0.17) 0.52 (0.63) 0.71 (0.91) 0.36 (1.12)
Abs. Dev. 0.62 (0.38) 0.81(0.29) 0.28 (0.18) 0.50 (0.25) 1.15(0.25)
Std. Dev. 0.93(0.43) 0.93 (0.45) 0.57 (0.21) 0.81 (0.31) 1.38 (0.32)
Skewness 2.24 (0.44) 0.79 (0.09) 3.53 (0.57) -2.55 (-0.63) 1.05 (-1.14)
414 VMP

The principle lithology for the VMP (vitricmafic poor) RMC is nonwelded to partially
welded ash flow or vitrophyres, unaltefeeldded/ash-fall tuffs, or vitrophyric and
pumiceous lava. Vitric RMC’s are charatzed by vitric or glassy mineralization
defined as greater than 30% glass, thas 30% clay, less than 30% zeolite, and,
typically, greater than 60% quartz and feldsp#s for devitrified tuffs, “mafic-poor” is
defined by less than 2.0% biotiteless than 2.5% total mafic content.

Table 4-9 and able 4-10 show basic statistits mineral percentage and lgg
percentage in VMP, with statistics for norr@eata given in parentheses. Similar to
DMP and DMR, distinction of VMP and VMRMCs will affect Cs transport prediction,
with no effect on 7 of the 10 radiotiide classes and little affect fCa and Sr
transport. Despite lower smectite percentagkgive to ARG and lower zeolite relative
to ZEOL, smectite and zeolite will domindg in VMP for 9 of 10 radionuclide classes.
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Table 4-9. Basic statistics for reactive mineral percentages in VMP RMC. Values in parenthesis are
for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 17 (0) 5(0) 17 (9) 19 (15) 19 (16)
Mean 0.0(0.0) 0.0 (0.0 0.49 (0.93) 5.95 (7.54) 9.76 (11.0)
Abs. Dev. 0.0(0.0) 0.0 (0.0 0.47 (0.39) 5.87 (6.37) 8.88 (8.72)
Std. Dev. 0.0(0.0) 0.0(0.0) 0.60 (0.50) 7.70 (7.97) 10.2 (10.1)
Skewness 0.0 (0.0 0.0 (0.0) 0.89 (0.67) 1.35 (1.09) 0.59 (0.37)

Table 4-10. Basic statistics for logio[reactive mineral percentage] in VMP RMC, with zero-valued

data assigned logso value of -2. Values in parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 17 (0) 5(0) 17 (9) 19 (15) 19 (16)
Mean -2.00 -2.00 -0.99 (-0.08) 0.09 (0.65) 0.31(0.74)
Abs. Dev. 0.0 0.0 0.96 (0.19) 0.90 (0.38) 0.90 (0.38)
Std. Dev. 0.0 0.0 1.00 (0.23) 1.18 (0.46) 1.18 (0.46)
Skewness 0.0 0.0 -0.04 (0.24) -0.92 (0.23) -0.91 (-0.96)
415 VMR

As for the VMP RMC, the principle lithologipr VMR (vitric mafic rich) is nonwelded
to partially welded ash flow or vitrophyrasaltered bedded/ash-faliffs, or vitrophyric
and pumiceous lava. As for devitrified tuffs, afic-rich” is definedby greater than 2.0%
biotite or greater than 2% total mafic content.

Table 4-11 and able 4-12 show basic statisticsrefictive mineral percentage anditpg
percentage in VMR, with statistics for non-zelata are given in panthesis. Similar to
VMP, smectite and zeolite, despite relalyvew percentage compared to ARG and
ZEOL RMCs, respectively, will be the dominaarbers in VMR for 9 of 10 radionuclide
classes. Differences in mica conteetween VMP and VMR would only have a
significant effect orKq for Cs.
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Table 4-11. Basic statistics for reactive mineral percentages in VMR RMC. Values in parenthesis are

for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 8 (5) 2(1) 14 (13) 14 (14) 12 (9)
Mean 1.65 (2.64) 1.25 (2.50) 4.91 (5.29) 7.24 (7.24) 6.41(8.54)
Abs. Dev. 1.47 (0.94) 1.25(0.0) 4.04 (4.22) 5.54 (5.54) 5.63 (5.60)
Std. Dev. 1.79 (1.53) 1.77 (0.0) 6.06 (6.14) 7.02 (7.02) 7.47 (7.50)
Skewness 0.55(0.32) 0.00 (0.0) 1.74 (1.67) 1.09 (1.09) 1.23 (1.05)

Table 4-12. Basic statistics for logio[reactive mineral percentage] in VMR RMC, with zero-valued

data assigned logso value of -2. Values in parenthesis are for non-zero data

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 8 (5) 2(1) 14 (13) 14 (14) 12 (9)
Mean -0.53 (0.35) -0.80 (0.40) 0.38 (0.57) 0.69 (0.69) 0.09 (0.79)
Abs. Dev. 0.35(0.20) 1.20 (0.0) 0.34 (0.24) 0.35 (0.35) 1.05(0.31)
Std. Dev. 1.24 (0.31) 1.70 (0.0) 0.75 (0.33) 0.39(0.39) 1.30 (0.37)
Skewness -0.34 (-0.56) 0.00 (0.0) 2.00 (1.50) 0.52 (0.52) -0.84 (0.24)
416 ZEOL

The principle lithologies for the ZEOL (zdtt) RMC are bedded ffj nonwelded tuff,

and pumiceous lavas. The ZEOL RMC is mnty zeolitic (clinoptlolite with lesser
mordenite and analcine) and secondarily argillic (including smectite and kaolinite). The
ZEOL RMC is defined by zeolite percentagreater than 30% with zeolite percentage
exceeding clay percentage and less than §@%s. The majority (69%) of the TCU XRD
data are categorized into the ZEOL RMC.

Table 4-13 and able 4-14 show basic statistics feactive mineral percentage andilpg
percentage in ARG, with statistics for nomedata given in parentheses. Mean zeolite
percentage in ZEOL is distinctively high%t.5%. Smectite is detected in most (733 of
834 or 88%) XRD samples in ZEOL.

The ZEOL RMC would play a major role intaedation of the theeradionuclide classes
that sorb to zeolite #Ca, Cs, and Sr. However, for non-zeolite sorbers — Am, Cs, Eu,
Np, Pu, Sm, U — for which smectite is the dominant sorbing mineral, the ZEOL RMC
would play a lesser role comped to ARG and would hawg characteristics similar to
devitrified or vitric RMCs.
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Table 4-13. Basic statistics for reactive mineral percentages in ZEOL RMC. Values in parenthesis

are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite

#Data 565 (86) 168 (18) 742 (477) 834 (733) 851 (851)
Mean 0.65 (4.27) 0.24 (2.23) 11(3.28) 6.00 (6.83) 57.5 (57.5)
Abs. Dev. 1.11 (3.43) 0.43 (0.47) 1.73 (1.68) 4.37 (4.25) 14.8 (14.8)
Std. Dev. 2.80 (6.05) 0.74 (0.78) 2.84 (2.95) 6.05 (6.00) 17.2 (17.2)
Skewness 9.09 (3.98) 2.73 (-2.27) 4.01 (4.52) 2.06 (2.17) 0.07 (0.07)

Table 4-14. Basic statistics for logio[reactive mineral percentage] in ZEOL RMC, with zero-valued

data assigned logso value of -2. Values in parenthesis are for non-zero data

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 565 (86) 168 (18) 742 (477) 834 (733) 851 (851)
Mean -1.63 (0.42) -1.76 (0.24) -0.45(0.42) 0.36 (0.69) 1.74 (1.74)
Abs. Dev. 0.62 (0.24) 0.43 (0.28) 1.11(0.17) 0.63 (0.30) 0.12 (0.12)
Std. Dev. 0.88 (0.41) 0.71(0.45) 1.18 (0.29) 0.95 (0.38) 0.14(0.14)
Skewness 2.06 (-0.09) 2.65 (-2.27) -0.48 (-0.34) -1.73 (-0.40) -0.40 (-0.40)
4.2 Frequency Distributions

In this section, reactive mineral frequencgtdbutions are examined within each RMC.
The frequency distributions are examined & tlontext of applicability to geostatistical
methods. Some XRD data lacked suffitismformation for RMC categorization.

4.2.1 Data with no RMC

In analysis of the TCU data in relationRMC categories, consdation should be given
to a non-trivial portior(5.3%) of the data that are rz#tegorized into a RMC at all.
While 5.3% may seem small, the portion represents 19% ohdatategorized into the
ZEOL RMC. Additionally, 5.3% represents adtian comparable to the ARG, DMP and
DMR RMC'’s and far greater #m for VMP and VMR RMC'sFigure 4-1 shows
frequency distributions for reactive mineréism the data with no RMC categorization.
These data present several difficulties for RMC categorization:

e All “no RMC” data have low percentag®r null observatins of zeolite and
smectite, which precludes categorization into ZEOL or ARG.
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Over half (32 or 62) of the “no RMQJata have “null observations” for mica,
which precludes categorizam into DMP, DMR, VMP, or VMR categories.

All of the “no RMC” data were anatgd by the “S” (semi-quantitative) method,

which is most uncertain for low mineral percentages.

Most of the “no RMC” data have no measments of felsic minerals to help
distinguish vitric and devitrified tuffs (séegure 4-2).
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Figure 4-1. Logarithmic scale frequency distributions of reactive mineral percentage for all TCU

data with no RMC categorization.
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4.2.2 Calcite

1.00_

Frequency

0.00

TCU trydymite with no RMC

number of data 5
null observations 57
mean O 0
std. dev
coef. of var undeflned
maximum 0.0
upper quartile 0.0
median 0.0
lower quartile 0.0
minimum 0.0

0.500__

0.400

Frequency

0.100

0.000

0.300

0.200

0.1

TCU feldspar with no RMC

1 10 100
Percent trydymite with no RMC

__number of data 2
null observations 60

1

edian 8.8

lower quartile 0.
minimum 0.

0.1

1 10 100
Percent feldspar with no RMC

Logarithmic scale frequency distributions of felsic mineral percentage for all TCU data

Calcite is not used to distinguish RM{@dshe TCU except for the CC (carbonate) RMC,
of which only 1 datum is present. The CC RNGreated as an ouwli in this study and

not included in geostatical interpretationigure 4-3 shows logarithmic-scale frequency
distributions for calcite XR[@lata. Notably, the majority §#100%) of data in each RMC
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indicate zero calcite except for VMR, which has only 8 data. If the VMP and VMR data
are combined, the fraction of zero calcit¢éadaould be 80%, much like other RMC's.
Thus, composite XRD data indicate zero ttaltor about 78-88% of samples in the TCU
RMCs. Where non-zero, calcite abundangecdglly ranges from a few percent to less
than 20%. There is no obvious preference ftoitato occur in a particular RMC. The
XRD data suggest spatial patterns of ¢aloccurrence might be similar throughout the
TCU, except for very rare occurrenedsapproximately 0.1% probability where

carbonate rock occurs within the TCU.

number of data 92
null observations 14
0.700 mean 1.5
std. dev. 3.7
0.600 coef. of var 2.5
maximum 17.5
>0.500 upper quartile 0.0
2 lower ue;jmle 88
20.400 mﬂmmum 0.0
o
9]
IIO.SOO
0.200
0.100
0.000 w :
0.1 1 10 100
Percent calcite in ARG
ﬁTCU calcite in DMP number of data 47
0.800 null observations 1
J1520 83
S| ev.
0.700 coef. of var 4.2
maximum 22.0
>0.600 upper quamle 0.0
[5) edian 0.0
%0.500 lower quartlle 0.0
=] minimum 0.0
0.400
<
LL 0.300
0.200
0.100
0.000 [1 ; ‘
0.1 1 10 100
Percent calcite in DMP
1.00 JTCU calcite in VMP number of data 17
null observations 2
mean 0.0
0.80 std. dev. 0.
: coef of var undefine
um 0.0
> upper quamle 0.0
Q' 0.60 median 0.0
S lower quartile 0.0
= minimum 0.0
o
L 0.40
L
0.20
0.00 : : :
0.1 1 10 100
Percent calcite in VMP
Figure 4-3.

TCU calcite in ARG
=

0.800
0.700
0.600

3

©0.500

g

20.400

o

(£ 0.300
0.200
0.100
0.000

0.800
0.700
0.600
3
<0.500
E
£0.400
<
LL 0.300
0.200
0.100
0.000

4 0.300

Frequency
I
N
o
o

0.100

0.000

4-13

TCU calcite in ZEOL
—

number of data 565
null observations 286
mean 0.6

std. dev. 2.8

coef. of var 4.3
maX|mLtJEn 8360

upper quartile

pp q e 0o
lower quamle 0.0
minimum 0.0

l

TCU calcite in DMR
—

0.1 1 10
Percent calcite in ZEOL

100

number of data 61
null observations 10

coef. of var 3.6
maximum 20.0
upper que:jmle 0.0

0.0
lower quartile 0.0
minimum 0.0

TCU calcite in VMR
—

T ’_‘ T
0.1 1 10
Percent calcite in DMR

100

— number of data 8

null observations 6
mean 1.6
std. dev. 1.7
coef of var 1.0
arile 3.9

u er uartile

PP ﬂweman 1.6
lower quartile 0.0
minimum 0.0

0.1 1 10
Percent calcite in VMR

100

Logarithmic scale frequency distributions of calcite percentage within RMCs.
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4.2.3 Hematite

Like calcite, hematite is not a factor intilguishing RMCs in the TCU. Also similar to
calcite, most hematite measurements are Eegore 4-4 shows logarithmic-scale
frequency distributions for hematite XRD data in each RMC. The hematite data differ
from calcite, however, in that the large majority of the data are null observations.
Hematite measurements in ARG shosnaaller proportion (38%) of zero-valued
hematite measurements. However, this difference could be related to method used
because many of the non-zero measuremeetess than 2.5-3%, the typical resolution
of “S” method data. Additionally, only 36 hmatite data were obtained for the ARG RMC
and, thus, XRD sampling of ARG could beged toward high hematite. Overall, the
fraction of hematite percentage of 1% or greater is very similar for each RMC
particularly if the VMP and VMR RMCs are coimkd. Similar to calcite, it is difficult to
speculate to what extent zero-valued XRIInh&te percentages actually represent finite
percentages of hematite. An interpretationilsimo calcite — that spatial patterns of
hematite occurrence could be similar throughbetTCU — is suggested by the data.
However, because hematite data are sparse, there is more uncertainty in interpretation of
the hematite data.
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Figure 4-4. Logarithmic scale frequency distributions of hematite percentage within RMCs.

4.2.4

Mica

Compared to calcite and hematite, the XRD data indicate mica is relatively ubiquitous
throughout the TCUrigure 4-5 shows logarithmic-seairequency distributions for mica
XRD data in each RMC. If DMP-DMR andMP-VMR RMC'’s are combined as pairs
(assuming “devitrified” and “vitric” categor&®, the mica frequendajistributions would

look very similar across ARG, ZEOL, and combined DMP-DMR and VMP-VMR RMCs.
Comparison of statistics and frequencyritisttions for mica in different RMCs is
complicated by differences in resolution amttertainty in the dierent XRD methods
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used in the composite XRD dataset. Thisessuparticularly relevant to mica because a
large proportion of the mica percentage frewyedistribution is blew resolution limits

of the XRD methods. Much of the differenceniica percentage statistics relates to the
proportions of zero values, which dependdhenresolution and accuracy of the methods
used. The data suggest slightly lower micapetage with more zero value mica data in
the ZEOL RMC, which could relate to occurrences of peralkaline ash-fall tuffs that are
devoid of mica (S. Drellack, personal conmmtation, 2007). Thus, mica appears to be
relatively ubiquitous with a frequency disution that appears to be relatively
homogeneous throughout the TCU, with the pxioa of some peralkaline ash-fall tuffs
devoid of mica.
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Figure 4-5. Logarithmic scale frequency distributions of mica percentage within RMCs.
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425 Smectite

Figure 4-6 shows logarithmic-scale frequgndstributions for smectite XRD data in

each RMC. Unlike calcite and hematite, stitedrequency distributions show obvious
differences between different RB4 directly attributable tthe RMC criteria of definition
(Table 4-1). The argillic RM@equires greater than 20%ayg| while VMR, VMP, DMR,

and DMP require less than 308&ay. The ZEOL RMC requires clay percentage less than
zeolite with greater than 30%olite. Because smectite is a particular class of clay, the
clay percentage cutoffs for RMC definition dot directly translate to discrete cutoffs
within RMC smectite frequency distributions. Nonetheless, the ARG RMC contains no
less than 15% smectite, whereas other RMCs typically contain less than 15% smectite,
including a fraction of zero values. Smectite frequency distributions are similar within the
ZEOL, DMP, DMR, VMP, and VMR RMCs. As considered previously, the smaller
differences in frequency didttitions should not be over-apaéd at this stage because
differences in method of XRD analysisext the frequency distributions. Considering

that the ARG RMC is largely derived frotie argillic LTARG reactive mineral unit

(RMU) at the base of the TCU, the ARG RMategorization indicates an abundance of
smectite similar to what #und in the LTARG RMU.
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Figure 4-6. Logarithmic scale frequency distributions of smectite percentage within RMCs.

4.2.6

Zeolite

Figure 4-7 shows logarithmic-ale frequency distributions f@eolite XRD data in each
RMC. Like smectite, zeolite is consideredhe definition of all RMCs. The ZEOL RMC
is defined by greater than 30% zeolite aedlite abundance greatéan clay. As such,
zeolite percentage is less than 30% irotler RMCs. This 30% zeolite cutoff result in
similar zeolite frequency distributionsrféRG, DMP, DMR, VMP, and VMR RMCs.
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DMR exhibits higher zeolitebmindance relative to ARG, DMP, VMP, and VMR, which
could be attributed to how ZEOL and Rvare distinguished. The 30% cutoff for
distinguishing ZEOL from other RMCs liketyersimplifies actual mineral distributions
within typical RMC lithologies. For examplepme data categorized as DMP and DMR
could represent zeolitic bedded tuffs, rathantash-flow tuffs, wittzeolite percentage
below 30%. As for the previously discussedatere mineral distributions, differences in
the frequency distributions of zeolite ARG, DMP, DMR, VMP, and VMR are also
affected by differences in XRD method ds®etailed analysis of differences in
composite XRD zeolite frequency distributidios different RMCs should be avoided
until effects of XRD method are considered.
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Figure 4-7. Logarithmic scale frequency distributions of zeolite percentage within RMCs.Reactive
Mineral Cross Relationships in RMCs
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As discussed above, calcite and hematite have practically no impact on RMC definition
because calcite and hematite are not used in RMC definitions and occur in similar
frequency distributions for all RMCs. Midgs little impact on RMC definition if the
mafic-poor and mafic-rich RMCs arernbined as DMP-DMR and VMP-VMR into
“devitrified” and “vitric” categoriesFigure 4-8, a cross-plot of smectite and zeolitgdog
percentage, emphasizes how the main diffege in RMC population characteristics are
attributed to the relative percentagesimiectite and zeolite. For the ZEOL RMC, zeolite
percentages predominantly lie above 30%ieatespective of sectite percentage. For
the ARG RMC, smectite percentages predominantly lie above 20% smectite except
where zeolite percentage is greater tB@%. The devitrifiedRMCs, DMP and DMR,
show relatively greater total smectite and zeolite percentage compared to the vitric
RMCs, VMP and VMR. Thus, devitrifiechd vitric rocks could have significant
differenceXKg.

Figure 4-8 shows the abrupt sepamtof ARG from non-ARG and ZEOL from non-
ZEOL RMCs based primarily on smectite arablite percentage cutoffs. Data clusters
with relatively high zeolite and smectpercentage suggest a merging of two
populations. Many data with high (greatean20%) total smecétand zeolite would
appear to fit into eithea high smectite or high zeolite poptibn, but are not categorized
as ARG or ZEOL. Instead, the cutoffs lead&begorization of somgata with relatively
high total amounts of reactive minerals priityainto devitrified (DMP or DMR) RMCs.
In turn, the frequency disbrution for DMP, DMR, and, to some extent, VMP and VMR,
appear bi-modal with one peak consisting@fo or low percentges and another peak
centered above a percentages of 10%. Ithelproblematic to implement a categorical
approach to multi-modal reactive mineral percentage frequency distributions unless
additional categories are defined.

Mica data are nearly as numerous as siteegnd zeolite and, thus, offer potential
insights on RMC categorization though sseplotting with smectite and zeoliteigure
4-9 andFigure 4-10 show mica-zeolite and smectite-mica cross-plots categorized by
RMC. The ubiquity and homogeneity of thecaifrequency distribidns are evident in
both plots, particularly by combimg DMP-DMR and VMP-VMR RMCs. The mica-
zeolite cross plot mainly shows zonatimiiZEOL between non-ZEOL categories. Mica
zonation is only evident between mafic-pamd mafic-rich RMCslf mafic-poor and
mafic-rich categories are combined, the miesfrency distributions will be very similar
the remaining four categories of ARG, PMOMR, VMP-VMR, and ZEOL. This pattern
is also evident in the smectite-mica cross pldtigure 4-10. The main population
distinctions relates to ssutite percentage betweARG and non-ARG RMCs. Mica
distributions strongly overlagnd appear nearly identidaétween all RMC categories
where DMP-DMR and VMP-VMR are combined.
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Another consideration for reactive mineral categorizatid€yidependency on different
reactive minerals for different radionuclidéss discussed in Sections 4.1 and 9.1, only
three of ten radionuclide classe$'€a, Cs, and Sr — are sorbers to mica. Of these, only
Cs has stronger sorption to mica relativéhi® more abundant smectite and zeolite. Thus,
for 9 of 10 radionuclide classedistinction of high and lownafic zones would have little
or no impact on radionuclide transport préigic. Additionally, the XRD data indicate

that mica frequency distribatns are very similar throughodifferent lithologies and
stratigraphic units in the TCU, with the ordyception being a few thin peralkaline tuff
beds devoid of mica.

4.3 Geostatistical Analysis in an RMC Framework

The RMC framework defines categories puretyreactive mineral content through mica,
smectite, and zeolite cutoffs independent ddtgjraphic unit or lithology. This removes
the geometric context of mineralogic zooatin the TCU as interpreted by Prothro
(2005). Geostatistical indiaat methods use cutoff values to define categories and
implement a non-parametric approach @natgids dependency on Gaussian assumptions.
However, a RMC-based indicator approadiuild be problematic to implement in the
TCU, requiring multiple sets of cutoffs for cross-correlated indicator variables based on
mica, smectite, and zeolite content. Traditlayeostatistical indicator approaches are
designed for one set of cutoffs appliectsingle measure of content (e.g., smectite
only). Development of multiple indicator variogram and cross-variogram models would
be hampered by lack of data in all six RM&gept for ZEOL. Finally, it is doubtful that
an indicator approach folding in RMC inpeetation would approfately address the
geometric aspects of reactive mineral spaaaiation and zonation in the TCU. As
described by Prothro (2005) and further dssad in Chapter 5, major zonal variations of
reactive mineral distributions in the TCU aedated to stratigraphic units and groupings
of reactive mineral units. Argbdy, characterization of njar spatial variations of

reactive mineral distributions in the TCU is raaefensibly described in the context of
geological processes (e.g. depositional, tect@rosional, and diagetic) rather than
random processes.

Granted, categories related to stratigraphitsumi lithologies will present difficulty from
overlapping reactive mineral frequency distitions. Likewise, it is problematic to

attribute lithology or stratigghic units to categories defined solely by mineralogic
percentage cutoffs. For example, some bedded tuffs, nonwelded tuffs, or pumiceous lavas
would likely contain less thaB0% zeolite and, conversely,me non-welded to partially
welded ash-flow tuffs could caaith greater than 30% zeolite.

Obviously, it is not possible to determindnbtogy or stratigraphic unit from reactive and
felsic mineral percentage data alone. It ipamiant to include consadation of the spatial
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context of lithology and stratigraphic unitgeostatistical analyst® address zonal
differences in spatial variability within the TCU. Chapter 5 examines reactive mineral
distributions in reactive mineral units (RM)J which have geometric context through
definition by hydrostratigraphic units or subits having characteristic reactive mineral
distributions and lithology.
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Figure 4-8. Logarithmic cross plot of smectite and zeolite percentage for all XRD data sorted by
RMC.
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5. Reactive Minerals in RMUs

Stoller Navarro (2007) identified and named reactive mineral units (RMUS) by grouping
contiguous hydrostratigraphic asttatigraphic units with siitar distributions of reactive
minerals. The RMUs within the TCU arelminits of four hydrdsatigraphic units —

Upper Tuff Confining Unit (UTCU), Lower TiiConfining Unit (LTCU), Oak Springs
Butte Confining Unit (OSBCU), and Argilli¢uff Confining Unit (ATCU) described by
Bechtel-Nevada (2006).

The RMUs differ from RMCs by having aratigraphic and, therefore, a geometric
context. The RMUs are laterally correlative subunits of the TCU. RMUs within the TCU
fall into four main categories leged to lithology and mineralogy:

e zeolitic -associated with massive zeolitized bedded tuffs,

e devitrified - associated with disntinuous welded ash flow tuffs,

¢ argillic — associated withrgillized bedded tuffs at the base of the TCU, or

e volcaniclastic — associated with zeolitic adelrsediments at the base of the TCU.

Figure 5-1 illustrates the stratigraphic redaships of the RMUs within HSUs of the
TCU. RMUs identified as “zeolitic beddedffs include “UT ZE” in the UTCU HSU,
“TCU UZE” and “TCU LZE” within the LTQJ, and “OSB UZE”, “OSB MZE2”, “OSB
MZE1”, and “OSB LZE” within the OSBCWRMUs identified as “devitrified mafic
poor” include “BF DMP” within the LTCland “YF DMR”, “RV DMP”, and “TP DMP”
within the OSBCU. Only one RMU, the argilF'LT ARG”, is identified within the
ATCU. The volcaniclastic “VC ZE” is part dhe OSBCU, howeveno mineralogic data
are available for the “VC ZE” RMUTlable 5-1 summarizes tegorization of RMUs
within the TCU with respect tmajor lithology and mineralogy.

In some cases, data are assignechtaheer TCU hydrogeologic unit even though the
RMU categories are typically in the TCBor example, one datum with “LTCU” HSU

and “TCUUZE” RMU is categorized into ¢i'VTA” hydrogeologic unit. This analysis
uses the RMU categorization, whether or thet data are in the TCU, because the
mineral distributions within RMUs are foundlte consistent whether or not the RMU is
entirely located withirthe TCU. Thus, some non-TCU data can be used to characterize
for reactive mineral distributions for RMUsathare mostly located within the TCU.

In this section, reactive mired frequency distributions are evaluated with respect to
RMUs. The RMU-based conceptual model for reactive mineral spatial variability
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assumes RMUs are useful to distinguigtistically homogeneous sub-populations or
“zones” of reactive mineral distributions in the TCU.
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Figure 5-1. Schematic cross section depicting RMU and HSU subdivisions within the TCU and
adjacent hydrogeologic units (from Stoller-Navarro, 2007).

The RMU conceptual model has severakptial advantages for geostatistical
characterization over the mineral pertagye cutoff-based RMC approach for
geostatistical characterization:

e Mineral percentage frequency distrilmns can overlap between different
categories.

e Frequency distribution for tferent categories can hatals (e.g., extreme lows
or highs).

e The RMUs can relate to geologic struesithrough coordinadeinterpretation of
lithology, mineralogy, and stratigraphy.
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The RMU framework coordinates minergio zonation to vertical successions
used in development of hydrostratigraphic framework models for flow and

transport within Yucca Flat (Bechtel Nevada, 2006).

Table 5-1. Summary of RMU categorization relative to HSUs, major lithology and mineralogy, and
typical stratigraphic unit (summarized from Table 1-3, Stoller-Navarro, 2007) in the TCU.
All units are listed in vertical succession with upper most at the top.
HSU? RMU Major Lithology Major Mineralogy Typical Stratigraphic Units?
UTCuU UT ZE bedded tuff zeolitic Tmr (lower most)
Tmrh, Tp
LTCU TCU UZE bedded tuff zeolitic Tmrh, Tp, Th, Tw, Tc, Tn,
Tub, Ton2, Ton1, To, Tt
BF DMP ash flow tuff devitrified mafic poor | Tcb
TCU LZE bedded tuff zeolitic Tc, Tbg, Tn4, Tn3
0SBCU 0SB UZE bedded tuff zeolitic Ton23
YF DMR ash flow tuff devitrified mafic rich Toy
0SB MZE? bedded tuff zeolitic Ton13
RV DMP ash flow tuff devitrified mafic poor Tor
0SB MZE! bedded tuff zeolitic Tod
TP DMP ash flow tuff devitrified mafic poor | Tot
0SB LZE bedded tuff zeolitic To, Tit
ATCU LT ARG tuff argillic To, Tit
0OSBCU VCZE volcaniclastic zeolitic Top, Tgw

1See Table 4-4 in Bechtel Nevada (2006) for explanation of HSU nomenclature.

2See Tables 4-1 and 4-2 in Bechtel Nevada (2006) for explanation of stratigraphic nomenclature.

3Includes older units if the underlying ash-flow tuffs (Toy, Tor, Tot) are not present.

However, there are several possible difficulties to anticipate in using a RMU-based
approach to characterize sphtiariability of reactive minedalistributions in the TCU:

By nomenclature, the RMUs appeamntap out specific “devitrified mafic poor”
or “devitrified mafic rich” units. Howeer, on cross-examination of RMC and
RMU categorization, it is natncommon for “mafic rich” RMCs to be located in
a “mafic poor” RMU, and visa versa.

The RMUs apparently do not distinguish vitric tuffs, which have similar reactive

mineral distributions to devitrified tugfbut are formed by different processes.
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Consideration of glass contdn needed to distingthsvitric tuffs from other
tuffs. Many “S” method data do not includeag$, preventing distinction of vitric
tuffs.

e Data may be too sparse and widely-spaoecharacterize spatial variability (or
spatial continuity) of mineral percentage¥qrin each RMU.

The reactive mineral facies M) approach described in Gpter 6 takes advantage of
the RMU geometric framework for defining zanier geostatistical analysis of reactive
mineral distributions with some adjustmetdsaddress advantageis@aivantages of the
RMC and RMU approaches. Preliminarydescribing the RMF approach, reactive
mineral frequency distributions RMUs are evaluated below.

5.1 Calcite

Figure 5-2 shows calcite frequency distribas in RMUs, which show similar patterns
of mostly zero calcite andfaw non-zero calcite percentaggpically below 10% within
each RMU. The one exception is the LTARG RMU. Although LTARG data are about
57% zero values, the proportionrn-zero data is notablyeater and the values of non-
zero calcite percentages are higher in LTAR(Gtive to all other RMUSs. Differences in
calcite frequency distributions betwedifferent RMUs excluding LTARG are not
significant. Therefore, calcigata are not generally usefaldistinguish RMUs except,
possibly, between LTARG and non-LTARG RM. The XRD data suggest that the
LTARG RMU is not only distinctively argillidut, possibly, relativglcalcitic compared
to other RMUs in the TCU.

In comparison of calcite frequency dibution to the ARG RMC (Figure 4.3), the
LTARG RMU has less data but relativetyore non-zero calcite percentages. While
argillic zones in bedded tuftge identified as ARG RMCs, the data indicate calcite is
more abundant in argillic zones within LR& at the base of the TCU. However,
sampling location patterns or variatianghe XRD methods used may impact
interpretability of these subtle difference<aicite distribution within TCU. If calcite is
indeed more abundant within LTARG, it mag useful for transport prediction to
distinguish the LTARG from other argillmones and other RMUs because several
radionuclide classes — Sm, Eu, Am, Np, and-Rwe relatively strongorbers to calcite
compared to other reactive minerals.
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Figure 5-2. Logarithmic scale frequency distributions of calcite percentage within RMUs.

5.2 Hematite

Figure 5-3 shows hematite frequency distridns in RMUs. As discussed in Section

4.2.3 hematite data are far less numerous than for the other reactive minerals, so
interpretability of the hematite data is limited. Hematite frequency distributions in RMUs
show a similar pattern to e, with mostly zero hematite and a few non-zero hematite
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percentages, typically below 3%. Like céd, the LTARG RMU isa possible exception

to the overall pattern of hematite occurremt the TCU. The proportion of non-zero data
hematite may be greater in LTARG relatieeall other RMUs. Differences in hematite
frequency distributions between differé&ivlUs excluding LTARG are not significant.
Hematite frequency distributions for LG and non-LTARG RMUs appear to be
distinct.
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Figure 5-3. Logarithmic scale frequency distributions of hematite percentage within RMUs.

In comparison to hematite in the ARG RMEIdure 4-4), the LTARG RMU has less data
but similar hematite frequency distributions. The data indicate hematite is similar in
abundance in argillic zonesthin and outside the LTAR®MU - different than for

calcite, which appears relatively more abundaithin the LTARG RMU. As for calcite,
variations in the XRD methodssed and sampling locatiomgy impact interpretability

of these subtle differences in hematite distributions between different RMUs or RMCs of
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the TCU. If hematite is indeed more abumidaithin the LTARG RMU or ARG RMC, it
may be useful in transport prediction tetthguish hematite abundance in argillic zones
because several radionuclide classes — NpaRd U — are relatively strong sorbers to
hematite compared to other reactive minerals.

5.3 Mica

Figure 5-4 shows mica frequency distributiam&MUs, which are generally similar
throughout the TCU. Data are most abundanthe TCUUZE (546) and OSBUZE (268)
RMUs. The frequency distributions for DUZE and OSBUZE are similar for both zero
and non-zero data. The most noticeabteedinces in mica distributions between
different RMUs relate to proportions béro values (e.g. TCULZE) and shape of non-
zero frequency distribution (e.g. RVDMP).d mica frequency distributions show a
spike of data values between 2.5 to 3.8¥%ggesting impacts from method detection limit
and accuracy. Many “S” method data resolve mica percentage to 2.5% with an
uncertainty of 2.5% (Warren, 2007). Becansea percentages are generally only a few
percent, XRD method detection limit dirgcaffects relative proportions of zero and
non-zero data and, thus, resolution of thedptail of the frequecy distribution. The
combined effects of XRD method detectionits, typically low mica percentage, and
uncertainty make it difficult to distinguishuly significant differeses in mica frequency
distributions between different RMUS.

For most RMUs, it is plausible that micaubiquitously non-zero. The shapes of the
frequency distributions suggiethat many mica data “a#rvalues could actually
represent non-zero percentages. Mica pergentaexpected to be zero in some thin,
peralkaline, ash fall tuffs of the “Tulbiydrostratigraphic unit within the TCUUZE RMU
and the “Thg” and “Tn4” hydrostratigraphimits within the TG®LZE RMU (written
communication, Drellack, 2007). As shownFigure 5-4, over 35% of the 546 mica data
in TCUUZE are zero values, but none of @8 mica data in TCULZE are zero values.
Therefore, mica percentage data obtained fpenalkaline ash-fall tuffs must originate
from the TCUUZE.
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Figure 5-4. Logarithmic scale frequency distributions of mica percentage within RMUs.

5.4

Smectite

Smectite is arguably the most importegeictive mineral affecting prediction of
radionuclide transport in éhTCU for several reasons:

e Smectite is the only reactive minerahttsorbs all 10 radionuclide class&€é,
Cs, Sr, Ni, Sm, Eu, Am, Np, Pu, U).
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For 7 of 10 radionuclide classes (Ni, 38w, Am, Np, Pu, U), smectite is the only
sorber that is consistently presentmeasurable quantities within the TCU.

Further interpretation of smectite dé&ection 7.2) indicates smectite is
ubiquitous throughout the TCU and, thus, would sorb all radionuclide classes
throughout the entire TCU.

Although calcite, hematite, or mica hadvigher capacity than smectite to sorb

most radionuclide classesr(Sm, Eu, Am, Np, Pu, and U), greater abundance of
smectite in the TCU causes smectite to have more overall impact on radionuclide
Kg4 than any other reactive mineral.

Subsequently, differences in smectite spatial distributions for different RMUs will have
strong impact on differences in radiohide transport propées in the TCUFigure 5-5
shows frequency distributions of smectite percentage within RMUs. The smectite
frequency distributions for tferent RMUs indicate sevdreharacteristics of zonal
variability within the TCU:

Within bedded tuffs, there is a general increase in smectite percentage with depth.

Mean smectite percentage increaséh depth beginning with the UTZE (1.99)
of the UTCU, the TCUUZE (6.61) and TCULZE (4.84) of the LTCU, the
OSBUZE (10.97) , OSBMZE?2 (8.44), OSBM1 (11.62), OSBLZE (8.75) of the
OSBCU, the LTARG (39.98)

With respect to lithology, the lowest ol smectite percentages occur in the
devitrified tuffs — YFDMR (3.33), RDMP (4.94), and TPDMP (8.9). These

mean values show increase with defato, although the differences are not
significant because only 3 data are available for YFDMR and 4 data for TPDMP
compared to 38 data for RFDMP.

The devitrified RMUs — YFDMR, RVDMPand TPDMP - are situated within the
OSBCU HSU. Smectite percentages are lowehe devitrified tuffs compared to
the zeolitic tuffs in the same HSU.

Smectite frequency distributions are similar within each HSU, except for the
devitrified tuffs. Major depth trends for smectite percentage can be largely
captured with zonation based on HSUs .

As for other reactive minerals, differences in frequency distributions for smectite
percentage between different RMUs carpant, be attributed to methods used.

Resolution of smectite percentage estimates is limited to varying degrees depending on
XRD method. Similar to mica, smectite freqog distributions from RMUs with low

smectite percentage tend to show spikes near 2.5 because of numerous “S” method data
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with estimates of 2.5 and uncertainty of 2.5 (a range of 0.0 to 5.0). Smectite frequency
distributions appear to be tailed toward/Ipercentages, however, low-percentage tails
cannot be resolved by the XRD methoded except, possibly, the “F’ method.

Importantly, even though many XRD data indec&ero” smectite, small percentages of
smectite, such as 1-2%, are likely undetected by all but the “F” method. Yet small
percentages of smectite would impart appreciable retardation on all radionuclide classes
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Figure 5-5. Logarithmic scale frequency distributions of smectite percentage within RMUs.
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5.5 Zeolite

Zeolite is the most abundargactive mineral in the TCUMost of the XRD data are
obtained from zeolitic bedded tuffs categed into zeolitic RMUs - UTZE, TCUUZE,
TCULZE, OSBUZE, OSBMZE2, OSBMZE1, adSBLZE. However, the entire XRD
dataset indicates the lower tails of zeolitecpatages in the zeolitic RMUs overlap with
zeolite frequency distributions in non-#igo RMUs — YFDMR, RVDMP, TPDMP, and
LTARG.

Although zeolite is abundantrtbugh much of the TCU, opnBB of 10 radionuclide classes
—*Ca, Cs, and Sr — sorb to zeolite. The distribution of zeolite in the TCU has no effect
on 7 of 10 radionuclide classes — Ni, Sm, Eu, Am, Np, Pu, and U. Smectite has much
more overall effect on radionuclideatrsport in the TCU than zeolite.

Zeolite percentage generally decreases dafbth in the TCU in tandem with the general
increase in smectite percentage with depihure 5-6 shows frequey distributions of
smectite percentage within RMUs. Mean zeolite percentage in RMUs decreases with
depth in non-devitrified RMUs beginnivgth UTZE (70.60) of the UTCU HSU,
TCUUZE (53.68) and TCULZE (40.14) of the LTCU HSU, the OSBUZE (42.91) ,
OSBMZE?2 (44.0), OSBMZE1 (35.05), OSBLZF1.55) of the OSBCU HSU, and
LTARG (3.60) of the ATCU HSU. The only egption to the depttiependent decrease
in zeolite percentage is TCULZE, whioiay be attributed to limited sampling or
inclusion of data from devifred or vitric tuffs. The TCUWZE has only 23 data compared
to 634 and 285 data in RMUs above ankblve Mean percentage in the TCULZE is
driven downward by a relativelgrger tail of low zeolite peentages compared to other
zeolitic RMUs.

Overall the major differencdsetween zeolite frequency distitions for different RMUs
are attributed to the major differencesithdlogy and alteration — zeolitic bedded tuffs,
devitrified tuffs, and argillic tuffs and an ol trend of decreasing zeolite with depth.

The main difference in zeolite percentage is between the zeolitic bedded tuffs and the
combination of devitrified and argillic tuff3he devitrified and ardic tuffs have similar
zeolite frequency distributions, incling) large proportions of zero values.

Significant differences between RMUs witlaaolitic bedded tuffs within the UTCU
(UTZE only) and LTCU (TCUUZE and TCUWE) HSUs are not obvious. Similarly,
significant differences between zeolitiedded tuff RMUs (OSBUZE, OSBMZE?2,
OSBMZE1, and OSBLZE) within the OSBRCHSU are not obvious. As for other
reactive minerals, the differences betwddferent RMUs shouldhot be overanalyzed
considering differences in number of dagpatial distribution of sample locations, and
XRD method.
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Figure 5-6. Logarithmic scale frequency distributions of smectite percentage within RMUs.

5.6 Reactive Mineral Cross Relationships in RMUs

As discussed in Section 4.3analysis of cross relationships of reactive minerals within
the RMC framework, smectite and zeolite have the most impact on distinguishing zonal
variation of reactive minerals in the TCOalcite, hematite, and mica do not show large
variations between RMUs, with the possibleeption for calcite and hematite in the
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ARG RMC or LTARG RMU, which are clearlgistinguished by high smectite compared
other RMCs and RMUs.

Frequency distributions for reactive minerafgpear similar for RMUs within HSUs

except for devitrified RMUs, which generally have low smectite and low zeolite relative
to the rest of the HSU. Based on thedafa in the UTZE RMU in the UTCU HSU,

reactive mineral distributions in zeolitiedded tuffs of the UTCU and LTCU HSUs

appear similar, particularly if the lowaail of TCULZE RMU is excluded. A logical
grouping of RMUs to simplify zonal variation the TCU to four zones with similar
lithologic and reactive mineral distribution characteristics is described and named below
in bold:

e L-UTCU. Combine the UTZE, TCUUZE, and TCULZE RMUs or, equivalently,
combine zeolitic bedded tuffs RMWwathin the UTCU and LTCU HSUSs.

e (OSBCU. Combine the OSBUZE, OSBMZE2, OZBMZE1, and OSBLZE RMUs
or, equivalently, combine zeolitic bedded tuffs within the OSBCU HSU.

e DMP-R. Combine the BFDMP, YFDMR, RVDMP, and TPDMP RMUs or,
equivalently, combine devitrified astoW tuffs of the LTCU and OSBCU HSUs.
(note no XRD data are categmd into the BFDMP RMU).

e LTARG. Maintain the LTARG RMU (or ATCU HSU) as a distinct zone

Figure 5-7, a cross-plot of smectite and zeg@éecentage, illuminates several patterns of
reactive mineral zonation within the TCU:

e Smectite and zeolite distributions are similar inlthkdTCU andOSBCU zones.
Some difficulty remains in distinguishing differences in smectite and zeolite
distributions betweeh-UTCU andOSBCU zones from the composite data set
because of differing XRD methods.

¢ Smectite and zeolite percentages can overlap between devitrified and zeolitic
zones, contrary to the RMC frameworkrisome data ascribed to zeolitic RMU
groups, particularly the-UTCU zone, some zeolite and smectite percentages are
very similar or even less than tgpl percentages in the devitrifi&M P-R zone.
Certain intervals of the zeolitic-UTCU andOSBCU zones may impart similar
reactive mineral characteristics to &I P-R zones

e Smectite and zeolite percentages caerlap between argillic (LTARG) and
zeolitic RMUs, patrticularly where zedifpercentage is less than 10%. Certain
intervals of theODSBCU zone may impart very similar reactive mineral
characteristics to the argilllcTARG zone.
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e Afew datainLTARG have high zeolitic percentagehat overlap into typical
zeolitic zone percentages.dtreasonable to assume this overlap is not only
statistical, but related to XRD nietd. While the LTARG RMU (or ATCU HSU)
is distinctively argillized, zeolite is also present.

Figure 5-8 andrigure 5-9, cross plots of smectite and mica percentage and mica and
zeolite percentage, are not as revealinthasmectite and zeolite percentage cross plot
in Figure 5-7. As discussed previouslySections 4.2.4 and 4.3, mica percentage
frequency distributions exhibit few sidigiant differences throughout the TCU and,
subsequently, mica does ralp distinguish thé-UTCU, OSBCU, DMP-R, and

LTARG zones.

5.7 Geostatistical Analysis in a RMU Framework

While the grouped RMUs show promise fosttguishing zones ithin the TCU having
similar distributions of reactive mineralsyseal problems remain to be resolved for
subsequent application géostatistical analysis:

¢ Reactive mineral frequency distributions linear or logarithmic scales do
not fit Gaussian assumptions.

e Some RMU reactive mineral frequencgtiibutions show outliers, such as
smectite zero values and zeolite ie tbwer percentage tail of zeolitic
RMUs.

e While vitric RMCs are defied, vitric RMUs are not di@ed. Vitric tuffs have
unusually low zeolite and smectite dimn to devitrified tuffs, however,
lithology differs. Thus, vitric tuffs can be expected to have a distinctive
combination of geometric and reactivineral properties. Distinction of
vitric tuffs may also explain some tliers in smectite and zeolite content in
RMUs.

To address these problems, a combinaticemaddditive log-ratio (ALR) approach to
defining frequency distributiorsnd consideration of ratitetween (smectite+zeolite)
and felsic minerals is implemented in Chayi¢o define reactive mineral facies (RMFs).
The spatial distribution of RMFs issumed to be largely tied to RMUSs.
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6. Distinction of Reactive Mineral Facies

A key step in distinction afeactive mineral facies for sudrguent geostatistical analysis

is interpretation of the logarithm of the ratidsg ratio) between mineralogic percentages
or fractions — the additive lagtio transformation. In most sas, compositional data fit a
Gaussian assumption better using a log istade compared to linear or logarithmic
scales.

6.1 Additive Log Ratio

XRD mineral fractions or percentages ditnge compositional variables — vector
variables with components that sunutaty (or 100%). The components of
compositional variables are bounded betweand1 (or 0 and 100%As discussed in
Section 3.4.3, compositional variables present several difficulties to application of
geostatistical methods, which the additivg ratio (ALR) transformation directly
confronts:

¢ ALR transformation of compositional data&fjuency distributions better suited
to Gaussian assumptions, inchuglisymmetry and infinite tailing.

e Cokriging equations formulated by ALRnables are not inliently singular.

e ALR covariances do not suffer from spuus cross-correlatic caused by the
compositional data summing constraint.

¢ ALR backtransformation honors summing and bounding constraints.

As discussed in Section 3.4.4, theitidd log ratio (ALR) transformationy, ,applied to

categories defined by reactive minerals caddfgned as the logarithm of the ratio
between the fractionf, . , of reactive mineraldivided by the fractionf_, of non-

r,i? nr?

reactive minerals

=lo fr,
Yi =100, f

Geostatistical methods, such as varwgicalculation and modeling, kriging and
cokriging, and simulation, caadl be applied to thALR transformation domain
(Pawlosky-Glahn and Olea, 2004 adktransformation from the ALRy, , to the

reactive mineral fractionf, ., is achieved by

r,i?
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6.2 Characterization of Reactive Mineral Facies

Three log ratio relationships will be used to characterize reactive mineral facies (RMFs),
specifically to distinguish between zeoljtargillic, devitrified, and vitric facies:

¢ Smectite/non-reactive and zeolite/non-reactive log ratios
- to distinguish zeolitic from argillic facies,

e Smectite/felsic and zeolite/felsic log ratios
- to distinguish devitrified fronzeolitic and argillic facies, and

e Smectite/glass and zeolite/glass log ratios
- to distinguish vitric froneeolitic and argillic facies.

Zeolitic facies will be divided into twoanes — L-UTCU and OSBCU - originating from
grouped RMUs and corresponding to UTCOCU (combined) and OSBCU HSUs.
Thus five RMFs will be distinguished as defined below:

e L-UTCU Zealitic — the more zeolitic portions of Lower and Upper Tuff
Confining Units (LTCU and UTCU).

e OSBCU Zedlitic — the more zeolitic portions tfie Oak Springs Butte Confining
Unit (OSBCU).

e Argillic—the more argillic portions of the Lower Tuff Argillic and zeolitic
RMUs.

e Devitrified — devitrified rocks largely withinevitrified mafic poor RMUs in the
OSBCU and to lesser extent withother zeolitic oargillic RMUs.

e Vitric — vitric rocks largely within tb Upper Tuff Confining Unit (UTCU).

Cross plots of log ratiosvolving reactive and felsic merals and grouped RMUs are
used to distinguish RMFs.
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6.2.1 Smectite-Zeolite ALR

Cross-plots of the ALR are eful for categorization of ffierent populations (e.g., RMFs)
within the composite data. In particular, cross-plots comparing smectite and zeolite
abundance are most useful for digtilshing RMFs within the TCU.

Figure 6-1 shows a cross-plot of smedcaitel zeolite ALR using only “F” method data
(highest quality) XRD data, with data senftby color into zones of grouped RMUSs--
UTCU, OSBCU, DMP-R, andLTARG as described in Section 5.6. Considering that the
“F” data are the most accurate, this crpkg-suggests clear distinctions between
different reactive mineral populations. The zeolitic RMU zohes,TCU andOSBCU,
have similar distributions in zeolite and smectite ALRJUTCU tends to have slightly
higher zeolite and, converselywer smectite ALR compared @SBCU. TheLTARG
zone has distinctively high smectite ALR amdhtively low zeolite ALR. On the cross-
plot, “F” data within thee TARG zone fall distinctively witn the lower right portion of
the cross-plot. Some overlap betw&ePARG andL-UTCU or OSBCU is suggested
where zeolite is high ihTARG or smectite is high and zeolite is lowliRUTCU or
OSBCU. Devitrified rocks within thd©M P-R have distinctively low smectite and low
zeolite. Where zeolite is zero (plotted on log scl-3), the distinction between rocks in
DMP-R andLTARG is clear. Where zeolite is low babn-zero, some overlap is evident
betweerDM P-R and zeolitid.-UTCU andOSBCU zones. This overlap could be
attributed to several causes:

e Vitric rocks with similarlow smectite and low zeolite,
e Quitliers within a “zeolitic” distribution,

e Deuvitrified “mafic-rich” otherwise b&nging lithologically ad mineralogically
to a devitrified facies.

Figure 6-2 shows a cross-plot of smectite and zeolite ALRs for “S” data only. The same
general patterns iRigure 6-1 for “F” data are seenkigure 6-2 for “S” data. However,
there is much more oxlap between zeolitit -UTCU andOSBCU and argillicLTARG
zones of grouped RMUs. Additionally, devitrifi&M P-R overlaps considerably with
zeoliticL-UTCU andOSBCU where zeolite and smectite are non-zero and within
LTARG where zero-valued zeolite data aretf@d as log{zeolite/non-reactive = —3}. In
addition to the same reasons given for data above, “S” data resolution and
uncertainty certainly contributes to overlajpsmectite and zeolite ALR distributions
between different zones. Notably, “S” da¢solve smectite and zeolite ALRs down to
about -1.6 compared to -2.4 for “F” data. The limited resolution of the “S” data is also
evident in the cross-plots as curved baofddata, which become more pronounced to the
left (lower smectite content). Errors fromaamtainty in “S” data values increase scatter
in frequency distributions and, therefore, increase overlap between different data
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populations. Nonetheless, the “S” data arenost cases, adequate in quality to
distinguish RMFs. Since “S” data are mostmarous in the TCU, “S” data have potential
to provide more extensive reactive minexahracterizations than all other XRD data
combined. However, data spacing shoulddesidered in weighg the overall value of
“S” data, because much “S” data is collecdduhg closely spaced (B ft) intervals with
repetitive data values.
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Figure 6-1. Cross-plot of smectite and zeolite ALRs using “F” method data categorized by zones
based on grouped RMUs.
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Figure 6-2. Cross-plot of smectite and zeolite ALRs using “S” method data categorized by zones
based on grouped RMUs.

Figure 6-3 shows a cross-plot of smectitd aeolite ALRs for “E” data only. Compared
to “F” and “S” data, “E” data show the p@st resolution as evident by a high proportion
of zero (-3. on log scale) values and genka@h of resolution of smectite and zeolite
ALRs below about -0.5 to -1.0. Given the’“#ata alone, the tge proportion of zero
values for smectite implies that large propmns of the TCU, particularly zeolitic and
devitrified RMUs, have zero smectite. Inngparison, the “F” data ALR distribution for
smectite clearly implies that the few “zersrhectite XRD measurements are very likely
non-zero values below the detection limiteTiE” data could give an impression of
patchy smectite occurrence whereas the more accurate “F” data indicate ubiquitous
smectite.
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Figure 6-3. Cross-plot of smectite and zeolite ALRs using “E” method data categorized by zones
based on grouped RMUs.

Figure 6-4 shows a cross-plot of smectite aeolite ALRs for the composite of “F”, “S”,
and “I” method data. Only 5 “I” method dadse present in the TCXRD data set, all
located within the LTARG RMU. The composite “F”, “S”, “I” data is recommended for
use in reactive mineral facies (RMF) ider#tion. While “S” data lack resolution at low
percentages, “S” data resban is sufficient to resolvbetween zeolitic and argillic
facies unlike “E” data, which has inadequate resolution of low smectite percentage.
Sections 6.2.2 and 6.2.3 focus on distinguigldavitrified and vitric facies.

As discussed above, some difficulty arisedistinguishing zeolitic from argillic facies.
Cross plots of zeolite and smectite percergagel ALRs overlap between the argillic
LTARG RMU and zeolitid.-UTCU, andOSBCU grouped RMUs. Use of reactive
mineral categories (RMCSs) is problemdicause a portion of zeolitic facies with
relatively low zeolite and high smectite daa categorized as “argillic” even though
smectite and zeolite percentages within facies can be expected to have tailed
distributions.Figure 6-5 shows RMC categorizationsangjillic superposed on the cross-
plot of smectite and zeolite ALRs. The sailhgenta line represents a smectite/zeolite
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ratio of 3, which provides criteria for disguishing “argillic” characteristics mostly
occupied by data from the LTARG RM8ome high zeolite percentages in LTARG
RMU data cause overlap above the smeegtiaite=3 ratio. Three notable exceptions
below the magenta line have argillic RM&d zeolitic RMUs. These data clearly fall
within the range of “argillic” smectite and Z#e content. Three data showing as black
circles with no RMU categorization are cleanithin a range of “argillic’ smectite and
zeolite content. Data with low zeolite atadthe left of themagenta line could be
categorized as devitrified eitric, as discussed below.

log {zeolite/non-reactive}
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log {smectite/non-reactive}
+ SL-UTCU & FL-UTCU X ILTARG
+ SOSBCU O FOSBCU
S DMP F DMP
+ SLTARG < FLTARG

Figure 6-4. Cross-plot of smectite and zeolite ALRs using F, S, and | method data categorized by
zones based on grouped RMUs.
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Figure 6-5. Cross-plot of smectite and zeolite ALRs using F, S, and | method data categorized by
zones based on grouped RMUs. Data categorized as argillic RMC (ARG) superposed as
black circles. Solid magenta line represents smectite:zeolite ratio of 3.

6.2.2 Smectite-Zeolite/Silicate Log Ratio

Deuvitrified rocks are distinguished by high combined percentages of the felsic minerals
including feldspar, quartz, istobalite, tridymite. In general, feldspar is relatively
ubiquitous in devitrified and non-devitrifierocks in the TCU. The combination of

silicate minerals quartz, cristobalitencatridymite content are an indicator of
devitrification. The ratio of smec#if(quartz+cristobalite+tridymite) or
zeolite/(quartz+cristobalite+tridymite) can beedgo distinguish argillic and zeolitic

rocks from devitrified rocks.

Evaluation of devitrification in the entire TCU XRD data set is limited because
cristobalite and tridymite were usually reotalyzed for. Although 77% of XRD samples
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have observations for quartz, only 49%X&D samples analyzed for cristobalite and
only 8% for tridymite. Mean quartz percentd§er8%) is higher than for cristobalite
(2.15%) and tridymite (0.70%). Thus, the@mtage of quartz largely reflects the
(quartz+cristobalite+tridymite) total.

However, for the “F” data set, quartz antstobalite percentages were observed for all
180 samples and 54 samples for tridymite. Thus, the “F’ method data offer a more
comprehensive standard for distinguishingittgied rocks from argillic or zeolitic
rocks.

Figure 6-6 shows a cross-plot of the logoatof zeolite/(quartz+tridymite+cristobalite)

and smectite/(quartz+tridymite+cristobalite). Compared to the cross-plot of smectite and
zeolite ALR Figure 6-3) Figure 6-6 better distinguishdsvitrified facies from non-
devitrified facies. Notably, da categorized in devitrifemafic poor (DMP) RMUs plot

more closely to the lower leftortion of the graph compared to the smectite and zeolite
ALR cross-plot. In particular, much of the overlap between devitrified and zeolitic RMUs
attributable to “S” data ifrigure 6-3 is eliminated iRigure 6-6.

As discussed previously Bection 5.3 on micalistinction between “devitrified mafic
poor” and “devitrified mafic rich” is largglbased on a cutoff value near mean mica
percentage. Devitrified rocks, whetherdfit poor” or “mafic rich” have similar
distributions of calcite, hematite, smectitadaeolite. Distinction between “mafic poor”
and “mafic rich” devitrified rocks simplgivides a distinctlydevitrified facies by

splitting the bell-shaped mica AL&stribution in half. To appl parametric geostatistical
approaches, the “mafic poor” and “maffich” categories should be combined.

Figure 6-7 superposes the defied RMCs - “devitrifiedmafic poor” (DMP) as circles

and “devitrified mafic rich” (DMR) as square®nto the cross-plot of the log ratios of
zeolite/(quartz+tridymite+cristobalite) and smectite/(quartz+tridymite+cristobalite). The
dashed line duplicates the solid lineFigure 6-5 distinguishing a ratio of
smectite/zeolite=3. The solid magenta lin€igure 6-7 indicates a
(smectite+zeolite)/(quartz+tridymite+cristobalite) equal to %, which for simplicity we
will call the “silicate” ratio. All“F”, “S”, or “I” data categorized as “devitrified mafic

poor” RMCs have silicate ratiossg than ¥. Most data witllisate ratios lesshan Y4, if

not categorized in the DMP, are categorizeéd DMR RMC. Thee data have silicate
ratios less than ¥4, two of which fall well withine distribution of dter data categorized

as devitrified, and the remaining datum is bolide argillic. All datawith silicate ratios
greater than ¥ and categorized in a dewetiRMC are categorized into the DMR RMC.
Four of these data are categorized inMP RMU, and these data are all “S” data,
which are difficult to use for distinction of facies at low smectite and zeolite percentages.
The silicate ratio provides simple measure #iliws for overlap in smectite and zeolite
percentage and ALR frequgndistributions for different facies. The silicate ratio
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distinguishes a “devitrified” reactive mineraldies (RMF) that corresponds closely to the
devitrified mafic poor (DMP) grouped RMUs@ combines data categorized into DMP
and DMR RMCs with similar silicate ratioslowever, the “devitrified” RMF does not
include all data categorized as either DMADMR RMCs because these data appear to
fall within the lower tails omectite and zeolite abundaneighin the zeolitic RMUs.
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Figure 6-6. Cross-plot of logarithms of smectite/(quartz+tridymite+cristobalite) and
zeolite/(quartz+tridymite+cristobalite) ratios using F, S, and | method data categorized
by zones based on grouped RMUs.
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Figure 6-7. Cross-plot of log ratios of smectite/(quartz+tridymite+cristobalite) and
zeolite/(quartz+tridymite+cristobalite) to distinguish devitrified RMFs from zeolitic and
argillic RMFs. Data are categorized by zones defined by grouped RMUs, XRD method,
and devitrified RMC categories (DMP and DMR). Solid line distinguishes devitrified
rocks from argillic and zeolitic grouped RMUs or reactive mineral facies (RMFs). Dashed
line distinguishes argillic from zeolitic grouped RMUs or RMFs.

6-11



Chapter 6. Reactive Mineral Distinction

6.2.3 Smectite-Zeolite/Glass Log Ratio

Vitric rocks are distingutsed by high glass content. No RMUs in the TCU are
distinguished as vitric units, however, thie mafic poor (VMP) and vitric mafic rich
(VMR) RMCs are distinguished as vitric cgteies. The presencad spatial distribution
of vitric rocks in the TCU is potentiallgignificant for pregttion of radionuclide

transport because of relatively low reactivenemal content, particularly low zeolite and
smectite. If vitric rocks are relatively permeable and interconnected, vitric rocks could
provide preferential pathways for radionuclidgnsport. Vitric rocks in the TCU have
low smectite and zeolite abundance similar to devitrified tuffs, but similar mica to the
zeolitic and argillic tuffs.

TCU glass
0.60 number of data 647
null observations 525
mean 5.77
0.50 std, dev. 13.52
minimum 0.00
> 15.9 % 0.00
2 0.40 median 0.00
: B33 190
. 0 .
5 0.30 maximum 95.00
L
0.20
0.10
0.1 1 10 100

Percent glass

Figure 6-8. Frequency distribution of log percentage of glass for all XRD data in TCU.
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TCU glass
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Figure 6-9. Frequency distribution of log percentage of glass for “F” method data in TCU.

Considering that glass is a main paneeral for clay and zeolite minerals,
smectite/glass and zeolite/glass ratios provideext measure of degree of argillization
and zeolitizationFigure 6-10 shows a cross plot oé tlegarithm of smectite/glass and
zeolite/glass ratios. Data with zero glassestite, and zeolite (largely devitrified rocks)
are plotted at the 0,0 coordinate for disghayposes. Data are sorted by method (symbol
shape), grouped RMU (symbol size and colany vitric RMC (circled in vitric RMC).

The cross-plot shows how smectite/glass andtedgiass ratios distguish vitric rocks
within the zeoliticL-UTCU andOSBCU Zeolitic zones. As irFigure 6-5 andrigure

6-7, the dashed magenta line represents a ratio of smectite/zeolit&xgurm 6-10, the
solid magenta line represents a 2/3 cutoff value for the ratio of (smectite+zeolite)/glass.
This cutoff value provides a clean boundary ket vitric rocks and non-vitric rocks. It
could be argued that this (smectite+zeolgkags ratio cutoff could be larger, perhaps 1.0,
which would then re-categorize the one outlidd TCU datum with non-zero, but low
zeolite, as “vitric.” The dashed magenta Inepresents a smectite/zeolite ratio of 3.0.
Zeolitic rocks generally falllzove this dashed line and dlig rocks below. This line
divides zeolitic and argillic rocks, althougbme high zeolite peentages within the
LTARG RMU create overlap with the zeolitic zones.
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Figure 6-10. Cross-plot of smectite/glass and zeolite/glass log-ratios to distinguish vitric rocks from
argillic and zeolitic rocks. Data categorized by zones of grouped RMUs, XRD method,
and vitric RMC’s. Solid magenta line distinguishes vitric from non-vitric grouped RMUs
or reactive mineral facies (RMFs). Dashed line distinguishes argillic from zeolitic
grouped RMUs or RMFs.

6.3 Ciriteria for Distinction of RMFs

The analysis of smectite and zeolite ALR cross-relationskigsie 6-1 andrigure 6-5)
and log ratios for (smectite+zeolite)/(quartz+tridymite+cristobalite) and
(smectite+zeolite)/glassigure 6-7 and Figure 6-10) describediection 6.2 leads to the
criteria used for distinction of five rei@e mineral facies (RM$§) in the TCU. The
grouped RMUs or zonesl-UTCU, OSBCU, DMP-R, andLTARG - serve as the
initial framework for the RMFs. Subsequent dtitwiteria, as follows, are used to define
RMFs with Gaussian frequency distributions of mica, smectite, and zeolite ALR:

e Smectite/zeolite=3,

e (smectite+zeolite)/(quartz+tridymite+cristobalite)=1/4, and
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e (smectite+zeolite)/glass=2/3

RMFs allow for overlap in reactive mineffaéquency distributions while categorizing
data into distinctly zeolitic, argillic, vitric, and devitrified facies. These RMFs are

e L-UTCU Zealitic. Only data from zeolitic RMUs within LTCU and UTCU
HSUs. If (smectite+zeolite)/ (quartzidgimite+cristobalite) ratio is less than %4,
the data are categorized into evitrified RMF. If (smectite+zeolite)/glass ratio
is less than 2/3, the data are categorized int¥'itréc RMF. If the
smectite/zeolite ratio is greater than 3 and the data do not quabigvésified or
Vitric, the data are categorizedfagillic. The remainder are-UTCU Zealitic.

e OSBCU Zedlitic. Only data from zeolitic RMUs within OSBCU HSU. If
(smectite+zeolite)/ (quartz+tridymite+cristobalite) ratio is less than %, the data are
categorized into thBevitrified RMF. If (smectite+zeolite)/glass ratio is less than
2/3, the data are tagorized into th&itric RMF. If the smectite/zeolite ratio is
greater than 3 and tldata do not qualify aBevitrified or Vitric, the data are
categorized aArgillic. The remainder a®®SBCU Zealitic.

e Argillic=Data from LTARG RMU and argillizeolitic RMUs. All data from
LTARG RMU are included unless categorizedasitrified or Vitric as
described above for zeolitic RMFs.

e Devitrified = Data devitrified RMUs and from zeolitic or argillic RMUs where
(smectite+zeolite)/ (quartz+tridymite+cristobalite) ratio is less than Ya.

¢ vitric = Data from any RMU where (smectite+#&)/glass ratio is less than 2/3.

Different cutoff values for ratios of (smectite+zeolite)/glass and
(smectite+zeolite)/(quartz+tridymite+cristobalite) could be used to define the RMFs. The
values used were judged tmpide a clear division of facigpulations within the best
quality “F” data while maintaining consistgnwith combined interpretation of RMU and
RMC categorizations. Importantly for tresudy, the Gaussian claateristics of RMF

ALR frequency distributions auited to parametric approachegyeostatistical analysis

of mineral spatial variability.

Table 6-1 summarizes criteria for distimetiof RMFs including typical lithologies,
relationships to HSUs, RMUs, RMCs, magiteration, reactive mineral presence, and
relationships to mineral quantity ratios. Theesra in the last column relating to mineral
guantity ratios, RMUs, and RMCs are usedategorize the XRD data into RMFs .
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Table 6-1.  Criteria for distinction of reactive mineral facies (RMF) in Tuff Confining Unit (TCU), Yucca Flat with respect to lithology,
Hydrostratigraphic Units (HSUs), Reactive Mineral Units (RMUs), Reactive Mineral Categories (RMCs), and mineral ratios.
“sm”=smectite, “ze”=zeolite, “qz”=quartz, “tr’=tridymite, “cr’=cristobalite, and “gl’=glass.

RMF Typical HSUs! RMUs? RMCs? Major Alteration’ Reactive RMF Criteria Relating to Minerals,
Lithologies! Minerals? RMUs and RMCs

L-UTCU bedded tuffs, LTCU, UT ZE, TCU UZE, ZEOL, zeolitic, lesser argillic zeolite, (sm+ze)/(qz+tr+cr) > %

Zeolitic nonwelded tuffs UTCU TCU LZE some DMP, smectite, mica? | (sm+ze)/gl > 2/3

DMR sm/ze < 3
not in devitrified or vitric RMU

OSBCU bedded tuffs, OSBCU OSB UZE, ZEOL, zeolitic, lesser argillic zeolite, (sm+ze)/(qz+tr+cr) > %

Zeolitic nonwelded tuffs, 0SB MZE2 some DMP, smectite, mica? | (sm+ze)/gl > 2/3
tuffaceous 0SB MZE1 DMR sm/ze <3
sediments 0SB LZE not in devitrified or vitric RMU

Argillic Bedded tuff, ATCU LT ARG, ARG, argillic, lesser zeolitic smectite, mica, | In LTARG RMU (ATCU HSU)
colluvium, Some zeolitic some ZEOL some zeolite, | (sm+ze)/(qz+r+cr) > 1/4

calcite, and sm+ze)/gl > 2/3; or
hematite In LTCU or OSBCU
(sm+ze)/(qz+tr+cr) > %
sm+ze)/gl > 2/3
sm/ze >3

Devitrified Moderately to OSBCU, BF DMP3, YF DMR, DMP, DMR, | devitrification, vapor smectite, mica2 | In devitrified RMU or
welded ash-flow | LTCU(?)? RV DMP, Some ZEOL | phase mineralization, (sm+ze)/(qz+r+cr) < 1/4
tuff TP DMP quartzo-feldspathic,

albitic

Vitric Non-welded to LTCU, TCU Zeolitic, VMP None smectite, In vitric RMC or

partially welded | OSBCU(?)* | some VMR (vitric, glassy) mica2 (sm+ze)/gl < 2/3

ash-flow tuff,
vitrophyric and
pumiceous lava

OSB zeolitic(?)*

1Adapted from Chapter 4, Bechtel Nevada (2006) and Table 1-1 and Figure 1-5, Stoller-Navarro (2007)
2Calcite and hematite present sporadically in small percentages.
3No XRD data in BF DMP RMU within the LTCU HSU.

4Only one datum from OSBCU meets “vitric” RMF criteria; this datum could be included in OSBCU Zeolitic RMF.
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7. Reactive Mineral Distributions in RMFs

Chapters 4 and 5 evaluated XRD data caiegdrby reactive mineral categories (RMCs)
and reactive mineral units (RMUs) as meémdivide the TCU data set into sub-
populations with different reactive minediaracteristics. Using grouped RMUs with
similar reactive mineral distributions as arting point, Chapter iitroduced use of the
additive log ratio (ALR) and ratios of reactive to felsic mitees criteria for distinction
of reactive mineral facies (RMFs). Thisagiier focuses on characterization of reactive
mineral ALR frequency distributions in RMHAscluding basic statistics, corrections to
compensate for data spacing and zeroeslaonsideration of XRD method, and spatial
distribution.

Basic statistics (mean, absolute deviatioangard deviation, skewness) of data mineral
percentage and ALR data in RMFs illustrdte zonal differences in reactive mineral
characteristics within the TCU (Section 7.1¥fefets of data spacing and zero values are
considered in establishing ALR statistiand frequency disbutions (Section 7.2).
Comparisons of ALR frequencydiibutions to Gaussian digiutions illustrate how the

ALR transformation is well-suited to parametgeostatistical analysis for mica, smectite,
and zeolite (Section 7.3). Evaluation of ce@nd hematite ALR frequency distributions
are separated out from mica, smectite, antitedmecause the preponderance of zero and
low-percentage data values (Section 7.4). The spatial distribution of RMFs in Yucca Flat
is examined both regionally and localythin the Tuff Pile (Section 7.5).

7.1 Basic Statistics

7.1.1 L-UTCU Zeolitic

Table 7-1 and’able 7-2 show basic statistics feercentages and ALR of reactive
minerals in the.-UTCU Zeolitic RMF. Compared to other RMFs, theUTCU Zeolitic
RMF shows the highest values for zemli®mectite values are lower in théJTCU
Zeolitic RMF than in theOSBCU Zealitic RMF. Mica values areery similar to the
OSBCU Zedlitic, Devitrified, andVitric RMFs and slightly lower than in thergillic
RMF.

Although thelL. -UTCU ZealiticandOSBCU Zeolitic RMFs are primarily zeolitized,
distinction of these zeolitic RMFs byarped zeolitic RMUs of the LTCU+UTCU and
OSBCU HSUs reflects a deptlependent trend of decreagireolitization and increasing
argillization of bedded tuffs (Prothro, 2009he RMC approach does not distinguish
smectite and zeolite depth trends within the zeolitized bedded tuffs that largely compose
the UTCU, LTCU, and OSBCU H%s. Depth trends in zeolite and smectite abundance
will affect spatial distributions df4 in the TCU for all radionuclide classes.
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Table 7-1.  Basic statistics for reactive mineral percentages in L-UTCU Zeolitic RMF. Values in
parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 425 (70) 119 (17) 551 (360) 629 (574) 640 (622)
Mean 0.84 (5.13) 0.32 (2.22) 2.20 (3.37) 6.28 (6.89) 55.34 (56.95)
Abs. Dev. 1.42 (4.37) 0.55 (0.50) 1.76 (1.80) 4.45 (4.36) 17.28 (16.11)
Std. Dev. 3.34 (6.80) 0.83 (0.80) 2.96 (3.08) 6.30 (6.27) 21.21(19.28)
Skewness 7.36 (3.19) 2.22 (-2.17) 4.09 (4.57) 2.29 (2.35) -0.55 (-0.32)

Table 7-2. Basic statistics for ALR of mineral percentages in L-UTCU Zeolitic RMF. Zero data values
are preliminarily assigned ALR values of -3. Values in parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 425 (70) 119 (17) 551 (360) 629 (574) 640 (622)
Mean -2.67 (-1.02) -2.76 (-1.35) -1.76 (-1.10) -1.00 (-0.81) 0.15(0.24)
Abs. Dev. 0.54 (0.34) 0.40 (0.29) 0.87 (0.26) 0.50 (0.32) 0.41 (0.33)
Std. Dev. 0.76 (0.46) 0.61(0.47) 0.95 (0.35) 0.73(0.42) 0.67 (0.41)
Skewness 2.06 (0.67) 2.22 (-1.82) -0.38 (-0.12) -1.52 (-0.05) -2.79 (-0.28)

7.1.2 0OSBCU Zeolitic

Table 7-3 and’able 7-4 show basic statistics feercentages and ALR of reactive
minerals in th@©SBCU Zeolitic RMF. Compared to thie-UTCU Zealitic RMF, zeolite
abundance is slightly lower and smectiteindance is slightly higher in tRsBCU

Zeolitic RMF. Measured differences in smectite and zeolite frequency distributions are
consistent with an overall trend in the W©f decreasing zeolite and increasing smectite
with depth, with the exception &fevitrified andVitric RMFs, which have both low
smectite and low zeolite (Sections 7.1.4 and 7.1.5).

Statistics of mica distribution are very similar betweenQB8CU Zeolitic andL -
UTCU Zeolitic RMFs. Significance of differences in calcite and hematite statistics
between thé.-UTCU Zeolitic andOSBCU Zeolitic RMFs is difficult to interpret
because of the combined effects of défg XRD methods, high proportions of zero
values, and numerous null observations,ipaldrly for hematite. Therefore, thhe
UTCU Zeolitic andOSBCU Zeolitic RMFs are distinguished agparate facies in the
zeolitic portion of the TCU to characteridepth-dependent trend§ decreasing zeolite
and increasing smectite withasignificant differences in calcite, hematite, and mica
distributions.
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Table 7-3.  Basic statistics for reactive mineral percentages in OSBCU Zeolitic RMF. Values in
parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 233 (25) 69 (3) 288 (182) 319 (268) 319 (307)
Mean 0.23 (2.15) 0.11 (2.50) 2.20 (3.48) 8.87 (10.55) 46.15 (47.96)
Abs. Dev. 0.41 (0.56) 0.21 (0.00) 1.84 (1.79) 7.36 (7.56) 17.86 (16.83)
Std. Dev. 0.71 (0.73) 0.51 (0.00) 3.09 (3.26) 11.62 (11.95) 22.1 (20.51)
Skewness 2.83 (-1.55) 4.38 (0.00) 4.04 (4.36) 3.84 (3.85) -0.04 (0.13)
Table 7-4.  Basic statistics for ALR of mineral percentages in OSBCU Zeolitic RMF. Zero data values
are assigned ALR values of -3. Values in parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 233 (25) 69 (3) 288 (182) 319 (268) 319 (307)
Mean -2.82 (-1.33) -2.93 (-1.28) -1.86 (-1.19) -1.11 (-0.75) -0.05 (0.06)
Abs. Dev. 0.32 (0.17) 0.14 (0.09) 0.85 (0.22) 0.70 (0.37) 0.44 (0.33)
Std. Dev. 0.53(0.27) 0.35(0.12) 0.91(0.32) 0.94 (0.49) 0.72(0.43)
Skewness 2.62 (-2.09) 4.41(-0.22) -0.29 (0.84) -0.96 (0.26) -2.39 (0.03)
7.1.3 Argillic

Table 7-5 and’able 7-6 show basic statistics feercentages and ALR of reactive
minerals in theArgillic RMF. Most data in the adjc RMF are derived from the
LTARG RMU at the base of the TCU. Distinctively high smectite and low zeolite is
consistent with the overall increasing smectite and decreasing zeolite with depth in the
TCU. Zeolite abundance in the argillic RMF is comparable, if not lower, than zeolite
abundance ievitrified andVitric RMFs (Sections 7.1.4 and 7.1.5). Compared to all
other RMFs, calcite, hematite, and mica abundances iriidic RMF show small
increases. Assuming the sample populatemesnot biased by XRD method and data
spacing, thérgillic RMF is not only distinguishelly argillization, but by slightly
higher calcite, hematite, and mica and relayivel zeolite compared to other RMFs in
the TCU.
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Table 7-5.  Basic statistics for reactive mineral percentages in Argillic RMF. Values in parenthesis
are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 78 (22) 20 (12) 84 (55) 85 (85) 83 (22)
Mean 2.03 (7.20) 0.78 (1.31) 2.89 (4.41) 42.09 (42.09) 2.89 (10.90)
Abs. Dev. 3.03 (5.12) 0.79 (0.96) 2.90 (3.49) 17.58 (17.58) 4.40 (7.81)
Std. Dev. 451 (5.97) 1.54 (1.82) 5.27 (5.99) 21.75 (21.75) 7.08 (10.22)
Skewness 2.38 (0.61) 3.26 (2.48) 3.81(3.26) 0.56 (0.56) 3.10 (1.24)
Table 7-6.  Basic statistics for ALR of mineral percentages in Argillic RMF. Zero data values are
assigned ALR values of -3. Values in parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 78 (22) 20 (12) 84 (55) 85 (85) 83 (22)
Mean -2.45 (-1.04) -2.22 (-1.70) -1.82 (-1.20) -0.07 (-0.07) -2.40 (-0.74)
Abs. Dev. 0.79 (0.46) 0.63 (0.24) 0.83 (0.39) 0.38 (0.38) 0.88 (0.51)
Std. Dev. 0.93 (0.54) 0.70 (0.33) 0.96 (0.53) 0.50 (0.50) 1.06 (0.64)
Skewness 1.21 (-0.30) -0.01 (0.26) 0.01 (0.85) 0.70 (0.70) 1.32 (-0.30)

7.1.4 Devitrified

Table 7-7 and’able 7-8 show basic statistics feercentages and ALR of reactive
minerals in thevitrified RMF. Like theVitric RMF, theDevitrified RMF is
distinguished by low smectite and low zeolBased on the limited data, smectite and
zeolite abundance is slightly lower in thevitrified RMF compared to th€itric RMF.
Otherwise, calcite, hematite, and mica abundance is comparable to other RMFs.

Table 7-7.  Basic statistics for reactive mineral percentages in Devitrified RMF. Values in
parenthesis are for non-zero data.
Mineral Calcite Hematite Mica Smectite Zeolite
#Data 49 (4) 8 (4) 50 (27) 52 (32) 51 (21)
Mean 0.72 (8.80) 0.21 (0.43) 2.25 (4.17) 4.82 (7.82) 6.13 (14.88)
Abs. Dev. 1.32 (7.85) 0.22 (0.23) 2.39 (2.26) 4.41 (3.52) 7.95 (7.82)
Std. Dev. 3.50 (10.06) 0.29 (0.26) 3.00 (2.95) 5.10 (4.29) 10.87 (12.59)
Skewness 5.14 (0.33) 0.73 (0.05) 1.45 (1.05) 0.67 (0.33) 1.92 (1.83)
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Table 7-8.  Basic statistics for ALR of mineral percentages in Devitrified RMF. Zero data values are
assigned ALR values of -3. Values in parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite

#Data 49 (4) 8 (4) 50 (27) 52 (32) 51 (21)

Mean -2.87 (-1.35) -2.71 (-2.41) -2.16 (-1.44) -1.83 (-1.09) -2.13 (-0.88)

Abs. Dev. 0.25 (0.65) 0.29 (0.26) 0.79 (0.31) 0.91 (0.25) 1.03(0.42)

Std. Dev. 0.50 (0.76) 0.37 (0.30) 0.84 (0.41) 0.97 (0.33) 1.10 (0.50)

Skewness 3.39 (0.08) 0.58 (0.01) 0.14 (-0.93) -0.27 (-0.72) 0.58 (-0.04)

7.1.5 Vitric

Table 7-9 and’able 7-10 show basic statistits percentages and ALR of reactive
minerals in the/itric RMF. Calcite, hematite, mica, satite, and zeolite abundances in
theVitric RMF are similar to those in th2evitrified RMF. Calcite, hematite, and mica
abundances are similar to theJTCU Zeolitic andOSBCU Zeolitic RMFs. TheVitric
RMF will have similarKq values to thé®evitrified RMF.

TheVitric andDevitrified RMFs are separated as fxiassuming differences in
lithology and morphology betweafitric andDevitrified RMFs would cause differences
in spatial variability includig geometry and small-scale variability. Whereas devitrified
tuffs are associated with welded ash-flofigwr dense stony lavas, vitric tuffs are
associated with nonwelded to partially welded ash flow or vitrophyres, unaltered
bedded/ash-fall tuffs, or vitrophyric and pueous lava. However, considering both
Vitric andDevitrified RMFs are volumetrically small, similar in reactive mineral
distributions, and associatéthologically and morphologic8lt, it may be practical to
combine theVitric andDevitrified RMFs into one reactive mineral facies.

Table 7-9.  Basic statistics for reactive mineral percentages in the Vitric RMF. Values in parenthesis
are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 29 (5) 6 (1) 35 (21) 37 (29) 35 (25)
Mean 0.46 (2.64) 0.42 (2.50) 2.16 (3.60) 6.08 (7.75) 6.64 (9.30)
Abs. Dev. 0.75(0.94) 0.69 (n.a.) 2.32 (3.07) 6.00 (6.43) 6.43 (6.53)
Std. Dev. 1.17 (1.53) 1.02 (n.a.) 4.41 (5.25) 7.72 (7.94) 8.15 (8.27)
Skewness 2.53(0.32) 1.36 (n.a.) 3.18 (2.37) 1.28 (0.97) 1.28 (0.97)
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Table 7-10. Basic statistics for ALR of mineral percentages in Vitric RMF. Zero data values are
assigned ALR values of -3. Values in parenthesis are for non-zero data.

Mineral Calcite Hematite Mica Smectite Zeolite
#Data 29 (5) 6 (1) 35 (21) 37 (29) 35 (25)
Mean -2.75 (-1.57) -2.75 (-1.48) -2.17 (-1.62) -1.62 (-1.24) -1.72 (-1.21)
Abs. Dev. 0.41(0.19) 0.42 (n.a.) 0.68 (0.34) 0.64 (0.40) 0.86 (0.46)
Std. Dev. 0.56 (0.29) 0.62 (n.a.) 0.78 (0.47) 0.84 (0.46) 0.97 (0.61)
Skewness 1.77 (-0.53) 1.36 (n.a.) 0.28 (0.58) -0.53 (0.35) -0.33 (-0.99)

7.2 Data Corrections

The basic statistics of reaativnineral percentages and ALRs given in Section 7.1 were
based on raw XRD data and, thus, couldnfleenced by data spacing and resolution.
XRD data spacing and resolution largdpends on the XRD method and sampling
objectives.

7.2.1 Correcting for Data Spacing

Some XRD data, particularly “S” method datsgere obtained at closely spaced intervals.
Preferential sampling in clay-rich zones ated by design by tagjing low-resistivity
intervals in geophysical logs (Pawlosk883). Low-resistivity zones can also be
explained by high percentages of clinoptito(Schenkel et al., 1999). As a result,
closely-spaced data in low-resvity zones could bias stdiiss toward higher smectite or
zeolite. Weighting data through moving-windeweraging is one approach to reducing
bias from closely spaced data. Weights asegmed to a data vador computation of
statistics in proportion to éhinverse of the number of tdawithin a length interval
(window) centered on the datalue location. For example, if the moving window is 10
meters and three data are located witht m of a datum location, then a weight of 1/3
is assigned to the datum.

In processing the TCU XRD data, windowes of 5 to 100 m were attempted. Reduction
of bias from preferential sampling in low-retvity intervals was expected to be evident
by reducing estimates of mean smectite atiteepercentage. lvas found that window
sizes of 10 to 50 m had similar effectstifjhtly lowering mean smectite or zeolite
percentage in the overall data set. lis g8tudy, a moving-average window size of 10 m is
used where weighting factors argh@d to statistical analyses.
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7.2.2 Correcting for Zero Values

As discussed in Section 3.3, many “zerolues probably represent non-zero mineral
percentages as related to variable ragmuand uncertainty ahe different XRD
methods. Zero values present difficultiesapplying logarithmic or ALR transformation.
The logarithm of zero is negative infinity. If certain mirlsrare effectively ubiquitous,
then zero-valued data erroneously underesértta logarithmic or ALR value to infinite
extent. It is more realistic to assumatthero-valued data for ubiquitous minerals
actually represent non-zero positive valtrest will translate to a relatively low
logarithmic or ALR value.

To account for zero values in ALR statistaosd distributions, this study will assume the
following:

e The ALR frequency distribution is Gasian for a reactive mineral that is
ubiquitous within a RMF.

e The ALR distributions from data cantber predict the median than the mean
because zero-percentage data bias the mean, while higher percentage data are
relatively accurate. The median is uratied by zero-valued data unless 50% or
more of the data are zero values.

e Considering that mean and mediatues of a Gaussian distribution are
equivalent, the estimation of a reasonakl® value for zero-valued data can be
used to adjust the mean to match the median.

The correction for zero valuesagbin this study is designeéd match mean and median
statistics are the ALR as follows

,D\LRZ =-30+ (ALRnedian_ ALRnean)

; , Equation (7.1)
where:
ALR,, = ALR value to assign to zero-valued data,
-3.0 = Assumed ALR value for zex@ued data prior to correction,
frero = Fraction of zero-valued data,
ALR . gian = median of ALR distribution, and
ALR ... = mean of ALR distribution assung ALR=-3.0 for zero-valued data.
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This correction is applied separatelyetach XRD method for reactive minerals assumed
ubiquitous in the RMF, as implemented in Section 7.3.

7.3 Corrected Mica, Smectite, and Zeolite ALR Frequency
Distributions

Analysis of reactive mineral frequency distributions in RMFs will begin with mica,
smectite, and zeolite, for which the most data and most non-zero data are compiled in the
TCU XRD data set. Calcite and hematitegfrency distributions are more difficult to

analyze because of high proports of zero-valued datavepercentage data, and null
observations. Analysis of mica, smectite, and zeolite ALR frequency distributions by
different XRD methods offensieans to assess effects of method resolution, uncertainty,
and data spacing on developmenpafametric descriptions & and reactive mineral
percentage distributions in the RMFs.

731  “F’ Data

The full spectrum method or “F” data offeetbest resolution andvest uncertainty of

all XRD methods used in the TCBigure 7-1shows mica, futite, and zeolite ALR
frequency distributions for “F” data in RMFA Gaussian distribution is fitted to the
mean and standard deviation statisticthefdata. In compiling statistics, zero
percentages are assigned ALR values of 8 @®liminary step to correcting for effects
of zero values on characterizatiof the reactive mineral fgegency distributions. In cases
where non-zero data are abundant and zdtesare few or non-existent, such as
smectite and zeolite in the UTCU Zeolitic andOSBCU Zeolitic RMFs and smectite in
theArgillic RMF, a Gaussian distribution fits tA&.R frequency distthutions quite well.
In other cases, such as mica intheJTCU Zeolitic, OSBCU Zealitic, andArgillic

RMFs, a Gaussian distribution could fietirequency distribution better if the “zero
values” were not assigned ALR values®f The zeolite ALR distribution in th&rgillic
RMF displays a wide range including a high proportion of ALR values originating from
zero-valued data. Frequsndistributions in théevitrified andVitric RMFs are not
resolved very well by the few “Fdata, although all 5 data in thetric RMF have non-
zero zeolite values, where@of 8 data in th®evitrified RMF have zero values.

Figure 7-2 illustrates the same AlffRRquency distributions for RMFs &sgure 7-1, but
with moving average weights applied fowadow size of 10 m. The weights either do
not affect or only slightly affect the “Flata statistics anddquency distributions
because few “F” data were sampbgdclose spacings less than 10 m.
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Figure 7-2. Mica, smectite, and zeolite ALR frequency distributions for “F” data in RMFs, with
weighting based 10 m vertical moving average.

7-10



Chapter 7. Reactive Mineral Distributions

Figure 7-3 shows mica, smectite, and zeolite ALR frequency distributions for RMFs
using the Equation (7.1) correction for zero easlapplied to smectite. The “F” data have
zero smectite values only in theUTCU Zeolitic andDevitrified RMFs. The

corrections closely match mean and median zeolite ALRs ib-d& CU Zeolitic

(-1.15, -1.15) andevitrified (-1.49, -1.47) RMFs. A slight mismatch between corrected
mean and median occursasesult of the moving window weighting, which is not
accounted for in corrections for zero values.

Corrections for zero values of mica and zedite not applied to th“F” data. Correction
for zero values is not applied to mica “F”’ datecause some peralkaline tuff beds mainly
in the LTCU are known to have zero mica. Mofkthe zero-valued mica data are located
within the LTCU. A correction for zero valuesnot applied to zeolite “F” data because
no zero-valued dataccur in thd.-UTCU andOSBCU Zeolitic andVitric RMFs, while
theArgillic andDevitrified RMFs are characterized by ajoréty of zero-valued zeolite
data.

7.3.2 “S” Data

Compared to “F” method data in the TQble semi-quantitative method or “S” data are
more numerous but have lower resolution higdher uncertainty resulting in more zero-
valued dataFigure 7-4 shows mica, smectite, and zeolite ALR frequency distributions
for “S” data in RMFs. As described foredHF” data, zero percentages are initially
assigned ALR values of -3 as a preliminagpsto correcting for effects of zero values on
characterization of the reactive mineraluency distributions. A&aussian distribution

is fitted to the mean and standard deviasitatistics of the datdn the sole case of
abundant “S” data with no zero values for acteve mineral in the RMF, smectite in the
Argillic RMF, a Gaussian distribution fits tA&.R frequency distribubn quite well. In
other cases, some zero-valued data areptesid a Gaussian dibution would appear

to fit the frequency distribution well if the ALR value for zero-valued data were adjusted,
such as smectite and zeolite in th&) TCU Zeolitic andOSBCU Zeolitic RMFs,

smectite irDevitrified, and mica in all RMFs bititric. The zeolite ALR distributions

in Argillic andDevitrified RMFs display a combination of zero-valued data and
relatively low zeolite ALR values similar t&” data. Zeolite ALRs are low but non-zero
for “S” data in theVitric RMF, as was observed for the “F”’ data.

Figure 7-5 illustrates the same ALR frequgiéstributions inRMFs as shown ifigure
7-4, but with moving average weights apglfor a window size of 10 m. The weights
change the frequency distributions for “S” datare than for “F” data because “S” data
were sampled at closer spacings — as sasall.73 m (5 ft). However, the weighting
affects “S” data ALR stadtics only slightly.
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Figure 7-3. Mica, smectite, and zeolite ALR frequency distributions for “F” data in RMFs with zero-
valued smectite data and mica data not in L-UTCU corrected to balance median and
mean ALR.

7-12



Chapter 7. Reactive Mineral Distributions

micain L-UTCU zeolitic smectite in L-UTCU zeolitic zeolite in L-UTCU zeolitic

m number of data 420 B M number of data 498 —_ 1 mifnber of data 509
0.30 null ubservations 99 0.12_| null observations 21 - 1|l bservations 10
— -1.70 0.08] mean 0.14
— std. dev 0.96 - d Rt std. dev. 0.74
| minimum -3.00 — . 1 minimum -3.00
> 159 % -3.00 > — P ™ 15.9 % -0.20
2 0.20_] median -1.25 2 g n 84 2 0.06_] L median 0.23
5} | 84.1% -0.79 @ | il 84 1 % -0.44 © ] il 84.1% 0.66
3 97.7% -0.52 3 — 97.7% 005 2 — N LT 97.7% 1.08
g i maximum 0.12°  § | Ll maximum 0.44  § 004 o maximum 1.28
fin 7 fin H IR i
0.10_] 0.04_] — W
E /_H.MWFPM e :
_ ] o
0.00 11 : 0.00_| ‘ rﬂ'( i : : 0.00 —lm J i | ‘
-3.0 20 10 00 10 2.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 -3.0 -2.0 -1.0 0.0 1.0 20
Log Ratio {mica/non-reactive minerals} Log Ratio {smectite/non-reactive minerals} Log Ratio {zeolite/non-reactive minerals}
mica in OSBCU zeolitic . smectite in OSBCU zeolitic zeolite in OSBCU zeolitic
0.30__h .10_| . — "
_| number of data 147 — n number of data 178 0.12_| number of data 178
null observations 32 null observations 1 _ null observations 1
] ean -1.72 0.08] il mean -0,20
— std. dev. 0.87 _] — std. dev. 0.80
— minimum -3.00 .| am _| minimum -3.00
> 0204 15.9% -3.00 > > 0.08 15.9 % -0.63
2 _ median -1.29 2 0.06 H 2 Ve median -0,07
] 84.1% -1.00 & — [ — 84.1 % 0.33
=X — 97.7% -0.63 3 — TN 7. -0. 3 97.7 % 0.85
@ — maximum 0.00 J 0.04 maximum 048" g - maximum 1.27
* 010 ] = \ * 004_] |
— 0.02_] -
0.00_{] 0.00 1 | 1T~ 0.00 —~ 01 ] : :
-3.0 20 10 . -3.! 20 -1.0 0.0 1.0 2.0 -3.0 -2.0 -1.0 0.0 1.0 2.0
Log Ratio (mlcalnon-reactlve mmerals) Log Ratio {smectite/non-reactive minerals} Log Ratio {zeolite/non-reactive minerals}
mica in argillic smectite in argillic _ zeolite in argillic
0‘20: number of data 32 ] number of data 33 0.6 number of data 31
null ubservatlons 1 | null observations 2
— ean -1.68 0.12 . 0.5 mean -2,18
std, dev. 0.80 ] - std, dev. 1.16
0_157 minimum -3.00 9 70 minimum -3.00
-] — meaian .. -
e g 14 2 Ao EIREE pos LR
c c 5 c
5} - 84.1% -121 T 0.08_| 97.7% 091 § BA10n 055
2 0.10 97.7% -0.08 3 maximum 1.05 3 (4 97.7 % 0.39
g U4 maximum -0.08 3 — g maximum 0.56
iy : [y n il i
0.04 02
0.057 I
B n 0.1
T 0.00 u T T T T T 0.00 T T T 1 T T
-3.0 20 10 00 10 2.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 .0 -2.0 -1.0 0.0 1.0 20
Log Ratio {mica/non-reactive minerals} Log Ratio {smectite/non-reactive minerals} Log Ratio {zeolite/non-reactive minerals}
mica in devitrified smectite in devitrified _ zeolite in devitrified
— n | m 0.40 h
— number of data 21 0.16_| number of data 23 ] number of data 22
0.16 null observations 2 — null observations 1
U ean -1.67 | - mean -1.80
| std. dev. 0.71 1L 0.30 std. dev. 1.04
] minimum -3.00 0.12_]| U minimum -3.00
> 0121 15.9% -3.00 > | > ] 15.9 % -3.00
2 ] median -1.42 2 2 ] median -1.49
53 841% -109 @ 7 97.7 % -0.65 g 1 84.1% -0.64
2 ] SR | i, 97.7% -0.94 3 qg maximum -0.64 3 0.20 ] 97.7 % -0.19
S 0.08 1 maximum -0.94 g ©-9%°— g ] maximum -0.19
Iy — Iy B T Iy .
0.04 0.04_] HIIMN 0105
0.00_] | - . . 0.00_} | > i . 0.00 1] I - ' .
-3.0 -2.0 -1.0 0.0 1.0 2.0 -3.0 20 -1.0 0.0 1.0 2.0 -3.0 -2.0 -1.0 0.0 1.0 20
Log Ratio {mica/non-reactive minerals} Log Ratio {smectite/non-reactive minerals} Log Ratio {zeolite/non-reactive minerals}
__micain vitric smectite in vitric zeolite in vitric
0,505 number of data 11 0.50 ] number of data 13 - number of data 11
— null observations 2 - mean -1.41 null observations 2
= mean -1.53 — std, dev. 0 34 0.30_| mean -1.11
0.40 std. dev. 0.16 0.40 7 — std. dev. 0.40
Mt | minimum -1.92 | — minimum -1.58
S LR 2o LR
median - - — median -1.
g 0.30 84.1% -145 g 0-30- 57 g 0.20_] 84.1% -0.72
=] b 97.7% -1.20 3 = maximum -057 3 _ 97.7 % -0.45
g f maximum -1.20 § - g | maximum -0.45
L 0.20— @ 020 g —
= = 0.10 ]
0.10 7 0.10 .
0.00 = T T T T T 0.00 = T N T T T T 0.00 - T T T T T
-3.0 -2.0 -1.0 0.0 1.0 2.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 -3.0 -2.0 -1.0 0.0 1.0 20

Log Ratio {mica/non-reactive minerals} Log Ratio {smectite/non-reactive minerals} Log Ratio {zeolite/non-reactive minerals}

Figure 7-4. Mica, smectite, and zeolite ALR frequency distributions for “S” data in RMFs.
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Figure 7-5. Mica, smectite, and zeolite ALR frequency distributions for “S” data in RMFs, with
weighting based 10 m vertical moving average.
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Using Equation (7.1), corrections for zerdues of mica, smectite, and zeolite were
applied to the “S” data for all RMFs with zero values except mitaWlr CU Zeolitic

and zeolite in thargillic anddevitrified RMFs. The “S” data have proportionately far
more zero values in mica thdf’ data, particularly in th®©SBCU Zedlitic, argillic,
devitrified, andvitric RMFs, suggesting many zero values for mica in the “S” data more
likely represent non-zero percentages of mica. Zero value corrections for mica were not
applied toL-UTCU Zeolitic “S” data because the proportion of zero-valued mica data in
L-UTCU Zedlitic for “S” data (0.34) is comparabie “F” data (0.20), and zero-values

of mica are expected in theUTCU Zeolitic because of peralkaline tuff beds.

Small proportions of zero-valued “S” smectite data occur i thel CU Zeolitic,
OSBCU Zeolitic andDevitrified RMFs. Comparison to “F” data smectite distributions
suggests smectite is ubiquitdnsall RMFs. Therefore, thessumption that zero-valued
“S” smectite data represent low non-zemectite percentages is plausible.

Small proportions of zero-valueolite “S” data occur in thie-UTCU Zeolitic and
OSBCU Zeolitic RMFs. It is possible that these™&ata are misclassified because of
lack of quartz, tridymite, or tobalite data to distinguidbevitrified RMF or lack of
glass data to distinguidhitric RMF.

Figure 7-6 shows “S” data ALR frequencytlibutions with zero-value corrections
compared to Gaussian distributions lthea ALR mean and standard deviation.
Gaussian distributions fit AR frequency distributions morosely with the zero value
corrections.

73.3 “E”Data

Although the external standard XRD metlwdE” data offer more comprehensive
mineralogic analysis than the “S” data, tB€ data present difficulties in implementing

the ALR approach to RMFs because tiigh proportion of zero-value mica and smectite
percentagedsigure 7-7 shows mica, smectite, and zeolite ALR frequency distributions in
each RMF for “E” data. While “F”’ data singly indicate ubiquity for mica and smectite

in all RMFs (Section 7.3.1), "Edata show greater than 50% zero values for mica in all
RMFs and 42%-75% zero values for smectite in all RMFs exceptritpdic.

Given that the “E” method data do not resohaica distributions in all five RMFs and
smectite distributions in 4 of 5 RMFs, dighg) “E” method data from the geostatistical
analysis of reactive mineradriability is recommended. Deleting the “E” method data
removes a large proportion of the zero valtesttive mineral percentage data from the
XRD data set. Mica and smectite frequency distributions are better resolved by “F” and
“S” data.
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The “E” data do produce zeoliteefjuency distributions in tHe-UTCU Zeolitic and
OSBCU Zeolitic RMFs comparable to the “S” data, lmdt as narrow as for the “F” data.
This suggests uncertainties for non-zero “E” itealata are greaterah for “F” data and
comparable to “S” data.
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Figure 7-6. Mica, smectite, and zeolite ALR frequency distributions for “S” data in RMFs, with zero-
valued smectite data and mica data corrected to balance median and mean ALR.
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Figure 7-7. Mica, smectite, and zeolite ALR frequency distributions for “E” data in RMFs.
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7.3.4 Comparison of Estimated RMF ALR Mean and Standard Deviations by XRD Method

The different XRD methods yiéldifferent frequency distsutions of reactive mineral
ALRs in RMFs.Table 7-11 gives Gaussian paramefereach RMF as inferred by the
“F”, “S”, and “E” XRD methods for mica, settite, and zeolite. In general, the “F” and
“S” methods yield similar Gaussian parametgter correction for zerealues as detailed
in Section 7.2.2. Inference of reactive madeALR Gaussian parameters is problematic
for “E” data mainly because of higher propons (~50% or more) of zero-valued data
particularly for smectite as detailed in 8ec 7.3.3. The “E” data do not resolve low
reactive mineral percentages as well asdfd “S” data. Where “E” data have adequate
resolution, such as for zeolite in th& CU ZeoliticandOSBCU Zeolitic RMFs,

Gaussian ALR parameters are comparable to the “F” and “S” data parameters. Much of
the zero valued mica and smectite data in the composite data frequency distributions
(Figure 3-14 andrigure 3-15, Section 3.5.2) can &éktributed to the “E” data.

Comparisons for internal standard (“I") daiee not shown because only 5 “I” data are
present in the TCU, all from the LTARG RMUW.may reasonable to pool “F”, “S”, and
“I” method XRD data in the TCU for atistical analysisinder the following
assumptions:

e Characterization of reactive mineral Rlfrequency distributions is acceptable
using “S” and “F” data.

e “I” data are of similar obetter accuracy than “S” data.

e “E” data are not adequate to charaeemost of the reactive mineral ALR
frequency distributions because of limited resolution.

However, as will be discussed in Chapteit & problematic to include “S” data into
variogram analyses because t8& data percentages as inferred from ranges of values do
not reflect actual spatial variability aéactive mineral distributions. Given only 5 “I”

data, only the “F” data provide sufficient numbef accurate data needed to implement
parametric geostatistical analysis of spatialalality of reactive mmeral distributions in

the TCU.
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Table 7-11. Comparisons of mica, smectite, and zeolite ALR mean and standard deviation in RMFs
for different XRD methods. Italicized values are inaccurate or not analyzable (NA) as

described in footnotes.

RMF Method ALR Mean = Standard Deviation
Mica Smectite Zeolite
L-UT
utcu “F -1.71t£ 0.727 -1.15+0.69 0.21 £0.26
zeolitic
‘g7 -1.71+ 0.967 -0.85+ 0.45 0.23+0.43
“E” NA? NA? 0.23+0.44
OSBCU
“F -1.29+ 0.39 -0.88 +£0.59 0.00 +0.28
zeolitic
‘S -1.32£0.30 -0.85+0.44 -0.05+0.44
“E” NA? NA? 0.24 £+ 0.55
argilic P 1324 0.60 0.7+ 0.43 207 +1.013
“S” -1.40£ 0.43 -0.25£ 0.41 2.06t 1.208
“E” NA? -0.02 £ 0.42 237+ 1.148
devitrified
“F -1.80+ 0.46 -1.49 £ 0.51 -2.78+ 0.513
‘g7 -1.58+ 0.67 -1.09+0.32 -1.77+ 1.033
“E” NA? NA? 220+ 1.143
vitri o 1.82+0.27 1,38+ 0.31 -1.60+0.99
“S” -1.56 £ 0.15 -1.47+0.29 -1.11+0.43
“e NA?2 NA?2 NA?

1A significant proportion of the L-UTCU Zeolitic RMF actually has zero mica content because of presence of
peralkaline tuff beds.

2Estimate of median is inaccurate because proportion of zero-valued data is greater than 50% or median value is at
extreme lower tail of non-zero values. Zero-value correction cannot be applied.

3Correction for zero-valued data is feasible, however, high proportion of zero-valued data suggests the estimate of
the median is inaccurate and, therefore, zero-value correction is inaccurate.
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7.4  Corrected Calcite and Hem atite Frequency Distributions

The preponderance of null observations and zero values for calcite and hematite data
cause difficulty in characterization of frequency distributions for calcite and hematite.
Unlike mica or smectite, there is no indicatithat calcite or hematite minerals are
ubiquitous in any of the RMFEigure 7-8 andrigure 7-9 show calcite and hematite ALR
frequency distributions for “F” and “S” niileod data. The “F” data show largely zero
values, with only thérgillic RMF showing a significant pportion of ron-zero calcite

and hematite data. The “S” data show a similar pattern for calcite. Interpretation of the
“S” data for hematite is problematic because very few observations are available. In
general, the combined effedbassessing zero values, mfiservations, resolution, and
uncertainty question the usefulness ohgghe “S” data to characterize hematite
distributions in the TCU.

While calcite and hematite may be more abundant iAtlgdlic RMF, as indicated by
the “F” data, smectite will still dominate estimation of sorption parameters. Locally
where calcite and/or hematite are present wiimiRMF, calcite and hematite could be a
stronger sorber than smectite for Am, Eu, Np, Pu, Sm, and U as indicated by the
component additivity methodology paramet&sction 7.1). However, overall sorption
properties in the TCU, particularly f8fCa, Cs, Ni, and Sr, araore likely dominated by
mica, smectite, and zeolite distributions.

If calcite and hematite spatial distributions are to be accounted for in geostatistical
analysis within the TCU, an indicator (egbrical) approach would be recommended to
distinguish zones of existence and non-existence of calcite and hematite. However, as
will be shown in Chapter 8, the effects of calcite and hematit& epatial variability are
relatively small for all radionuclide classes.cmaracterization of theffects of reactive
mineral spatial distributions on radionuclidiansport in the TCUocus should be on
characterization of mica, smectite, and zediistributions and spatial variability.
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Figure 7-8. Calcite and hematite ALR frequency distributions for “F” data in RMFs.
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Figure 7-9. Calcite and hematite ALR frequency distributions for “S” data in RMFs.
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7.5 Spatial Distribution of Reactive Mineral Facies in Yucca
Flat

Reactive mineral facies (RMFs) use hydrasgyraphic units (HSU) and reactive mineral
units (RMU) as the geometric framework forachcterizing zonal variations in the spatial
distribution of reactive minerals in tH&U. This section examines the spatial
distribution of XRD data categized as RMFs throughout tA€U in Yucca Flat. At this
regional scale, the spatial distribution of RMFs will control larger-scale vertical and
lateral variations in sotjwn properties of the TCU.

7.5.1 Regional Distribution

Figure 7-10 andrigure 7-11 show cutaway block+gpective views of the spatial
distribution of XRD dataategorized by XRD methoahd reactive mineral facies
(RMFs) superposed over TCU hydrostratigrapimits in northermnd southern Yucca
Flat. Since RMFs are largetorrelated to HSUs and RMsubunits within HSUs, the
complex HSU geometry will control the regiorsalale zonal spatial variations in reactive
mineral content in the TCU. The thrB&1Fs with most lateral continuity,-UTCU
Zeolitic, OSBCU Zealitic, andArgillic, form a vertical sequence that dominates
regional-scale zonal variations of reactivenemal content in the TCU, particularly in
central and eastern YuccaElThe remaining two RMFBevitrified andVitric, are

thin and discontinuous. THaevitrified RMF largely occurs within the OSBCU HSU,
and theVitric RMF usually occurs in and near thase of the LTCU HSU and rarely in
the OSBCU HSU. A fevArgillic RMF occur within the OSBCU.

Most of central and eastern Yucca Flat whilbs/ a consistent vedal succession of the
L-UTCU Zeolitic, OSBCU Zealitic, andArgillic RMFs because LTCU, OSBCU, and
ATCU (LTARG RMU) HSUs ae laterally continuous. Toward the south, the UTCU
forms a thin sheet above the Topapah Sprimgsfer (TSA) HSU. The western basin of
northern Yucca Flat (includes drill holes Ur2U-2cv, UE-2co, and UE-4ac) shows an
incomplete vertical section of RMFs. time western basin, the OSBCU HSU is
completely absent, and the LTCU HSUaggely absent. Zeolitic RMFs are less
prevalent in the western basin of Yucca Rialeed, most XRD data in the western basin
of Yucca Flat are categorized eitherfasjillic, Devitrified, or Vitric RMFs — much
different the main basin of Yucdédat, which is dominated by the UTCU Zeolitic and
OSBCU Zeolitic RMFs.

By associating zonal differences in reagtmineral content to HSUs and RMUs, the
RMF framework accounts for regional-scaletioal and lateral variations in reactive
mineral properties, including major diffel@s between central-eastern and western
Yucca Flat. Without consideration of RMUsaHSUSs or reactive mineral zonations in
the TCU (e.g. Prothro, 2005), subsequermtsggtistical analysisf reactive mineral
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distributions andy will suffer from issues relatéthonstationarity” of the mean and
variogram or covariance. The depth-degent trends of increasing smectite and
decreasing zeolite with depth are obviexamples of nonstationary mean that will
directly influence characterization of spatial variabilitykgfin the TCU.
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Figure 7-10. Spatial distribution of XRD data categorized by reactive mineral facies (RMFs)
superposed over TCU hydrostratigraphic units in northern Yucca Flat.

7-24



Chapter 7. Reactive Mineral Distributions

Figure 7-11.
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7.5.2 Tuff Pile

The Tuff Pile is a north-south trending Ralblock within central Yucca Flat bounded by
the Topgallant Fault on the west and theedaiFault on the east. Groundwater levels in
the Tuff Pile have been elevated to huattdr of meters by pore-fluid pressurization
resulting from compaction of water-sati@a rock from streses caused by underground
nuclear tests (Halford al., 2005). Rises and subsequent declines of groundwater
elevations associated with underground desbnations, which ceased in 1992, have been
interpreted using both simple and complex lgeologic conceptual models for the Tuff
Pile. In the northern portion of the ffPile, Halford et al. (2005) assumed a
homogeneous and isotropic conceptual rhoflthe bedded tuff sequence and calibrated
a numerical groundwater model to groundwéggel changes over time. Halford et al.
(2005) mentioned that welded tuffs wddlave higher permeability, which would

quickly dissipate fluid presses. In analysis of groundvatelevation changes in the
southern Tuff Pile, Wolfsberet al. (2007) developed a highieterogeneous conceptual
model with laterally-continuous lenticulargh-permeability zones sandwiched within
low-permeability bedded tuff and calibratedwamerical groundwater model to observed
water level changes.

Considering the unusual hydrogeologic conditiohthe Tuff Pileand importance of
understanding flow and transport mechanigmgucca Flat, XRD data are examined
here for insights on the didbution flow and transport pregties within the Tuff Pile.
Figure 7-12 shows a cutaway block-perspectie of the spatiaflistribution of XRD
data categorized by XRD method and reaatnneeral facies (RMFs) superposed over
TCU hydrostratigraphic units ite vicinity of the south@ portion of the Tuff Pile
studied by Wolfsberg et aRQ07). The solid black lines dap of each block represent
surface traces of the Topgallant Faultite west and the Yucca Fault on the east
separated by about 1.5 km. This block-pectipe view covers a south-to-north distance
of 5 km.

HSUs within the Tuff Pile portion of the TCU include UTCU, LTCU, OSBCU, and
ATCU. All five RMFs could be present within the Tuff Pile, however, XRD data
coverage is not particulsrdense. Presence of tbevitrified RMF would indicate
presence of moderately to welded ash ftaffs, which could be expected to have higher
permeability than bedded tuffs (Halford et al., 2005). Moredvevitrified RMFs

would have lower smectite and lower zeotimtent and, thus, would typically have
lower K4 for most radionuclide classes. PresendBevitrified RMFs within the TCU
would indicate a possibility for strong contrasts of flow and transport properties within
the Tuff Pile.
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Figure 7-12. Spatial distribution of XRD data categorized by reactive mineral facies (RMFs)
superposed over TCU hydrostratigraphic units in Tuff Pile area of Yucca Flat.
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Upon careful examination of data showrFigure 7-12 within thg@ortion of the Tuff
Pile examined by Wolfsberg et al. (200his study categorizes most XRD datd_as
UTCU Zeolitic RMF situated within the LTCU HSU. Four boreholes toward the
northern end of the Wolfsberd al. (2007) Tuff Pile studgrea include data below the

LTCU:

UE7BA has one datum situated in #hegillic RMF.

UE7F has closely-spaced data in th&) TCU Zeolitic, OSBCU Zedlitic, and
Argillic RMFs.

U7AP has three data, two in theUTCU Zeolitic RMF and one in th©&SBCU
Zeolitic RMF.

UE4A has data categorized into theJTCU Zeolitic, OSBCU Zealitic,
Argillic, andDevitrified RMFs. Importantly, UE4A is the only borehole within
the Tuff Pile showing data in thgevitrified RMF.

XRD data from boreholes UE4A and UE7F gutally offer insights to interpretation of
lateral heterogeneity of reaat mineral distributions wiiin the Tuff Pile for several
reasons:

UE4A and UE7F are the only boreholeghe Tuff Pile that have XRD data
spanning a complete cross section of the TCU.

UET7F primarily consists of full spacim XRD (“F”) method data, while UE4A
consists entirely of semi-quatattive XRD (“S”) method data.

UE4A and UE7F are locatdess than 1 km apartadg a north-south alignment
of the Tuff Pile fault block, presumabily a direction thatvould favor detection
of lateral correlation dithology and mineralogy.

The UE4A and UE7F data indicate BFCU mineralogy falls entirely into thie-UTCU
Zeolitic RMF, and most mineralogy in the OSBCU falls into @&BCU Zeolitic RMF.
However, some data in UE4A fall into tBevitrified RMF where stratigraphic units are
identified as welded ash-flow tuff.

Figure 7-13shows a stratigraptuolumn for Yucca Flat bigrothro (2005). Lithologic
variability is more prevalent within the BEU than the LTCU. Three welded ash-flow
tuff stratigraphic units occur within the voleas of Oak Springs Butte — Yucca Flat Tuff
(toy), Redrock Valley Tufftor), and Tuff of Twin Peakgdt). The UE4A XRD data
identifies two welded ash-flow unityy andtor, and the UE7F data identifies one
welded ash-flow unitior.
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Figure 7-13. Stratigraphic column for Yucca Flat (Prothro, 2005).
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Table 7-12 andable 7-13 compare UE4A and UE7F smectite, zeolite, quartz, and
cristobalite mineral percentages with elevation, stratigraphic unit, lithology, RMC, RMU,
and RMF for XRD data within welded ash-flow tuff stratigraphic units. Uncertainties in
mineral percentage given by Warren et 20(077) are added to the UE4A semiquantitative

(“S”) method XRD data. These untanties lead t@ range of SN2 55 given in the
qz+tr+cr

second-to-last column dfable 7-12 andable 7-13 . For all budne of the UE4A data
with devitrified RMUs (YFDMR ad RVDMP), the lower range of the> " 2°_ ratio is

qz+tr+cr

below %4, indicatingoy andtor stratigraphic units could lmnsidered as “devitrified”
under the RMF criteria. Comparing data percentage®iatratigraphic units, the

Sm+ ze . . .
ratios are generally lower in UE4RAan UE7F because quartz is more

qz-+tr+cr

abundant in UE4A, and zeolite is more aburida UE7F. The diffeences in quartz and
zeolite percentage can be related to difees in cooling rates during ash-flow
deposition and subsequent differeadn zeolitization of glass.

This comparison of XRD data for weldedhdkow stratigraphic units between UE4A and
UETF illustrates many complexities to ireeting and correlating mineralogic and
lithologic data to flow and transport properties:

e Differences in XRD methods lead toagmtainties in correlating lithologic and
mineralogic data betwedifferent boreholes.

e Uncertainty in the XRD methods leadsutacertainty in identification of major
alteration and subsequent categation of RMCs, RMUs, and RMFs.

e While stratigraphic units are associateth a lithology and major alteration (e.g.
welded ash-flow tuffs and devitrificatiopetrographic analysis often indicates a
different lithology (e.g. nonwelded or bedfjer mineralization (e.g. zeolitic or
argillic).

Overall, the differences and uncertainiieshe XRD methods cause difficulty in
distinguishing between actuaeterogeneity of minelagic properties and data
uncertainty.
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Table 7-12. UE4A XRD mineral percentage data for welded ash-flow stratigraphic units within TCU including lithology, RMC, RMU, and RMF interpretations, with
ratio used to distinguish devitrified RMF. Lithologies: BED=bedded tuff, NWT=non-welded tuff, PWT=partially welded tuff. For these data, all cristobalite
(cr) percentages are zero and all tridymite (ir) percentages are null observations.

XRD sm+ ze
Elevation | Stratigraphic | Lithology | RMC RMU Method | Zeolite (ze) Smectite (sm) | Quartz (qz) gz +tr+cr RMF
10, 25 devirified
494.84 Toy NWT DMP YFDMR ‘S’ 175175 0 375+ 125 E) to%
26,80 | OSBCU zeolitic
478.84 Toy BED ZEOL | OSBUZE ‘S’ 375+ 125 55145 50+ 25 75 0 o5
11 35 devirified
453.24 Tor BED DMR RVDMP ‘S 175175 55145 375+ 125 E) t°2_5
Et 60 devirified
446.84 Tor BED ZEOL RVDMP ‘S 35+ 15 55145 375+ 125 50 0 o5
11 35 devirified
443.65 Tor PWT DMR RVDMP ‘S 175175 55145 375+ 125 E) t°2_5
10 ¢ 25 devirified
435.56 Tor NWT DMR RVDMP ‘S 0.0 175175 625+ 125 70 0 50
11 35 devirified
424.28 Tor BED DMP RVDMP ‘S 175175 55145 30.0+20.0 E tOE
35 ¢ 75 OSBCU zeolitic
418.80 Tor BED ARG | OSBMZE1 ‘S 175175 375+ 125 375+ 125 50 0 o5
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Table 7-13. UE7F XRD mineral percentage data for welded ash-flow stratigraphic units within TCU including lithologic, RMC, RMU, and RMF interpretations, with
ratio used to distinguish devitrified RMF. For these data, all cristobalite (cr) percentages are zero except for 0.2 at 488.75 elevation, and all tridymite (tr)
percentages are null observations.

sm+ ze
qz+tr+cr

Elevation | Stratigraphic | Lithology | RMC RMU XRD Method | Zeolite (ze) | Smectite (sm) | Quartz (g2) RMF
59.6

488.75 Tor NWT ARG | OSBUZE “F 22.8 36.8 7.0 920 OSBCU zeolitic
622

476.11 Tor NWT ZEOL | OSBUZE “F” 58 4.2 8.8 88 OSBCU zeolitic
529

447.01 Tor BED ZEOL | OSBUZE “F 44 8.9 20.8 208 OSBCU zeolitic
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8. Kq Distributions in Reactive Mineral Facies

The distribution coefficieny (mg/L units), is used in contaminant transport models to
measure moles of contaminant sorbed per mass of the porous medium relative to the
moles of contaminant per solution volunide component additivity methodology by
Zavarin et al. (2004) is used to estimidtgor radionuclide classes based on reactive
mineral fractions and a given groundwater chemistry. The component additivity
methodology assumés; for each radionuclide class can be estimated as a linear
combination of linear coefficients associateith each reactive mineral fraction. These
linear coefficients are derived from meciistic model calculations calibrated to
laboratory sorption data (Zavarin et,&004; Zavarin and Bruton, 2004a,b). Each
radionuclide has a different set of linear caréints. Since eacleactive mineral facies
(RMFs) has different distributions of réae minerals, each RMF will have differeig
distributions. This chapter appliesetbomponent additivity methodology to RMF
reactive mineral distributions to obtaestimates of radionuclide clasg distributions in
each RMF.

8.1 Component Additivity Methodology

Based on the component additiviethodology (Zavarin et al., 2004, ,, for a
particular radionucliden, is related to the reactive mineral fraction, by

Nr,m

Kom = D %1070 Equation (8.1)
i=1

wherec(rn,i) are the exponential coeffents relating degree of sorption of radionuclides
to reactive minerals, an,  is the number of reactive minerals for the radionuclide,

Table 8-1 lists predicted valuasd uncertainties in the exponential coefficients used in
application of Equation (8.1) to estimatg of ten radionuclide ckses in the TCU within
Yucca Flat. Th&ys were calculated using average water chemistries from seven wells
completed within the tuffaceous units¥aiicca Flat (ER-2-1, Test Well #7 (HTH),

U-2bs, UE-10ITS#3 1926 ft, ER-2-1, UE-14b, and USGS Test Well B) (SNJV, 2006) and
mechanistic model parameters identified in Carle et al. (2007). The uncertainties pertain
to the variability in logKg} resulting from a range of water chemistries. Additional
uncertainties associated with the mechanisticlel parameters may also be relevant but
have not been addressed here.
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Table 8-1. Component additivity exponential coefficients and uncertainties associated with
groundwater chemistry variability for ten radionuclide classes in the TCU of Yucca Flat.

RadionuclideClass Reactive Minerals
Calcite Hematite Mica Smectite Zeolite

“1Ca(ll) 3.19+£0.32 3.99+0.38 2.8210.32 0.96 £0.38

Cs(l) 3.11£0.18 3.751£0.20 5.58+0.18

Sr(ll) 2.79+0.33 3.77+£0.38 2.83+0.32 -0.96 £ 0.38 -0.17+0.70
Ni(ll) 3.94+0.12 - - 0.86 £ 0.40 1.21£0.11
Sm(ll) 3.85+0.40 - - 5.11+£0.63 2.94 £ 0.51
Eu(ll) 3.69£0.39 - - 4.58 £0.65 2.771£0.52
Am(lll) 4.45+0.39 - - 4.79 £ 0.55 3.17£0.52
Np(V) 1.17£0.24 - - 2.10£0.56 1.77£0.67

Pu? 2.72+0.40 - - 3.09+0.87 3.031£0.43
uvI) 0.73£0.70 - - -2.27+£1.90 1.64 £ 0.66

¥Pu estimatetss were based on a solution with() fugacity of 16° bars. Under these
conditions, Pu(lV) is the predominagaqueous species in solution.

8.2  Addressing Uncertainty in Component Additivity
Methodology

As indicated inTable 8-1, the component additivity methodology coefficients for each
radionuclide class have uncertainty relatingdaability in groundwater chemistry in the
TCU. This uncertaintyg(rn,i), could be added to the true exponential tex(m,i), in

Equation (8.1)

Nr,m . .
Kd,, = D_x10°mhremd Equation (8.2)

i=1

Other uncertainties associated withmgmonent additivity and mechanistic model
parameters could also be incorporated is ffishion. However, we do not address these
other uncertainties here. NotablyTiable 8-1, the uncertainty associated with
groundwater chemistry in the component &ddy coefficients for each radionuclide

class is similar for mica, smectite, and zeolite — the largely ubiquitous reactive minerals
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in the TCU that dominate sorption. Assumthgt for a given radinuclide, the error in
the component additivity coefficients is identicadyn) for each reactive mineral
Equation (8.2) with error reduces to

Nr,m

Ky m =100 )" x10°™

d,m
i=1

For the logarithm oKy, Equation (8.2) reduces to
N; m ‘
|09{Kd,m } =¢e(rn) + |0g{ Z )ﬁloc(l'n,l)}
i=1

Therefore, assuming identical uncertaintyhia component additivity coefficients for
different reactive minerals simplifies prediction of uncertaint;o'@{Kd} distributions.

A single distribution of component additivity efficient uncertainty can simply be added
directly to the uncertainty of the meéog{K, } .

Assuming Gaussian distributions for comporehditivity coefficient uncertainty and
log{K,} distributions, the variance;*[log{K ], of estimated XRD sample-scale

Iog{Kd} distribution including component atldity uncertainty can be estimated by

i=1

az[log{Kd,m }] =e(rmn)’ + az{log{'qzmxloc‘r”'i)}}

Nr,m

where az{log{leoc‘""”H is the square of the standard deviation of the Gaussian

i=1

distribution fit to thelog{K, } distribution.

Kq for *'Ca, Cs, and Sr will be dominated by zeolite, smectite, and mica fractions. The
uncertainties in componeatditivity coefficientsTable 8-1 range ownlfrom 0.32-0.38

for #!Ca, 0.18-0.20 for Cs, and 0.32-0.38 for Sr. Therefore, reasonable estimates for
uncertainty in meatog{K, } for*'Ca, Cs, and Sr are 0.35, 0.19, and 0.35, respectively.

From the logarithmic scale to a linear scéhese uncertainties translate to multiplication
factors of 2.2 fof'Ca, 1.5 for Cs, and 2.2 for Sr.

Kq for Ni, Sm, Eu, Am, Np, Pu, and U will be dominated by smectite except in rare cases
where calcite or hematite are presentcéitainty in the component additivity

coefficients for smectite will have thargest effect on uncertainty in meldafor Ni, Sm,

Eu, Am, Np, Pu, and U. Therefore, readdiaastimates for uncertainty in metmg{Kd}
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are 0.12 for Ni, 0.40 for Sm, 0.39 for Eu, 0.39 for Am, 0.24 for Np, 0.40 for Pu, and 0.70
for U. These uncertainties translate to the linear scale as multiplication factors of 1.3 for
Ni, 2.5 for Sm, 2.5 for Eu, 2.5 for Am, 1.7 for Np, 2.5 for Pu, and 5.0 for U.

Uncertainties for calcite and hematite component additivity coefficients are consistently
higher than for smectite. However, contributiorldg{K , } uncertainty from calcite and

hematite is expected to be secondary bectnesmineralogic data indicate calcite and
hematite are more abundant in argillic zones where smectite is far more prevalent.

Alternatively, uncertainty in componerdditivity coefficients could be addressed by
adding normally distributed devest with standard deviatiog), ; to exponential

coefficients in application ofduation (8.1) to mineralogic data.

8.3 Ky Distributions for Radionuclide Classes

Application of Equation (8.1fp reactive mineral fractionsill produce distributions of
Kg. In this section, Equatiof8.1) is applied to the “Fand “S” method XRD reactive
mineral fraction data for each RMF. Mica and smectite zero values are corrected as
described in Sections 7.2.2 and 7.3.1e Zhro value correction helps avoid unrealistic
left tailing to extremely smaKy values, which can also unrealistically exaggerate the
variance oflog{K, | .

The resultingKq distributions tend to be more clogédit by a log-normabistribution than
a normal distribution. Accordingly, th€; distributions are plotteon a logarithmic scale.
Eachlog{K,} distribution is compared to a Gmian distribution with the same mean

and standard deviation. Inmgral, a log-normal distributh provides a reasonable fit to
the sample distribution dbg{K} for the radionuclide classes in each RMF.

The Iog{Kd} distributions presented this chapter are pertinetat the scale of XRD data
and probably represent a wider distributioricnj{Kd} compared to a grid block scale as

indicated byKy upscaling studies (Zavarin et &Q04). Considering that the component
additivity methodology parameters theiiwes are uncertain as indicatedTiable 8-1 , a
comprehensive evaluation of uncertaintKinfor transport models would need to
consider a distribution dfq regardless dky upscaling properties.

In the following subsectiondog{K, } distributions are estimed from application of

Equation (8.1) using mean values ofrgmnent additivity coefficients ihable 8-1 and
reactive mineral percentage data for eRoM- from “F” and “S” XRD data with
corrections for zero values and data spaciegt{8n 7.2). Gaussian distributions are fit
to mean and standard deviation of thg{K,} distributions for each RMF. These
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log{K,} distributions represent variability tg{K,} associated with variability within

RMFs and uncertainty in XRD method. Lowercertainty in “F” method data generally
translates to narrowdog{K } distributions compared t&” method data. Additional

uncertainty associated with component &ditly coefficients can be superposed as
discussed in Section 8.2.

83.1 4Ca

“ICa is a strong sorber zeolite, smectite, and micBigure 8-1 andFigure 8-2 show
estimated XRD sample-scaft€a log{K,} distributions in the RMFs for “F” and “S”

data. InL-UTCU Zeolitic andOSBCU Zeolitic RMFs, log{K, } for*'Ca is highest and
dominated by the narrow zewlifrequency distributiof’Ca log{K, } in theArgillic
RMF is lower than in the zeolitic RMFs, but tH€a log{K,} distribution remains
narrow.*'Calog{K, | in theDevitrified andVitric RMFs relatively low but more
variable. Trends ifi'Calog{K,} reflect trends in zeoétabundance. Uncertainty ffCa
log{K,} attributed to groundwater chemistryraility is estimagd at 0.38 based on
uncertainty in the zeolite comparteadditivity coefficient Table 8-1).

Table 8-2 shows estimates of mdag{K, | for*'Ca from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater
chemistry variability. Mearog{K, } in RMFs are similar fot'Ca log{K,} distributions

derived from “F” and “S” data except for tBevitrified RMF, where the medfiCa
log{K,} is estimated at 1.98 from “F” datach2.55 from “S” data. This difference can

be attributed to lower estimates of zeolite, smectite, and mica percentage from “F” data
(Figure 7-3) compared to “S” dathigure 7-6) in thdevitrified RMF. Standard

deviations are greater the “S” data, except for théitric RMF which have only 5 “F”

data. Larger standard deviations are expeftietS” data as a result of uncertainty

derived from estimation ranges.
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Figure 8-1. Iog{Kd} distributions for 4'Ca in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-2. Iog{Kd} distributions for 'Ca in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-2.  Estimates of mean Iog{Kd } for #1Ca from “F” and “S” XRD data with standard
deviation (&) of log{K | derived from XRD data and attributed to groundwater
chemistry variability.

Mean*Ca log{K,} | o *calog{K,} Uncertainty in 4'Ca
RMF derived from XRD data logiK, } attributed to
groundwater chemistry
“F” “S” “F” “S” Variability
L-UTCU Zeolitic 3.74 3.67 0.11 0.32 0.38
OSBCU Zeolitic 3.62 3.57 0.15 0.28 based on zeolite
Argillic 297 291 0.20 0.35 coefficient (Table 8.1)
Devitrified 1.98 2.55 0.38 0.56
Vitric 2.90 2.82 0.58 0.44
832 Am

Am is a strong sorber to smectite, calcite, and hem&igere 8-3 andrigure 8-4 show
estimated XRD sample-scale Alog{K, | distributions in the RMFs for “F” and “S”

data. In thedrgillic RMFs, log{K, } for Am is highest and dominated by the smectite
frequency distribution. Mealog{K, } increases with the déptlependent increase in

smectite betweeh-UTCU Zeolitic, OSBCU Zealitic, andArgillic RMFs. Mean
log{K,} distributions for Am in th€@SBCU Zeolitic, Devitrified, andVitric RMFs are

similar, suggesting arggle distribution oKy could be applied to Am for the OSBCU
HSU. Trends in Amlog{K,} reflect trends in smectite abundance. Uncertainty in Am

log{K,} attributed to groundwater chemistryradility is estimagd at 0.39 based on
uncertainty for the smectite component additivity coefficidiab(e 8-1).

Table 8-3 shows estimates of mdag{K,} for Am from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater
chemistry variability. Mearog{K, } and standard deviation are similar for Aog{K, |

distributions derived from “F” and “S” data. This suggests for radionuclide classes with
Kq dominated by smectite, both the “F” and “S” data provide similar characterization
quality.
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Figure 8-3. Iog{Kd} distributions for Am in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-4. log{K,,} distributions for Am in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-3.  Estimates of mean Iog{Kd } for Am from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Am Iog{Kd } derived lljncer|t<ainty in .Am
RMF Mean Am log{K, } from XRD data 0g{K, attributed to
groundwater chemistry
“F” “S!! IIF” “s’l Variability
L-UTCU Zeolitic 2.82 3.16 0.70 0.45 0.39 based on smectite
0SBCU Zeolitic 317 | 326 | 053 040 | ooefficient (Table &-1)
Argillic 417 4.02 0.18 0.21
Devitrified 3.02 3.33 0.51 0.51
Vitric 3.10 3.10 0.28 0.44

833 Cs

Cs is a strong sorber to smectite and zeditel a particularly strong sorber to mica.
Figure 8-5 andrigure 8-6 show estimated XRD sample-scaldc@éKd} distributions in

the RMFs for “F” and “S” data. Mean Gsgi{K,} is uniformly high in all RMFs,

reflecting the ubiquity and ui@rmity of mica throughout th€ CU. Standard deviations
in log{K,} forL-UTCU Zeolitic are greater thaBSBCU Zeolitic because of zero-

valued mica associated with peralkaline tuffs. Trends ifloG&, | reflect trends in

mica abundance. Mica abundance varieg lttiroughout the TCUnal, correspondingly
mean Csogi{K,} is relatively uniform throughout the TCU. Uncertainty inl6g{K, }

attributed to groundwater chermgvariability is estimatedt 0.18 based on uncertainty
for the mica component additivity coefficiefiable 8-1).

Table 8-4 shows estimates of mdag{K, | for Cs from “F” and “S” XRD data with
standard deviationd) of log{K,} derived from XRD data and attributed to the
component additivity methodology. Me#wmg{K,} are similar for Cdogi{K,}
distributions derived from “F” and “Slata. Standard deviations of @gy{K, } are higher

from “S” data than “F” data largely becausecertainty in “S” data mica percentage
estimates is greater. The “F” datayide more accurate estimates of thg{K, }

distribution for Cs that “Stlata because “F” data halvetter resolution of mica
percentage, which is typicalhear 2% throughout the TCU.
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Figure 8-5. l0g{K,} distributions for Cs in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-6. Iog{Kd} distributions for Cs in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-4. Estimates of mean Iog{Kd } for Cs from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Cs IOQ{Kd} derived lljncer|t<ainty in .Cs
RMF Mean Cs log{K, } from XRD data 0g{K, attributed to
groundwater chemistry
“F” “s” IIF” “sll Variability

L-UTCU Zeolitic 3.90 3.83 0.26 0.48 0.18 based on mica
0SBCU Zeolitic 400 | 392 020 03 | coefficient (Table &-1)
Argillic 3.98 3.89 0.30 0.39
Devitrified 3.75 3.81 0.48 0.83
Vitric 3.67 3.80 0.22 0.46

834 Eu

Eu is a strong sorber to smectite ancitaland a moderate sorber to hemakigure 8-7
andFigure 8-8 show estimated XRD sample-scalddgiK, | distributions in the RMFs

for “F” and “S” data. In thé\rgillic RMF, log{K,} for Eu is highest and dominated by
the smectite frequency distribution. Mean Eg{Kd} increases with the depth-

dependent increase in smectite betwledhT CU Zeolitic, OSBCU Zealitic, and
Argillic RMFs. Eulog{K,} distributions in th€SBCU Zeolitic, Devitrified, andVitric

RMFs are similar, suggesg a single distribution df4 could be applied to Eu for the
OSBCU HSU. Trends in Elog{K,} reflect trends in smectite abundance. Uncertainty in

Eulog{K, | attributed to groundwater chemistryiaility is estimated at 0.39 based on
uncertainty for the smectite component additivity coefficidab(e 8-1).

Table 8-5 shows estimates of mdag{K, | for Eu from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD data and groundwater chemistry
variability. As with other smectite-ddmated sorbers in the TCU, metg{K, } and
standard deviation are similar for Fag{K,} distributions derived from “F” and “S”

data. This suggests fordianuclide classes witky dominated by smectite, both the “F”
and “S” data provide similar @nacterization qualityAlthough Eu is a stronger sorber to
calcite, smectite dominates trenddog{K , } distribution betweedifferent RMFs

because calcite is distributed sporadicatlyelatively low percentages throughout the
TCU.
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Figure 8-7. log{K,} distributions for Eu in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-8. Iog{Kd} distributions for Eu in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-5. Estimates of mean Iog{Kd } for Eu from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Eu log{K, ) derived | U“&e”ai““’_i" Eu
RMF Mean Eu IOg{Kd } from XRD data Og{ d} attributed to
groundwater chemistry
“F” “SH IIF” “s’l variability
L-UTCU Zeolitic 2.07 244 0.72 0.50 0.39 based on smectite
0SBCU Zeolitic 242 2,54 0.53 0.42 coefficient (Table 8-1)
Argillic 3.48 3.35 0.23 0.27
Devitrified 2.32 2.62 0.55 0.62
Vitric 2.34 2.48 0.28 0.58

835 Ni

Ni is a strong sorber to smectite amdeak sorber to calcite and hemattigure 8-9 and
Figure 8-10 show estimatetRD sample-scale Nog{K, } distributions in the RMFs for

“F” and “S” data. In théArgillic RMF, log{K, } for Ni is highesand dominated by the
smectite frequency distribution. Mean N’g{Kd} increases with the depth-dependent

increase in smectite betwekAJTCU Zeolitic, OSBCU Zealitic, andArgillic RMFs.
Ni log{K,} distributions in th€©SBCU Zedlitic, Devitrified, andVitric RMFs are

similar, suggesting arggle distribution oKy could be applied to Ni for the OSBCU
HSU. Trends in Niog{K, !} reflect trends in smectite abundance. Uncertainty in Ni

log{K,} attributed to groundwater chemistryradility is estimagd at 0.12 based on
uncertainty for the smectite component additivity coefficidab(e 8-1).

Table 8-6 shows estimates of mdag{K,} for Ni from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater

chemistry variability. As with other smigie-dominated sorbers in the TCU, mean
log{K,} and standard deviation for “F” and “84ta are similar for Ni. For radionuclide
classes withKy dominated by smectite, both the “F” and “S” data provide similar
characterization quality. Notably, Ni iSar weaker sorber to calcite and hematite
compared to other smectite-dominated sorbach as Am, Eu, Sm, and Pu. Nonetheless,
the prevalence of smectite and lack of &aon in calcite and hematite content in
different RMFs result in similar trends log{K, } distribution for Ni, Am, Eu, Sm, and

Pu between different RMFs.
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Figure 8-9. Iog{Kd} distributions for Ni in TCU RMFs as determined from “F” data and application
of mean component additivity coefficients.
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Figure 8-10. Iog{Kd} distributions for Ni in TCU RMFs as determined from “S” data and application
of mean component additivity coefficients.
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Table 8-6. Estimates of mean Iog{Kd } for Ni from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Nilog{K, | derived | Upcetaintyn
RMF Mean Ni IOg{Kd } from XRD data Og{ d} attributed to
groundwater chemistry
“F” “S!! IIF” “s’l variability
L-UTCU Zeolitic 2.30 2.60 0.69 043 0.12 based on smectite
0SBCU Zeolitic 2.66 2.72 0.53 0.41 coefficient (Table 8-1)
Argillic 3.61 3.45 0.19 0.22
Devitrified 2.45 2.75 0.53 0.40
Vitric 2.59 2.44 0.28 0.36
83.6 Np

Np is a weak sorber to smectite and@derate sorber to calcite and hematigure
8-11 andFigure 8-12 show estimated XRD sample-scalddgK, } distributions in the

RMFs for “F” and “S” data. In thargillic RMF, log{K,} for Np is highest and
dominated by the smectite épgency distribution. Mean Ntmg{Kd} increases with the

depth-dependent increase in smectite betiwebdT CU Zeolitic, OSBCU Zeolitic, and
Argillic RMFs. Nplog{K,} distributions in th€SBCU Zeolitic, Devitrified, and

Vitric RMFs are similar, suggesg a single distribution dkq could be applied to Np for
the OSBCU HSU. Trends in Npg{K, | reflect trends in smectite abundance.

Uncertainty in Nplog{K,} attributed to groundwater chistmy variability is estimated at
0.24 based on uncertainty for the smectite component additivity coefficednie(8-1).

Table 8-7 shows estimates of mdag{K,} for Np from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater

chemistry variability. As with other smigie-dominated sorbers in the TCU, mean
log{K,} and standard deviation for “F” and “84ta are similar for Np. For radionuclide

classes witHog{K,} dominated by smectite, both the “F” and “S” data provide similar

characterization quality. Notably, Np is a far weaker sorber to smectite compared to
calcite and hematite. Nonetheless, smectite dominates trendslagfp | distribution

between different RMFs because calcite anddtee are distributed sporadically at low
percentages throughout the TCU.
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Figure 8-11. Iog{Kd} distributions for Np in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-12. log{K } distributions for Np in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-7.  Estimates of mean Iog{Kd } for Np from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Np Iog{Kd } derived | Un|c<ertainty.in Np
RMF Mean Np log{K, } from XRD data 0giK attributed to
groundwater chemistry
“F” “S!! IIF” “SII variability
L-UTCU Zeolitic -0.45 -0.07 0.72 0.51 0.24 based on smectite
0SBCU Zeolitic 2010 | 003 053 043 coefficient (Table 8-1)
Argillic 0.98 0.84 0.23 0.27
Devitrified -0.04 0.10 0.40 0.63
Vitric -0.18 -0.01 0.28 0.61

8.3.7 Pu

Pu is a moderately strong sorber to smectite, calcite, and herhggfitee 8-13 and
Figure 8-14 show estimatetRD sample-scale Plog{K !} distributions in the RMFs for

“F" and “S” data. In thérgillic RMF, Iog{Kd} for Pu is highest and dominated by the
smectite frequency distribution. Mean ng{Kd} increases with the depth-dependent

increase in smectite betwekAJTCU Zeolitic, OSBCU Zealitic, andArgillic RMFs.
Pulog{K,} distributions in th©SBCU Zedlitic, Devitrified, andVitric RMFs are

similar, suggesting arggle distribution oKy could be applied to Pu for the OSBCU
HSU. Trends in Plog{K,} reflect trends in smectite abundance. Uncertainty in Pu

log{K,} attributed to groundwater chemistryradility is estimagd at 0.40 based on
uncertainty for the smectite component additivity coefficidab(e 8-1).

Table 8-8shows estimates of mdag{K,} for Pu from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater

chemistry variability. As with other smigie-dominated sorbers in the TCU, mean
log{K,} and standard deviation are similar forlBg{K, } distributions derived from “F”

and “S” data. Although Pu is a stronger sottioetalcite and hematite, smectite dominates
trends inlog{K, } distribution between different RMFs because calcite and hematite are

distributed sporadically at lopercentages throughout the TCU.
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Figure 8-13. log{K , } distributions for Pu in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-14. Iog{Kd} distributions for Pu in TCU RMFs as determined from “S” data and
application of mean component additivity coefficients.
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Table 8-8. Estimates of mean Iog{Kd } for Pu from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Pu log{K, | derived I U“&e”a‘““’.i" Pu
RMF Mean Pu log{K, } from XRD data 0giK attributed to
groundwater chemistry
“F” “S!! IIF” “SII variability
L-UTCU Zeolitic 1.09 1.44 0.70 0.45 0.40 based on smectite
0SBCU Zeolitic 1.44 154 053 0.40 coefficient (Table 8-1)
Argillic 2.45 2.30 0.18 0.21
Devitrified 1.39 1.60 0.42 0.51
Vitric 1.37 1.39 0.28 0.45

838 Sm

Sm is a strong sorber to smectite and Héeand a very strong sorber to calckegure
8-15 andFigure 8-16 show estimated XRD sample-scalel&mgK, } distributions in the

RMFs for “F” and “S” data. In thargillic RMF, log{K,} for Sm is highest and
dominated by the smectite épgency distribution. Mean Srhmg{Kd} increases with the

depth-dependent increase in smectite betiwebdT CU Zeolitic, OSBCU Zeolitic, and
Argillic RMFs. Smlog{K, !} distributions in th€SBCU Zeolitic, Devitrified, and

Vitric RMFs are similar, suggesg a single distribution dfq could be applied to Sm for
the OSBCU HSU. Trends in Stag{K, | reflect trends in smectite abundance and

correlate strongly with Eu and Am log{} distribution among th various RMFs. The
similarity in sorptive behavior of Srku, and Am, reflects the similar chemical
properties of these trivalent actie&llanthanides. Uncertainty in Sog{K,} attributed

to groundwater chemistry varidity is estimated at 0.40 based on uncertainty for the
smectite component additivity coefficiefitable 8-1).

Table 8-9 shows estimates of mdag{K,} for Sm from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater

chemistry variability. As with other smigte-dominated sorbers in the TCU, mean
log{K,} and standard deviation are similar for &m{K, | distributions derived from

“F’” and “S” data. Although Sm is a strongeriser to calcite, smectite dominates trends
in log{K, } distribution between different RMFs besatcalcite is distributed sporadically

at relatively low percemges throughout the TCU.
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Figure 8-15. Iog{Kd} distributions for Sm in TCU RMFs as determined from “F” data and
application of mean component additivity coefficients.
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Figure 8-16. log{K , } distributions for Sm in TCU RMFs as determined from “S” data and
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Table 8-9. Estimates of mean Iog{Kd } for Sm from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Sm Iog{Kd } derived | Un;ertainty.in Sm
RMF Mean Sm log{K, } from XRD data 0g{K attributed to
groundwater chemistry
“F” “SH IIF” “SII variability
L-UTCU Zeolitic 2.24 2.63 0.74 0.56 0.40 based on smectite
0SBCU Zeolitic 258 273 0.54 0.47 coefficient (Table 8-1)
Argillic 3.71 3.60 0.31 0.35
Devitrified 2.53 2.81 0.60 0.71
Vitric 2.50 2.76 0.28 0.71
839 Sr

Like *!Ca, Sr is a strong sorbersmectite, zeolite, and mica. iSra very weak sorber to
calcite and hematit&igure 8-17 andrigure 8-18 show estimatéRD sample-scale Sr
log{K,} distributions in the RMFs for “F” and “S” data.llRUTCU Zeolitic and

OSBCU Zeolitic RMFs, log{K,} for Sris highest and dominated by the narrow zeolite
frequency distributionlog{Kd} in theArgillic RMF is lower than in the zeolitic RMFs,
but thelog{K,} distribution remains narroviog{K, } for*'Ca in theDevitrified and
Vitric RMFs are lower but more variable. Trends il&{K,} reflect trends in zeolite
abundance. Uncertainty in Brg{Kd} attributed to groundwater chemistry variability is

estimated at 0.38 based on uncertaintytHerzeolite component additivity coefficient
(Table 8-1).

Table 8-10 shows estimates of mdag{K, } for Sr from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater
chemistry variability. Mearog{K, } in RMFs are similar for Slog{K, } distributions

derived from “F” and “S” data except for tbevitrified RMF, where the mean Sr
log{K,} is estimated at 1.74 from “F” datach2.30 from “S” data. This difference can

be attributed to lower estimates of zeolite, smectite, and mica percentage from “F” data
compared to “S” data in tHRevitrified RMF. Standard deviations of &rg{K,} are

greater in the “S” data, except for teric RMF which have only 5 “F” data.
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Table 8-10. Estimates of mean Iog{Kd } for Sr from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o Sr IOQ{Kd} derived | Unlzertainty.in Sr
RMF Mean Sr log{K, | from XRD data 0giK attributed to
groundwater chemistry
“F” “SH IIF” “Sll variability
L-UTCU Zeolitic 3.52 3.45 0.11 0.34 0.38 based on zeolite
0SBCU Zeolitic 3.40 334 0.5 028 coefficient (Table 8-1)
Argillic 2.62 2.57 0.22 0.39
Devitrified 1.74 2.30 0.30 0.56
Vitric 2.65 2.58 0.60 0.46

83.10 U

U is a moderately weak sorber to hematiteak sorber to smectite and a very weak
sorber to calciteigure 8-19 andrigure 8-20 show estimated XRD sample-scale U
log{K,} distributions in the RMFs for “F” and “S” data. In thegillic RMF, log{K, }

for U is highest and dominated by the smectite frequency distribution. Mémg\{IKJd}

increases with the depth-dependent increase in smectite bétw¢€aU Zeolitic,
OSBCU Zedlitic, andArgillic RMFs. Ulog{K, } distributions in th@©SBCU Zedlitic,

Devitrified, andVitric RMFs are similar, suggesting a single distributiokgotould be
applied to U for the OSBCU HSU. Trends inlag{K ,} reflect trends in smectite

abundance. Uncertainty in ldg{Kd} attributed to groundwater chemistry variability is

estimated at 0.70 based on uncertainty fersimectite component additivity coefficient
(Table 8-1).

Table 8-11 shows estimates of mdag{K, } for U from “F” and “S” XRD data with
standard deviationd ) of Iog{Kd} derived from XRD dataral attributed to groundwater

chemistry variability. As with other smigie-dominated sorbers in the TCU, mean
log{K,} and standard deviation for “F” and “84ta are similar for U. For radionuclide

classes witHog{K,} dominated by smectite, both the “F” and “S” data provide similar

characterization quality. Notably, U is a weakerber to smectite compared to hematite.
Nonetheless, smectite dominates trends io@JK, } distribution between different

RMFs because hematite is distributed sporadically at low percentages throughout the
TCU.
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Figure 8-19. log{K, } distributions for U in TCU RMFs as determined from “F” data and application
of mean component additivity coefficients.
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U kd in L-UTCU zeolitic
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Figure 8-20. Iog{Kd} distributions for U in TCU RMFs as determined from “S” data and application
of mean component additivity coefficients.
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Table 8-11. Estimates of mean Iog{Kd } for U from “F” and “S” XRD data with standard deviation
(o) of Iog{Kd } derived from XRD data and attributed to groundwater chemistry

variability.
o U log{K,} derived from | UncertaintY inU
RMF Mean U log{K | XRD data 0giK attributed to
groundwater chemistry
“F” “s” IIF” “Sl! variability

L-UTCU Zeolitic -0.90 -0.59 0.69 0.45 0.70 based on smectite
0SBCU Zeolitic 055 | -0.48 053 0.42 coefficient (Table 8-1)
Argillic 0.43 0.24 0.17 0.22
Devitrified -0.49 -0.46 0.37 0.40
Vitric -0.62 -0.75 0.28 0.42
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9. Variogram Analysis of K4 Spatial Variation

The variogram is a geostatistical maa&sof spatial vaability defined as

7(6) = Ex+h) v

wherev(x) is a random variable at locati@nandh is a lag (separation) vector.

Variogram values typically rangeom near zero at small lags to data variance or greater
at large lags beyond the range of correlatiThe term “range” used in variogram
analysis corresponds to the range of cotigialn practice, variogram values are
typically averaged from lag vectors spadetlZAh apart, whereAh is a finite lag

vector spacing. In practice, adg@ number of data pairs spacskd apart are needed to
obtain good estimates of variogram values.

One advantage of using the variogram owsatiance to measure spatial correlation is
that the variogram “filters out” the local meavhich can vary as a result of spatial trends
in the data. “Intrinsic stadharity” is a fundamental assiption to variogram analysis

with the following properties:

e Spatial variability of the random varialileroughout the region being analyzed is
characterized by a single variogram.

¢ While the mean may vary in the region, the variogram is constant.

A variogram-based geostatistical model assumes the pattern of spatial variability consists
of a gradually varying mean superposedlstochastic component characterized by the
variogram.

In this chapterog{K, |} is treated as a random variafle variogram analysis. Mineral

percentage data are combined with thean component additivity exponential
coefficients (Section 8.1) to produce estimdmg:{Kd} values for each radionuclide

class at XRD sample location. Variogram gsak are performed in vertical and lateral
directions to evaluate vertical and lateral spatial continuikgjnwvhich could result from
stratification or other forms of spatial continuity in mineral distributions. Variograms are
constructed in each RMF assuming intrensiationarity within RMFs, with the

expectation that spatial statisticaumbbe different in different RMFs.
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9.1 Vertical Direction

Variograms forlog{K, } will be analyzed in the vertical direction because typical

subsurface data obtained from boreholesrdifétter characterization of vertical (or
stratigraphic upward) spatial variability. Borehole samples are aligned along linear
transects of the “stratigoaic upward” direction.

9.1.1 L-UTCU RMF
Figure 9-1 shows calculatedrtieal direction variograméog{K, } in theL-UTCU

Zeolitic RMF using “F” data only and a 1.524-mf(bvertical lag spacing or larger
based on a minimum of 5 pairs per lag. These veriggK,, | variograms in the

L-UTCU Zeolitic RMF show several patterns thallvae evident in other vertical
variograms using the higsequality “F” XRD data:

e None of theIog{Kd} variograms show evidence\ddrtical spatial continuity.

Variogram values at the smallest non-zZieaigp (~8 m) are similar in magnitude to
variogram values at larger lags. If sphtiantinuity exists, the range of vertical
spatial correlation is less than 8 m.

e Some radionuclide classes share sinlitaK, } variogram structure$'Ca and
Sr log{K, } variograms are nearly identicalith small magnitudes, because

zeolite dominateKq for “’Ca and Sr, and variability @eolite log{percentage} is
small in theL -UTCU Zeolitic RMF. Overall variogram structures for the
smectite-dominated sorbers Ni, Sm, Eu, Am, Np, Pu, and U are similar, with
differences attributable to differendestween component additivity coefficients
for calcite and smectite. Radionuclides with simildferenceqin brackets]
between component additivity coefficients for calcite and smectiteT gdade 8-1)
have similar variograms at all lags, foraexple: (1) Ni and U [-3.08, -3.00], (2)
Eu and Np [0.89, 0.93], and (3) Am and Pu [0.34, 0.37].

e Variogram structure for Cs is intermedidietween the zeolite-dominated sorbers,

“ICa and Sr, and the smectite dominatethess, Ni, Sm, Eu, Am, Np, Pu, and U,

because Cs is also a very strong sorber to mica, which is nearly ubiquitous in the

L-UTCU Zeolitic RMF.

e Variogram values for the smectite-dominated sorbers differ most at lags of 8, 12,

and 27 m, suggesting that calcite occurhendata at spacings about 8, 12, and
27 m apart.
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Figure 9-1. Vertical direction variogram analysis of Ky in L-UTCU RMF using “F” data with minimum

1.524-m lag spacing and minimum of 5 pairs per lag.

Figure 9-2 shows calculatedrtieal direction variograméog{K, } in theL-UTCU

Zeolitic RMF using “S” data only and a 1.524-mffpvertical lag spacing or larger
based on a minimum of 5 pairs per lag. With the numerous “S” data, more lag spacings

achieve the minimum 5 pairs gdag. Differences in the “Sdata variograms compared to
“F” data variograms iffrigure 9-1 are expined as follows:

9-3

The “S” data variograms show apparent cyclicity aglternating lag

intervals. This is caused by more \adnility in 1.524 m (5 ft)-spaced data.
Subsequently, variogram values at laf45 ft, 25 ft, 35 ft, etc. show higher
magnitudes than variogram values at lags of 10 ft, 20 ft, 30 ft, etc. Data with 5
ft spacing, far less common than data with 10 ft spacing, may have been
preferentially obtained in zones withwer electrical resistivity and, thus,

higher smectite or zeolite content. tibly, the Cs variogram, dominated by
mica, does not show much cyclicity.
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The “S” data variogram values at 3.28 m (10 ft) spacing suggest spatial
continuity within a range of about 0. However, this apparent spatial
continuity is an artifact of the “S” data. Variograms constructed from “S” data
mineral percentages are subject torgjus spatial correlation caused by
translation of mineral percentage ranggs fixed mineral percentage values
that persist over spatial intervals.

As for the “F” data variograms, vagrams are nearly identical for the
smectite sorbers that have similar differences between smectite and calcite
component additivity methodadjy exponential coefficients.
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Figure 9-2. Vertical direction variogram analysis of K4 in L-UTCU RMF using “S” data with 1.524-m

lag spacing and minimum of 5 pairs per lag.

Figure 9-3 shows calculatedrtieal direction variogram¢og{K, } in theL-UTCU

Zeolitic RMF using “S” data only ah3.048 m (10 ft) vertical taspacing or larger based
on a minimum of 100 pairs per lag. This kargariogram lag spawg and increased lag
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pair minimum results in more averagingvafriogram values. The resulting variograms
indicate existence of vertical spatial continuitykixg{Kd}, with a range of correlation of

about 10 m. However, this appat vertical spatial corrdian remains spurious because
of translation of “S” data o fixed mineral percentage luas that persist over spatial
intervals.
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Figure 9-3. Vertical direction variogram analysis of Ky in L-UTCU RMF using “S” data with minimum
3.048 m lag spacing and minimum of 100 pairs per lag.

9.1.2 OSBCURMF
Figure 9-4 shows calculated vertical direction variograme@K, } in theOSBCU

Zeolitic RMF using “F” data only and a 1.524-mf(bvertical lag spacing or larger
based on a minimum of 5 pairs per lag. The “F” datdK, } variograms for the

OSBCU Zeolitic RMF show wider lag spacing than for thedJTCU Zeolitic RMF
because of less data (only 66 “F” data compared to 178 “S” d&x8B&U Zeolitic and
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84 “F” data compared to 498 “S” InUTCU Zeolitic). Variogram patterns i@SBCU
Zeolitic are similar to those in tHe-UTCU Zealitic:

e None of theIog{Kd} variograms show evidence\ddrtical spatial continuity.

Variogram values at the smallest non-Zewgp (~ 8 m) are similar in magnitude to
variogram values at larger lags. If sphtiantinuity exists, the range of vertical
spatial correlation is less than 8 m.

e Similarities inlog{K, } in variogram structures for different radionuclide classes

are even greater f@SBCU Zeolitic thanL-UTCU Zeolitic because of less
calcite. As in the.-UTCU Zeolitic RMF, *’Ca and Stlog{K, } has nearly

identical small-magnitude variogravalues because zeolite dominatgdor *‘Ca
and Sr, and variability of zeolite percentage is small irL T CU Zeolitic

RMF. Overall variogram structures fttre smectite-dominated sorbers Ni, Sm,
Eu, Am, Np, Pu, and U are nearly identibatause of lack of calcite and hematite
in theOSBCU Zeolitic RMF.

e Cs variogram structure is stronglyflirenced by mica followed by zeolite and
smectite. Cs variogram magnitudes are smaller iO®RCU Zeolitic compared
to theL-UTCU Zeolitic because mica percentage variability is less in the
OSBCU Zedlitic, particularly as a result of aslger proportion of zero values.

e Variogram values for the smectite-dominated sorbers only differ at a lags of 35 m,
suggesting that some calcite occurs in@8BCU Zeolitic data about 35 m apart.

Figure 9-5 shows calculatedrtieal direction variogram¢og{K, } in theOSBCU

Zeolitic RMF using “S” data only and a 1.524-mffbvertical lag spacing or larger

based on a minimum of 5 pairs per lag. With the numerous “S” data, more lag spacings
achieve a minimum 5 pairs per lag. Differengesertical variograms for “S” data in
OSBCU Zeolitic compared to “F” data iRigure 9-4 and “S” data far-UTCU Zeolitic

in Figure 9-2 are explained as follows:

e AsforL-UTCU Zedlitic in Figure 9-2, the “S” datKy variograms show an
apparent cyclicity at alternating lag intervals caused by more variability in
1.524 m (5 ft)-spaced data.

e TheOSBCU Zedlitic K4 vertical variograms show smaller magnitudes for
smectite and mica sorbers compared40TCU Zeolitic. Variogram
magnitudes are smaller for the smeciibebers (Ni, Sm, Eu, Am, Np, Pu, and
U) because the “S” data indicate poojonately less non-zero values for
calcite inOSBCU Zeolitic compared td.-UTCU Zedlitic (Figure 7-9). Mica
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percentage variability is less in t&BCU Zealitic, hence the CKy

variogram magnitudes atess than in the-UTCU Zedlitic.
The “S” dataKy variogram values for smectite-sorbers (Ni, Sm, Eu, Am, Np,
Pu, and U) suggest spatial continuitighin a range of about 25 m. However,
as for theL-UTCU Zealitic, variograms constructed from “S” data mineral
percentages are subjectsfaurious spatial correlation caused by translation of
mineral percentage ranges given bysbmi-quantitative method into fixed
mineral percentage values that persist over spatial intervals.

Figure 7-8 that very few “F” data in tl@@SBCU Zeolitic have non-zero

calcite percentages. Conseqigr’F” data variograms it©SBCU Zealitic
(Figure 9-4) are nearly identical for the smectite sorbers Ni, Sm, Eu, Am, Np,

Pu, and U.
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Figure 9-4. Vertical direction variogram analysis of K,in OSBCU RMF using “F” data with minimum
1.524 m lag spacing and minimum of 5 pairs per lag.
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Figure 9-5. Vertical direction variogram analysis of K, in OSBCU RMF using “S” data with minimum
1.524 m lag spacing and minimum of 5 pairs per lag.

Figure 9-6 shows calculatedrtieal direction variogramsog{K, } in theOSBCU

Zeolitic RMF using “S” data only ah3.048 m (10 ft) vertical taspacing or larger based
on a minimum of 100 pairs per lag. This largariogram lag spawy and increased lag
pair minimum results in more averagingvairiogram values. Less variogram lags result
from less “S” data (179) in th@SBCU Zeolitic compared to the-UTCU Zealitic

(519). The resulting variograms indicate existe of vertical spé&l continuity in

log{K, }, with a range of correlation about 10-25 m. However, as for theJTCU

Zeolitic “S” data, this apparent vertical spatarrelation remains spurious because of
translation of “S” data into fixed mineral percentage values that persist over spatial
intervals.

9-8



Chapter 9. Ik Spatial Variation

0.60 G---© 41ca G---© Eu
Cs G---© Am
] G---© sr Np
] G---© Ni G---© Pu
0507 sm QG---© U
. 0.404
N
*x
k| ]
'c —5
X,
=2 ]
2 0.304
£ ]
@
S —5
(@] ]
il h
L 0.204
] “:::,"J . _“_‘_‘_!,,----e
0.104 e £ e SR
g
E 2
_: .b'i -l“l©=======.===®=IIl IIIIIIIQ
4 @ -
14q,*
0.00 @—
0 10 20 30 40 50
Lag (m)

Figure 9-6. Vertical direction variogram analysis of K,in OSBCU RMF using “S” data with variable
lag spacing and minimum of 100 pairs per lag.

9.1.3 Argillic RMF
Figure 9-7 shows calculatedrtieal direction variogram#og{K, } in theArgillic RMF

using “F” data only and a 1.524-m (5 ft)rtieal lag spacing olarger based on a
minimum of 5 pairs per lag. Becausey#tl/ “F’ data are located within tier gillic
RMF, the variogram has only three lags. Faklof data, differences in the “F’ d&a
vertical variograms in thArgillic RMF are not interpretable.
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Figure 9-7. Vertical direction variogram analysis of K, in Argillic RMF using “F” data with 1.524 m
lag spacing and minimum of 5 pairs per lag.

TheArgillic RMF has more “S” data (33) than “F” data (1Figure 9-8shows calculated
vertical direction variograml;)g{Kd} in theArgillic RMF using “S” data only and a

1.524-m (5 ft) vertical lag spacing or lardgersed on a minimum of 5 pairs per lag.
Although theArgillic RMF is high in smectite, and all radionuclide classes sorb to
smectite, thdog{K , } variograms show differences:

e Of the smectite-dominated sorbers (Am, Eu, Ni, Np, Pu, Sm, U), variograms for
Sm, Eu, and Np have higher variogram ealwith similar shapes attributed to
greater dependence on calcite. The higlagiogram values are proportionate to
the differences between the calcite and smectite component additivity coefficients

(+1.26 for Sm, +0.89 for Eu, and +0.93 for Np).

e Variograms fof"’Ca and Sr are very similar because smectite, zeolite, and mica
exponential coefficients are similar.
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e AsintheL-UTCU ZeoliticandOSBCU Zeolitic RMFs, variograms are similar
for radionuclide classes with simildifferences in component additivity
coefficients (Am and Pu; U and Ni).

e The variogram values for Cs have snma#ignitude because component additivity
coefficients depend strongly on smectited mica (and not calcite), which are
ubiquitous with relativelysmall variability in theArgillic RMF.

e As in previous interpretations of “Slata variograms, indications of spatial
continuity are spurious.

The number of “S” data was notfcient to calculate verticalog{K,} variograms at

high numbers of pairs per lag (e.g., 100) as was done far-theCU Zeolitic and
OSBCU Zeolitic RMFs

0.60 G---© 41ca G---© Eu
h Cs G---0 Am
] G---© sr Np
] G---© Ni QG---O Pu
0507 Sm QG---© U
. 0.404
N ]
* 3
£ ]
-c —5
‘E -4
= ]
2 0.304
S ]
o 4
S —5
(@] ]
il ]
L 0.204
. o @
] I La
1 V09 e
0.104—— oA
] (" 8\'/\" ‘C;#‘
1'% ¢ Y A [~
I pocA :‘§"@x" B
» - - =T - w5’
3o B g \g,..e---*"'%
d
0.00 B—
0 10 20 30 40 50

Lag (m)

Figure 9-8. Vertical direction variogram analysis of Ky in argillic RMF using “S” data with 1.524-m
lag spacing and minimum of 5 pairs per lag.
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9.1.4 Devitrified RMF
As for theArgillic RMF, variogram analysis dbg{K,} is problematic in thBevitrified

RMF mainly because of few “F” data (8) and “S” data (Zyure 9-9 shows calculated
vertical direction variogramk)g{Kd} in theDevitrified RMF using “S” data only and a

vertical lag spacing based omanimum of 5 pairs per lagAlthough the number of data
are limiting, the following interpretations can be made:

Magnitudes of variogram values are high inErewitrified RMF. Although
reactive mineral abundance is low in theviixfied RMF, variability of reactive
mineral abundance is larger on gdoithmic scale relative to the UTCU
Zeolitic, OSBCU Zealitic andArgillic RMFs.

As in theL-UTCU Zeolitic andOSBCU Zedlitic, andArgillic RMFs,

variograms are similar for radionuclidestes with similgpatterns component
additivity coefficients, such as similar smectite, zeolite, and mica coefficients
(**Ca and Sr) and for similar calcite and smectite differences (Np and Eu; Am
and Pu; U and Ni).

Mica causes relatively more variability Iog{Kd} for Cs because zeolite and

smectite are much less abundant inDleeitrified RMF than in thee-UTCU
ZeoliticandOSBCU Zealitic, andArgillic RMF.

As for other RMFs, spatial cantity indicated in “S” datalog{Kd} variograms
IS spurious.
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Figure 9-9. Vertical direction variogram analysis of K, in Devitrified RMF using “S” data, 1.524-m lag
spacing, and minimum of 5 pairs per lag.

9.1.5 Vitric RMF
As for theArgillic andDevitrified RMFs, variogram analysis dxbg{Kd} in theVitric

RMF is problematic mainly because of few “F” data (5) and “S” data Ei@yre 9-10
shows calculated vertical direction variogratog{K, } in theVitric RMF using “S” data

only and a vertical lag spacing baseda minimum of 5 pairs per lag.

e Similar to theDevitrified RMF, magnitudes of variogram values are high in the
Vitric RMF. Although reactive minerabundance is low in théitric RMF,
variability of reactive minel abundance is larger oagarithmic scale relative
to theL-UTCU Zeolitic, OSBCU Zeolitic andArgillic RMFs.

e AsintheL-UTCU Zeolitic andOSBCU Zeolitic, Argillic, andDevitrified
RMFs, variograms are similar for radionaigiclasses with sihar patterns in the
component additivity coefficients, suak for similar smectite, zeolite, and mica
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coefficients {'Ca and Sr) and for similar calcimd smectite differences (Np and
Eu; Am and Pu; U and Ni).

e Asin theDevitrified RMF, mica causes relatively more variabilitylag{K, |

for Cs because zeolite and smedaiite much less abundant in Miric RMF
than in theL-UTCU Zeolitic andOSBCU Zealitic, andArgillic RMF.

e As for other RMFs, spatial contiity indicated in the “S” datéog{K, |
variograms is spurious.
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Figure 9-10. Vertical direction variogram analysis of K4 in Vitric RMF using “S” data, 1.524-m lag
spacing, and minimum of 5 pairs per lag.
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9.2 Lateral Direction

Ideally with enough data at locations spaeéthin the range o€orrelation, variogram
analysis can be applied in all directions.rAentioned previously, borehole data usually
provide, at best, adequate diiavaluate spatial variability the vertical direction.
Evaluation of spatial variability in non-verticdirections is also hampered by inevitable
variations in dip angle and varal displacements, such asllfg or errors in vertical
control. Lateral variogram data at small lags is most reliable if vertical control of data
locations is not a large source of error.

This section constructs variogramslo@{Kd} in the “lateral” direction under the highly

simplified assumptions that bedding is horizoatadl patterns of spatial variability are
isotropic in the horizontal plane. Asaing horizontal beddmand isotropy, the
variogram for the “lateral” dirgion can be composed of vagram values with the same
range of horizontal distancexlependent of azimuth. Ideally, the data pairs should be
obtained along the true beddiplane. Despite these simplifications, km-scale lateral
variations inlog{K, }, if accompanied by vertical coragion scales on the order of 50 m

or more, should be detectable. Howevenvashave seen in vertical directidog{K, |
variogram analysis, vedal correlation scales ilog{K, } are, at most, 10 m.

Obtaining enough data pairs for variogramvagtor for the lateilgor any non-vertical)
direction remains difficult in the TCURigure 9-11 tallies data pairs as a function of
lateral distance and RMF for “F” data. The ‘thata provide only on&ateral variogram
lag with distance less than 3,000and this lag is only within thie-UTCU Zealitic
RMF.

Figure 9-12 tallies data pairs as a functiofatéral distance and RMF for “S” data. The
“S” data provide at least 5 lagipaat 18 lateral distances in theUTCU Zeolitic RMF
and 5 lateral distances in tReSBCU Zeolitic RMF. Of the different XRD methods, only
the “S” method data are sufficiently nuroas and closely-spaced to possibly detect
spatial continuity of propertiesleged to reactive minerals, includiky. However, the

“S” data are only sufficient in number and spacior lateral variogram analysis within
theL-UTCU ZealiticandOSBCU Zeolitic RMFs.
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Figure 9-11. Number of data pairs for lateral direction lags using “F” data and 5 pair minimum.
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Figure 9-12. Number of data pairs for lateral direction lags using “S” data, 100 m lag spacing, and 5
pair minimum.
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9.21 L-UTCU Zeolitic RMF
Figure 9-13 shows calculated latkdirection variograms folog{K, } in theL-UTCU

Zeolitic RMF using “S” data only and a mmum of 100 m (328 Jthorizontal lag
spacing or larger based on a minimum of 5pper lag. The smallest non-zero lateral lag
is about 320 m. Thedateral directiodog{K,} variograms from “S” data should not be

over-interpreted beyond the limitati® of the data as follows:

e Magnitude orog{Kd} variogram values are not appreciably smaller at the 320 m

lag compared to larger distance lags, indicating that lateral spatial continuity is
not detected. If lateral spatial continuity exists, the variograms indicate the range
of lateral spatial corration is less than 320 m.

e As seen with verticalog{K,} variograms, some radionuclide classes share
similar log{K,} variogram structures. Zeolite dominatesgfor **C and Sr.

Variability of zeolite log{percentage} is small in theUTCU Zeolitic RMF.
Overall variogram structures for the ectite-dominated sorbers Ni, Sm, Eu, Am,
Np, Pu, and U are similar, with differences attributable to differences between
component additivity coefficients for citle and smectite as described in more
detail for the verticalog{K, } variograms.

e Lateral Iog{Kd} variogram magnitudes for Cs in thdUTCU Zeolitic RMF are

larger than for the other two zeolite sorb&t€a and Sr, because of the large
component additivity coefficient for mica.
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Figure 9-13. Lateral direction variogram analysis of Ky in L-UTCU RMF using “S” data, 100-m lag
spacing, and minimum of 5 pairs per lag.

9.22 0OSBCURMF
Figure 9-14 shows calculateddeal direction variogramkog{K, } in theOSBCU

Zeolitic RMF using “S” data only and a mmum of 100 m (328 Jthorizontal lag
spacing or larger based on a minimum of 5gper lag. The smallest non-zero lateral lag
is about 410 m. As for tHe-UTCU Zeolitic RMF, these lateral directiolog{K |

variograms from “S” data should not be ouaterpreted beyond the limitations of the
data as follows:

e As indicated byFigure 9-14, the Iaterdbg{Kd} variogram values for the

OSBCU Zeolitic RMF rely on fewer data pairs than for théJTCU Zeolitic
RMF.

e Magnitude orog{Kd} variogram values at the 410-m lag are large for the
smectite-dominated sorbers (Ni, Sm, Eu, Am, Np, Pu, and U), and small for the
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zeolite-dominated sorber§Ca and Sr) compared tadeer distance lags. If the
variograms values were accurate, thaid indicate zeolitied zones are more

laterally continuous than argillized zones. However, the uncertainty of the
variogram values is high.

As seen with verticalog{K, } variograms and in the-UTCU Zeolitic RMF,
some radionuclide classes share sirib@{K ,} variogram structures. Zeolite

dominateKq for *'Ca and Sr. Variability of zeolite log{percentage} is small in
theL-UTCU Zealitic RMF. Variogram structures for the smectite-dominated

sorbers Ni, Sm, Eu, Am, Np, Pu, and U aearly identical because calcite is not
very abundant in th®@SBCU Zeolitic RMF.

As for theL -UTCU Zeolitic RMF, laterallog{K,} variogram magnitudes for Cs

in theOSBCU Zeolitic RMF are larger than for the other two zeolite sorbers,
“ICa and Sr, because of the large component additivity coefficient for mica.
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1 C---O Ni G---© Pu
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Figure 9-14. Lateral direction variogram analysis of K;in OSBCU RMF using “S” data, 100-m lag
spacing, and minimum of 5 pairs per lag.
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9.3 Insights from log{K 4} Variogram Analysis in the TCU

9.3.1 Variogram Structure
Variogram analysis olog{Kd} using the component additivity methodology applied to

the TCU XRD data set suffers from two main issues: (1) the full spectrum “F” method
data are not sufficiently numaus and closely spaced to develop accurate variograms,
and (2) the semi-quantitative “S” data ,while numerous, produce spurious impressions of
spatial correlation from use of fixed valuesided from data given as ranges of values.
Nonetheless, the variogram analysis proviglaseral insights that will be useful to

develop models of spatial variability:

e Smectite is the dominant sorber for sewéthe ten radionuclide classes, Am, Eu,
Ni, Np, Pu, Sm, and U. Therefore]cag{Kd}variogram range can be expected to

be similar for all of the smectite-dominated sorbers. Presence of calcite can add to
the variogram magnitude, and this dege largely on the difference between
calcite and smectite componend#ivity methodology coefficients.

o “Caand Silog{K,} are dominated by zeolite, gartlarly in the more zeolitic
RMFs —L-UTCU Zeolitic andOSBCU Zeolitic. “’'Ca and Silog{K, } variogram
range and magnitude can beected to be similar.

e Cslog{K,!, though influenced by zeolite and smectite, can be dominated by
mica. Cslog{Kd} variogram structures may be unique compared to other
radionuclide classes.

e Variogram magnitudes (sills) fdog{Kd} are likely higher irbevitrified and

Vitric RMFs because reactive mineral abun@andhile relatively small, varies
more greatly on a logarithmic scale. Howewmnsidering in Section 8.3 that the
smectite-dominated sorbers - Am, Eu, Ni, Np, Pu, Sm, and U — showed similar
log{K,} distributions throughout the OSBGHSU, it would be reasonable to

assume a similar pattern of spatial variabilitjag{K, } through out the OSBCU
HSU for all smectite sorbers.

9.3.2 Simulation of log{Kd} Spatial Variability
Shortcomings in modelingpg{K,} variogram structurpreclude simulation ofog{K }

spatial variability. Only the full spectrum *IXRD data provide suitable accuracy to
characterize spatial distributions lofg{K, } within RMFs of the TCU. However, the “F”

data are not sufficiently numaus and closely spaced taelet spatial continuity by
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variogram analysis. The scaléspatial variability oflog{Kd} remains undetected within
RMFs of the TCU.

The major differences itog{K,} within the TCU are attribable to the zonal differences

associated with different RMFs (or RMU8)ost of this spatial variability can be
accounted for by deterministic mapping of thajor HSUs within the TCU — LTCU and
UTCU, OSBCU, ATCU. Smaller heterogeneities are associated with the deuvitrified
RMUs and vitric tuffs. However, these dieasub-HSU heterogeneities may only affect
the zeolite dominated sorber§’Ca and Sr because smectite and mica content is similar
throughout the OSBCU HSU. The sub-HSU eda¢terogeneities will be the most

difficult to map or conceptualize, partieuly in regard to lateral continuity.

Several scaling issues remain for translatgfK , | inferred from XRD data to
simulation of spatial distributions #6g{K | :

e The scale of the XRD measurement diffiecsn simulation grid blocks or cells.

e Upscaling orog{Kd} may have non-linear dependencies from cross-correlation
betweenlog{K,} andlog{permeabiliy }.

» Depending on the size of the grid blockpatial variability of effectivéog{K, }
values for grid blocks codlbe expected within RMFs.

The combination of data insufficienciesdascaling issues preclude application of
geostatistical simulation ttg{K, } within the RMFs. Assumptions can be made,

however, on how to upscale XRD measurements and conceptualize spatial variability of
log{K,} within RMFs to produce realizations loig{K, } for each radionuclide class. A

more promising (and less tedious) approach may be to simulate spatial variability of
reactive mineral percentage, then agply component additivity methodology to
realizations of reactive mineral perceaygaas will be discussed in Chapter 10.

9-21



Chapterl10. Simulation

10. Simulation of Mineralogic Spatial Variability

Another approach to addressikgor Iog{Kd} spatial variability igo simulate spatial

distributions or “realizations” of reactive mna¢ percentages, theenerate realizations

of Kq values on a cell-by-cell basis from thenerial percentage riggations using the
component additivity methodology, for exampléis approach has several advantages of
direct simulation oKg:

o DifferentKy model parameters or modelingproaches (in addition to the
component additivity methodology) can dyeplied to the same realizations of
mineralogic percentage.

e Uncertainty analysis iKg model parameters can be assessed empirically, such as
through Monte Carlo approaches. Thiadwvantageous for assessing uncertainty
in the component additivity methodologgcause analytical approaches to
assessing uncertainty Ing{Kd} are not feasible if the component additivity

methodology parameters depend on more tmanreactive mineral (see Section
8.2).

¢ Realizations can be conditioned to mineralogic percentage observations, whereas
field-basedy observations are natadily available.

e Realizations can be constructed thamor cross-correlations between different
reactive mineralogic quantities.

o Ky distributions need not be assumed log-normal.

e Generation of independent pardnerepresentations for ea&h frequency
distribution of each radionuclkdclass is not necessary.

10.1 Scaling Issues

As in previous discussion in St 9.3.2 for direct simulation dbg{K, }, a main

difficulty in simulation of reactive mineral apal variability is in relating scales of
spatial correlation for the reactive mineral distributions to the scalesvaiues
implemented in transport simulation (Sh&003). Differences in scale arise between
XRD measurements, XRD sample spacthg, component additivity methodology, and
effectiveKq values in transport simulation grid blocks or cells.

This study addresses only scaling issedsted to XRD sample spacing. If XRD
sampling spacing is greater than scales of spatial correlation of reactive mineral
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variability, the data will indicate a conditi of “no spatial coglation” suggesting
mineralogic spatial variability is only leged to variance in the reactive mineral
distribution. Although spatialorrelation may exist atscale less than the sample
spacing, for practical purposes this may espnt effectively “no spatial correlation”
relevant to the scale ofraactive transport model griddock. If, however, spatial
correlations of reactive mindrdistributions are comparabe greater then transport
model grid blocks, such spatial correlatioaul contribute to unceritaty of grid block
scaleKq values.

Using geostatistical realizations lofg{K,} spatial variation iffrenchman Flat alluvium,

Zavarin et al. (2004) conducted numericalionuclide transpbexperiments with
Gaussian random field spatial variationlotg{Kd} and permeability fields correlated,

negatively correlated, and positively correlated permeability fikeigéKd}. These
numerical experiments indicated effectiog{K, } was approximated by medog{K, }

regardless of correlation to permeability. Dispersion was increased by spatial variability
of log{K,}. Similar numerical experiments cdie implemented in the TCU using

log{K,} distributions for RMFs to estimate effectikgin RMUs.

10.2 Simulation with “No Spatial Correlation”

The term “no spatial correlation” will reféo the condition where ggpial varialility of
reactive mineral distributions occurs at ayvemall scale withougvidence of spatial
continuity at measurement scale. Undeaasumption of no sgat correlation in
reactive mineral distributions and apptica of the component additivity methodology,
Kg Or Iog{Kd} would also have effectively noaal correlation. Assuming no spatial

correlation in reactive mineral distributions, effectitgvalues for grid blocks could be
estimated under an assumption that spatial variabilig o much smaller than the scale
of the grid block. The effective grid-block sc#gvalues can then be predicted from
averages oKq values obtained by applying the component additivity methodology to the
reactive mineral distribution.

A complete characterizatiaf correlation between diffen¢ mineral distributions

includes characterization of @®correlation. If there is rgpatial correlation, only the
correlation matrix at lag zemill have non-zero auto-na cross-correlation values.

However, compositional data produce spurious cross-correlations that do not necessarily
represent spatial continuity.
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10.2.1 ALR Approach

Parametric geostatistical approachesdglly assume Gaussian distributions in

evaluation of the (cross-)covariance matiransformation of the mineralogic

percentage data to the additive log-ratio (ALR) fits the Gaussian conceptual model better
than raw percentage or log transform. Tregonal entries in a @ss-correlation matrix

of the ALR represent the auto-correlatigmariances) of thALR for each reactive

mineral, and the off-diagonal entries rer@sthe cross-correlations of ALR between
different reactive minerals. The geosttal framework of simulation can be

implemented in the ALR domain, and the mineralogic percentages needed for the
component additivity methodadly can be obtained by back-transformation of the ALR.

The reactive mineral percentage simwalatapproach uses the following steps:

1. Compute each entr@; (0) in the correlation matrixC(0) of ALR for N reactive
minerals for lag zero, wherALR (x i$ the additive log ratio of the percentage of
minerali at locationx.

C, (0) = E{ALR (X)ALR, (x) |~ E{ALR (x)}E{ALR, (x)|

2. Compute a Cholesky decomposition®f0 )

C(0) = BB"

3. To generate a randofield of ALR vectorsr (x) with uniform spatial correlation
of C(0) at all lags, the ALR vector of meanlues is added to a vector obtained
by multiplying B by a vectogg of standard normal deviates
r(x)=Bg
This relationship holds becsei the expected valuegg' is the identity matrix
and, consequently, tlwvariance matrix foBg is C(0) because

Cov{Bg! = E{BgBg- 0} = E{Bgg'B" | = E{BB" | = C(0)

4. Back transfornt(x) from ALR values to minglogic percentage vectp(x) with
component;(x)
1OALRi (x)

10+ Y 10"7%®
k=1

p, (X) =100%x
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Under the reactive mineral fas (RMF) framework, a sepaaALR correlation matrix
is developed for each RMF because the reactiineral distributions are assumed unique
to each RMF.

10.2.2 Application to L-UTCU Zeolitic RMF

The next two subsections detail simulatiomexdctive mineral digbutions based on a
zero-lag ALR covariance matrix with application to th&JTCU Zeolitic andOSBCU
Zeolitic RMFs using “F” data. These two RMFs provide the best quality data for
predictingKq distributions in the TCU. For sirtipity, calcite and hematite will be
ignored in analysis of spatially cross-adated ALR variables because of non-ubiquity
indicated by large proportiord zero-valued or low-percerga data and subsequent low
impact onKgy. Only the mica, smectite, and zeolt@mponents of ALR cross-covariance
will be examined.

Figure 10-1 shows the covariance matrix of mica, smectite, and zeolite ALRs as a
function of vertical lagising “F” data from thé. -UTCU Zeolitic RMF. Beyond lag

zero, the spatial covariancetuates near zero for abmponents. Significant non-zero
covariance appears only at lzgyo, indicating that ALR is spatially uncorrelated over the
scales of 6 m or more. €lzero-lag covariance matiGu r(0) can be used to simulate
frequency distributions of ALRs and, subsequently, frequeistributions of

mineralogic percentages. For the L-UTCU, a symme€lxig(0) for mica, smectite, and
zeolite components is computed as

01165 004275 —0.0096
C,:(0)=| 004275 02980 -00272|,
~00096 —0.0272 —0.0640

where off-diagonal entries were averadieuin computed covariance values on opposing
sides of the matrix assuming symmeffe vector of mean ALR valueE{ALR(x)}, for

the L-UTCU is

~1.37
E{ALR(X)}=|-1.06.
0.21

From the Cholesky decomposition®©f r(0), an ALR vector with the above specified
mean and covariance can be simulated by
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-1.37 03413 01252 -0.0281| g,
ALR(x)=| -1.06|+| 0.1252 05313 -0.0445| g,
0.21 —0.0281 -0.0446 02474 || g,

whereg;, g,, andgs are random values obtainedremal deviates of a Gaussian
distribution with mean zero.

L-UTCU ALR Cross-Covariance F Data

mica smectite zeolite

mica

smectite
Cross-Covariance

zeolite

Obooooo
NFPFORFRPNWD
| P FUR T STE Feww |
| |
| |
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Lag (m)

Figure 10-1. Cross covariance matrix of ALR for mica, smectite, and zeolite in L-UTCU Zeolitic RMF
with dependence on vertical lag.

Figure 10-2 compares measured and simdlateRs and reactive mineral percentage
frequency distributions for micamectite, and zeolite in the UTCU Zeolitic RMF.
This comparison shows several advantages of using the ALR for parametric
representation of frequency distributions for compositional variables:
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The ALR-transformed distributions abell-shaped, symmetric, and not bounded
and, therefore, a Gaussian distributi®a plausible model for the measured
frequency distributions.

The simulated distributions (seconavjareplicate Gaussian distribution
properties specified in the fits to theeasured ALR frequency distributions (first
row).

The log-scaled simulated reactive mingratcentage distritiions (fourth row)

are consistent with the observed reactiveeral percentage distributions (third
row), including asymmetric properties suzhleft-skewed tailing and finite upper
bounds (particularly for mica and zeolite).

The simulated reactive mineral percg@alistributions maintain the vital
compositional variable properties of boumgliof values and sums between 0 and
100 (finite tails).
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Figure 10-2. Comparison of measured and simulated ALR and reactive mineral percentage
frequency distributions for mica, smectite, and zeolite in the L-UTCU Zeolitic RMF. Top
row is measured ALR, which is compared to 10,000 simulated ALRs in second row.
Third and fourth rows compare measured and simulated log{reactive mineral
percentage}.
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10.2.3 Application to OSBCU RMF

Figure 10-3 shows the covariance matrix of mica, smectite, and zeolite ALRs as a
function of vertical lagising “F” data from th©SBCU Zeolitic RMF. Beyond lag zero,
the spatial covarianductuates near zero for all components. With the possible
exception of smectite auto covariance, digant non-zero covariance appears only at lag
zero, indicating that the ALR, in generalnist spatially correlatedver the scales of 6 m
or more within theDSBCU Zeolitic. With or without spatial correlation, the zero-lag
covariance matrixCa r(0) can be used to simulatedreency distributions of ALRs and,
subsequently, frequencystlibutions of mineralogi percentages. For ti@SBCU

Zeolitic RMF, the symmetri€a r(0) for mica, smectite, and zeolite components is
computed as

01449 —00343 -001365
C.:(0)=| 00343 02980 001865
~0.01365 —0.01865 —0.0640

Off-diagonal entries were averaged fronmputed covariance values on opposing sides
of the matrix assuming symmetrjhe vector of mean ALR valueE{ALR(x)}, for the

OSBCU is

~-1.29
E{ALR(X)}=| - 0.88
0.00

From the Cholesky decomposition®©f r(0), an ALR vector with the above specified
mean and covariance can be simulated by

~129] [ 03807 -00901 —0.0359] g,
ALR(X)=| - 0.88|+| — 00901 05313 0.0267 | g,
000 | |-00359 00267 02474 | g,

wheregs, gz, andgs are random values obtainedresmal deviates of a Gaussian
distribution with mean zero.

Like Figure 10-2 for th& -UTCU Zeolitic RMF, Figure 10-4 compares measured and
simulated ALRs and reactive mineral petegre frequency distributions for mica,
smectite, and zeolite in tl@SBCU Zeolitic RMF. This comparison echoes the
advantages of using the ALRrfparametric representation of frequency distributions for
compositional variables listed thite end of Section 10.2.2.
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OSBCU ALR Cross-Covariance F Data
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Figure 10-3. Cross covariance matrix of ALR for mica, smectite, and zeolite in OSBCU Zeolitic RMF
with dependence on vertical lag.
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Figure 10-4. Comparison of measured and simulated ALR and reactive mineral percentage
frequency distributions for mica, smectite, and zeolite in the OSBCU Zeolitic RMF. Top
row is measured ALR, which is compared to 10,000 simulated ALRs in second row.
Third and fourth rows compare measured and simulated log{reactive mineral
percentage}.
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10.3 Simulation With Spatial Correlation

If reactive mineralogic percentages are sjigt{aross-) correlated, then an algorithm for
simulation of mineralogic variability wodlneed to replicatde spatial (cross-)
correlations.

10.3.1 Data Limitations

However, detection of spatial (cross-) ctaten of reactive mineral properties is not
definitive within reactive mingl facies in the TCU. &ck of detectable spatial
correlation is attributed to several limitingctors of the TCU XRD reactive mineral data
set:

e The number of data usable for evaluatspatial correlation is far less than the
total number of data available. The most numerous semi-quantitative “S” data
impart false indications of spatial cdaton because fixed adal values derived
from mineral percentage ranges produ@eaurate constant data values over
vertical intervals.

¢ Much of the external standard “E” data not resolve low percentages, resulting
in excessive zero values that are igatarly problematic to logarithmic
transformations including the ALR.

e The best quality data - full spectrum “F” data - are far less numerous and more
widely spaced, both verticalgnd laterally, than “S” data.

¢ Although the data indicate possible veatispatial auto-coelation for smectite
ALR, detection of lateral spatial varialylifrom the existing data is not possible
because of wide spacing between wells with “F” data.

Despite data limitations, characterizatiomuheralogic spatial variability for reactive
transport modeling still may requirerggation of a three-dimensional (3-D)

geostatistical model. If spatial (cross-) correlation of the reactive mineralogic properties
can be detected in 3-D, the next challengeild be to model and honor the full spatial
cross-covariance matrix. However, simulatiorspétially cross-coelated random fields
remains a theoretical challenge for the following reasons:

e Geostatistical modeling approaches for multivariate cross-covariance matrices are
uncommon and data intensive.

e EXxisting geostatistical simulation appuiahes for multivariate cross-correlated
variables do not fully comger cross-correlations.
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e Direct modeling and simulation of compositional variables leads to multiple
difficulties caused by non-Gaussian fregoye distributions and singularity caused
by the summing constraint. The ALR approach does bypass these difficulties.

Considering that the TCU XRD data are instiéint to support geostatistical modeling of
3-D spatial cross-covariances, simulation of spatially (cross-) correlated reactive
mineralogic properties is npursued in this study.

10.3.2 A Simulation Algorithm

If XRD data were collected at spacing sufficiently small in both vertical and lateral
directions to characterize spatial (crog®yariance of reactive mineral distributions,
particularly the ALR, then the following gstatistical approaciould be suggested:

e Use the additive log ratio (ALR) as theactive mineralogic property, where the
denominator is the percentage of non-reactive minerals. Based on experience with
existing XRD data, the ALR transformation produces a random variable
characterized by Gaussian distitions within each of the reactive mineral facies
(RMFs).

e Measure spatial (crogszovariance between ALRs in each RMF.

¢ Model spatial (cross-) covamce with linear combinatns of exponential or other
positive-definite functions — one for eaclacgve mineral. If the linear coefficient
matrices are positive-definite, the spatial (cross-) correlation model will be
positive definite.

o Alternatively, use autoregressive ssecovariance modeling approaches, which
provide a general modeling approach that encompasses the linear approach
described above for exponential functions.

¢ Re-formulate the sequential Gaussian simulation (sGs) algorithm (Deutsch and
Journel, 1992) into a sequential Gsias “co-simulation” algorithm. To
accomplish this, the kriging equations would need to be modified to cokriging
equations, and the estimation step wowdddto be modified to account for cross-
covariances. The existing sGs estimastep uses a random number drawn from
a Gaussian distribution based on theikggestimate and kriging variance. This
step would be generalized by Choleslecomposition the simulation procedure
described in Section 10.2 using the dgiug estimate and “cokriging covariance”
matrix multiplied by a vector aftandard normal deviates.
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e Back-transform simulated cross-correALR random field vectors to reactive
mineralogic percentages and usedbmponent additivity methodology to
formulateKy distributions from the reéiwe mineralogic percentages.

This approach would yield a parametric modeldgdistributions rooted from
parameters representing both mineralogic spediaability and the coefficients of the
component additivity methodology. The frequemlestributions and sial variability of
Kq for all radionuclides would be charact#sd by component additivity coefficients
multiplied by the cross-correlated Gaussiactor random fields of ALR components
consisting of the logarithm of the reactive/non-reactive mineral ratios.

10.4 Assessing Uncertainty and Scaling Effects

With or without spatial correlation, the appch of simulating nmeralogic variability

first then assigningq values based on the component additivity methodology provides a
reasonable framework for assessing uncertaini§g.ifseveral contributions to

uncertainty in radionuclide transport belmvwan be addresseulividually or in

combination in a stochastic framework by simulating mineralogic variability:

e Uncertainty in the distribution of reactive mineral percentages.

e Uncertainty related to spatial correlatiand structure, includg heterogeneity, of
reactive mineral properties.

e Uncertainty in component additivity coefficients.

Currently, the XRD data appear to be iifisient in number and spatial resolution to
characterize spatial covarianakreactive mineral propertiegithin RMUs or RMFs of
the TCU.

Without sufficient data to characterize spbtovariance of reactesmineral properties,
the scale of mineralogic variability withRMUs or RMFs remains unknown. The data
suggest correlation scales$ethan about 6 m in the vertical (except, possibly, for
smectite in the OSBCU Zeolitic RMF) and undetaed scales in thlateral directions.
It would be useful to conduct fine-scale sdimg(e.g. 1 m or less) to determine spatial
correlations. From this, it would be usefuldetermine how the scales of variability of
reactive mineral percentages effect transport properties within RMUs or RMFs.
Numerical experiments could be carried ouireg resolution to assess effects of spatial
variability of reactive mineigroperties on prediction of daonuclide transport behavior
(Viswanathan et al., 2003; Zavarin et aD04). Such numerical experiments could be
used to provide effectiviéy distributions at larger scales.
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10.5 Simulation of K 4 Distributions from ALR Parameterizations
of Reactive Mineral Distributions

Simulation of spatial distributions & could be accomplished by simulation of the
spatial distributions of mineralogpmercentage with transformationkq using the
component additivity methodology. Considerithat spatial correlation is undetectable
for all reactive minerals except, possibly, smectite irGBBCU Zeolitic RMF (Section
9.2.3), it is possible that mineralogic spatiatiability is effectively uncorrelated within
RMFs. Furthermore, under this “no spatiatretation” assumption examined in Section
10.2,Kq distributions at grid lick scales could be characterized by averagksg whlues
derived from mineralogifrequency distributions.

As demonstrated in Section 10.2, ALRam and variance provide parameters for
simulating measured mica, smectite, anditgefrequency distributions with bounding
between 0 and 100%. Assuming the sporadicroenaes of typically low percentages of
calcite and hematite have minimal impactqiin the TCU Ky can be assumed to be
dominated by mica, smectite, and zeolite.

In this section, component additivity thedology parameters for mica, smectite, and
zeolite are applied to the simulated frequency distributions of mica, smectite, and zeolite
from Section 10.2 to generate “simulatél distributions. The resultindgpg{K, |

distributions for the 10 radionlide classes in the L-UTClnd OSBCU Zeolitic RMFs
(seeFigure 10-5 througFkigure 10-14) can be compared to tbg{Kd} frequency

distributions in RMFs generated directly frahe “F’ mineralogic data, including calcite
and hematite, shown in Figures 8-1, 8-3, 8%, 8-9, 8-11, 8-13, 8-15, 8-17, and 8-19 in
Section 8.3Table 10-1 andable 10-2 compare mean and standard deviatidogiK , }

in the LTCU and OSBCU RMF as computededity from “F” data and simulated from
ALR covariance matrix for mica, smectiteychzeolite based on “F” data. These results
show ALR parameterizations of mineraloffiequency distributions yield very similar
log{K, } distributions compared tog{K, } distributions generatefrom the raw mineral

percentage data.

Compared to typical log-normH&l distribution assumptions, weral advantages of ALR
mineral-percentage approach for characterizatidfyahistributions are:

e Kyand Iog{Kd} distributions based on ALR oéactive minerals have upper
bounds, as expected, whereas Gauslsig{Kd} distributions have infinite upper
tails.

e log{K,} distributions based on ALR afactive minerals can represent
asymmetry, whereas Gaussilmg{Kd} distributions are assumed symmetric.
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e The ALRKy approach relies on a single set of statistical parameters to
characterize only mineralogic variabilitgther than using separate sets of
statistics for eacKq distribution.

e The ALRKy approach relies on statisticalrpmeters of properties that are
measurable in the field, mineralogic variability, whergass difficult to measure
in the field.

These results indicate a viable approach to simul&tingriability within the TCU is to
focus efforts on characterizing mean andariance of reactive mineral ALRs within
RMFs. The TCU data set indicates reactive mineral ALRs within RMFs are readily
characterized by mean anolvariance statistics (unlikeehraw percentages or log
percentages) and, therefore, ALR statissilcsme can be used to predict realigtic
distributions.
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