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ABSTRACT

Three-dimensional heterogeneous, yet spatially correlated models of selected rock matrix properties
have been created using geostatistical conditional simulation for three major rock units present within the
unsaturated and shallow saturated zones in the vicinity of the potential nuclear-waste repository site at
Yucca Mountain, Nevada. The three rock units are all of Miocene age, and they include the nonwelded and
principally vitric materias of the upper Paintbrush Group below the densely welded portion of the Tiva
Canyon Tuff (PTn model unit), the densely welded and principally devitrified rocks of the Topopah Spring
Tuff (unit TSw), and the nonwelded to partially welded and variably zeolitized materials of the Calico
Hills Formation and Prow Pass Tuff unit (CH—PP). The rock properties modeled include porosity, bulk
density, and saturated hydraulic conductivity for each unit, and thermal conductivity for the TSw model
unit. These property models synthesize the vertical and lateral variability of porosity measurements
obtained through both laboratory measurement of core samples and down-hole petrophysical observations
from across the entire Yucca Mountain site area. The models of hydraulic conductivity, bulk density, and
thermal conductivity are based on the use of cross-variable correlations with porosity, in which the spatial
continuity patterns of the different rock properties are coregionalized. The simulated models are intended
principally for use as input to numerical modeling of ground-water flow and radionuclide transport, includ-
ing coupled thermal and hydrologic processes. The suites of statistically similar simulated models have
been summarized as “expected-value” (E-type) models similar to those that would result from application
of an interpolation algorithm. This post-processing of replicate simulations has also allowed an assessment
of the uncertainty in the prediction of spatially varying rock properties that results from less-than-exhaus-
tive site characterizimn.

The simulated models indicate substantial material-property heterogeneity, both vertically and later-
ally and that this geologic heterogeneity exists on several spatial scales. The use of quantitative spatial cor-
relation through the modeling process, combined with the influence of actual measurements of physical
properties such as porosity, induces small-scale, “layered” and zonal heterogeneity that is not dependent
upon the arbitrary distinction of numerous individual and discrete “stratigraphic” units whose lateral conti-
nuity is uncertain. The modeling methodology makes use of the constraining influence of broadly deter-
ministic geologic processes, while at the same time respecting geologic knowledge from both modern and
other ancient analogue environments that indicates a complex influence of secondary and tertiary alteration
processes on the present-day material properties. The simulated models are constrained to reproduce
observed rock property values at the locations of actual samples (subject to discretization limits). Else-
where, the simulated property values vary stochastically within the statistical bounds of the measured data.



ACKNOWLEDGMENTS

This work was performed for the U.S. Department of Energy, Office of Civilian Radioactive Waste
Management, Yucca Mountain Site Characterization Program Office under contract EA9012M5X. Scien-
tific investigations involving three-dimensiona rock characteristics modeling are conducted under the
descriptions of work contained in the Site Characterization Plan (DOE, 1988) and in Study Plan 8.3.1.4.3.2
(“Three-Dimensional Rock Charactstics Models”); the work-breakdown structure element for this activ-
ity is 1.2.3.2.2.2.2. The planning document thaediedthis work activity is WA-0302, Rev. 2 (“Three-
Dimensional Rock Characteristics Models”), and the work has been documented using a scientific note-
book filed under this work agreement. The information and models documented in this report were pro-
cessed under a fully qualified quality assurance program. The authors thank S.J. Altman and B.W. Arnold
for critical technical reviews and D.A. Zimmerman for computer assistance. Sandia is a multiprogram lab-
oratory operated by Sandia Corporation, a Lockheed-Martin Company, for the United States Department
of Energy under contract DE-AC04-94AL85000.

ii Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



CONTENTS

Abstract . . . . . . L e e e e e
Acknowledgments . . . . . . . . . ... L L oL oo
Figures . . . . . . . . . . s e s
Introductlon .
Geologic Heterogeneity, Uncertal nty, and M odel [ ng of the Yucca M ountal n S|te .
Numerical Modeling .
Geologic Heterogeneity .
Uncertainty. . . .
Implications for Modellng
Development of the Models .
Conceptual Approach :
Separate Modeling of Dlstl nctlve Geol oglc Unlts .
Stratigraphic Coordinates . G e
Use of Porosity as a Surrogate .
Geostatistical Methods .
Model Domain .
Available Data .
Measurement M ethods
Core Samples .
Petrophysical Data — “Older” Drill Holes .
Petrophysical Data — “Modern” Drill Holes .
Comparison of Petrophysical Porosity Data. :
Additional Processing of Petrophysical Porosity Data.

OO0 PR~ WNRERRERPEPX

NNE R R R
NNOUGMWER

Statistical Description . . . . . . . . . . . . . . . . . . . . .. .30.
Porosity. . . coe . . . .. . . 30.

Upper Palntbrush Nonwelded (PTn) Model Unlt
Topopah Spring Welded (TSw) Model Unit .
Calico Hills-Prow Pass (CH-PP) Model Unit .
Bulk Density. . . Coe e
Saturated Hydraulic Conduct|V|ty
Thermal Conductivity .
“Zeolite” Alteration in the Callco HI||S Prow Pass Un|t
Spatial Continuity Description .
PTn Model Unit
TSw Model Unit .
Matrix Porosity
Lithophysal Porosity oo
Calico Hills-Prow Pass Model Unit .
Porosity Variograms
Zeolite Alteration Varlograms

Modeling Techniques . . . R O I

Sequential Gaussian Slmulatlon of a Contlnuous Varlable .
Sequential Indicator Simulation of a Categorical Variable .
Linear Coregionalization .

Contents iii

23
25
26

29

30

30

33
34
35
40

43

44
46
48

48

54
56
56

57

61

62

63



Post-Processing of Simulations
Porosity-as-a-Surrogate for Rock- Type Cla%
Model Validation.

Summarized Suites of Si muI atl ons: Expected VaI ue M odel S.

Uncertainty Measures .
Modeling Results
PTn Model Unit.
Porosity .
Description of Models
Validation.
Bulk Density . .
Saturated Hydraulic Conduct|V|ty
Uncertainty Model
TSw Model Unit . . . .
Lithophysal Porosity .
Description .
Validation.
Matrix Porosity .
Description .
Validation.
Bulk Density . .
Saturated Hydraulic Conduct|V|ty
Thermal Conductivity .
Uncertainty Model
Calico Hills—Prow Pass Model Unlt
Porosity .
Description .
Validation.
Bulk Density .
Alteration Indicators .
Saturated Hydraulic Conduct|V|ty
Uncertainty Model
Summary and Discussion :
Issues and Concerns Identlfled Through Modelmg :
Data Concerns . .
Use of Different Por05|ty Measurements
Sampling and Testing Biases . . :
Issues Involving Geologic Interpretations as Input
Lithophysal Zones and Rock-Property Units .
“Contacts” between Major Rock Units
Interpretive Observations . :
Topopah Spring Vitrophyres

66

. . 66
. 67
. 68

. . 69
. 87
. 87
. 87
. 87
. 88
. 93
. 94
.97
. 98
. 98
. 98
. 99
. 105
. 105
. 105
. 109
. 109
. 113
. 115

. 18.

. 118

21

. 118

. 119

. 124

. 124

. 129

.. . . .133
.. 137 .

. 138
. 138

. 138

. 139

. 140

. . 140
. 140

2 .

.14
. 142

Existence of Other-Than-Expected Thermal Conduct|V|ty in the TSW Model Unit 143

Alteration in the PTn Model Unit and its Effect on Secondary Properties .

iv Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

. 143



Summary and Conclusions. . . . . . . . . . . . . . . .. . ..o 00 14
References . . . e I 15
Appendix A: DataTracklngNumbers. N X
Appendix B: DnIIhoIePorostyData N 151
Introduction . . . . 15163
StratlgraphlcCoordlnates T 1516
UnitContacts. . . . . . . . . . . . . . . . . . . . ... .. .....15
DrillholeG-1. . . . 15t
DnIIhoIeGZ(oIderdata) e [
DnIIhoIeGZ(moderndata) N 16
Drillhole *G-3” . . . . . . . . . . . . . . . . . . . . . . ... .189
Drillhole G-4 . . . . . . . . . . . . . . . . . . . . . . .. ...173
Drillhole H-1 . . . . . . . . . . . . . . . . . ... ... aar
Drillhole H-3 . . . . . . . . . . . . . . . . . . . . . . . ... .18
DrillholeH-4 . . . . . . . . . . . . . . . . . . . . . . . ... .185
DrillholeH-5. . . . . . . . . . . . . . . . . . . . . . . . .. .189
DrillholeH-6 . . . . . . . . . . . . . . . . . . . . . . . ... .19
Drillhole NRG-4 . . . . . . . . . . . . . . . . . . . . . ...
Drillhole NRG-5 . . . . . . . . . . . . . . . . . . . . . . .. .19.
Drillhole NRG-6 . . . . . . . . . . . . . . . . . . . . . ... .201
Drillhole NRG-7 . . . . . . . . . . . . . . . . . . . . . ... o.204
Drillhole SD-7 . . . . . . . . . . . . . . . . . . . . . . . . ..207
Drillhole SD-9 . . . . . . . . . . . . . . . . . . . . ... ...211
Drillhole SD-12. . . . . . . . . . . . . . . . . . . . . . . . . .215
Drillhole UZ-7TA . . . . . . . . . . . . . . . . . . . . . ... .219 .
Drillhole UZ-14. . . . . . . . . . . . . . . . . L0222
Drillhole UZ-16. . . . . . . . . . . . . . . . . . . . . . ... .226
Drillhole WT-1 . . . . 2 0]
Drillhole WT-2 (Older Data) e e e s s 234
Drillhole WT-2 (Modermn Data) . . . . . . . . . . . . . . . . . . . . . . .238
Drillhole WT-3 . . . . . . . . . . . . . . . .., 242
Drillhole WT-4 . . . . . . . . . . . . . . . . . . . . . . . .. .245
Drillhole WT-6 . . . . . . . . . . . . . . . . . . . . ... ... 2249
Drillhole WT-7 . . . . < (o)
Drillhole WT-10 (Older Data) 2 Y
Drillhole WT-10 (Modern Data) 4 Y 4
Drillhole WT-11 . . . ] <10 A
Drillhole WT-12 (Older Data) C e e e e s 264
Drillhole WT-12 (Modermn Data) . . . . . . . . . . . . . . . . . . . . . .268
Drillhole WT-13 . . . . . . . . . . . . . . ..o 272
Drillhole WT-14 . . . . . . . . . . . . . . . . . . . . . . .. .2I5
Drillhole WT-15 . . . . . . . . . . . . . . . . . . . . . .. ..2I8
Drillhole WT-16 . . . . . . . . . . . . . . . . . . . . . . .. .28
Drillhole WT-17 . . . . . . . . . . . . . . . . . . . . . . .. .Z285
Drillhole WT-18 4 < 1 N
The UZN Series of Dr|IIhoIes A K

Contents Y



Appendix C: Lithophysal Zones . . . . . . . . . . . . . . . ... ... ...309

Introduction . . . . . L0
DeﬁcrlptlonoftheCrossSectlon e o
Concluding Remarks. . . . . . R S
Appendix D: Not&onReproductlonoftheVarlogram e 1 4
Motivation. . . . R i I <
IanuenceoftheNormal ScoreTransformatlon G ¥ £
Other Influences. . . . . . . . . . . . . . . . . .. ... ... ....309
Summary Remarks. . . . . . . . . ..o oL o L0032
FIGURES
Figure 1. Index map showing the location of the potential repostory
in southern Nevada. e e e e
Figure 2. Schematic representation of the modeling processusedinthisstudy. 4
Figure 3. Material property profiles for the USW SD-7 drill hole (from
Rautman and Engstrom, 1996b), showing overall variability
and definition of modelingunits. . . . . . . . . . . . . ... .. ..9
Figure 4. Material property profiles for the USW SD-9 drill hole (from
Engstrom and Rautman, 1996), showing overall variability
and definition of modelingunits. . . . . . . . . . . . . .. ... ..9
Figure 5. Conceptual illustration of the construction and use of stratigraphic
coordinates. . . . . . . . . . . . . .. ..o s s 12
Figure 6. Conceptual representation of a Monte Carlo process incorporating
geostatistical simulation techniques as the basis for assessing the
impact of geologic uncertainty on a performance measure relevant
tolicensing of ageologicrepository. . . . . . . . . . . . . . . ... 17
Figure7. Location of the extended site area at Y ucca Mountain, the LBL
extended site scale flow model domain, and the model grid for
thisstudy. . . . . . . . . . . ... ... ... ........15
Figure 8. Drill hole locations used in modeling the PTn model unit. . . . . . . . . 18
Figure 9. Drill hole locations used in modeling the TSw model unit. . . . . . . . . 19
Figure 10. Drill hole locations used in modeling the CH-PPmodel unit. . . . . . . . 20
Figure 11. Diagram illustrating the conceptual relationships among the
various types of “porosity” described in thisreport. . . . . . . . . . . . 23
Figure 12. Comparison of petrophysical total porosity computed using
two different sets of logging tools and two different data-reduction
techniques from raw data acquired several years apatrt. 27
Figure 13. Comparison of petrophysical porosity values computed using

two different sets of logging tools using raw data acquired
several years apart, but using essentially the same computational
algorithm. . . . . . . . . . . . . . ... .. ... ... ... 28

vi Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Comparison of original 0.5- and 3.0-ft resampled petrophysical
porosity profilesfor a portion of drill hole UZ-16 containing both
lithophysal and nonlithophysal welded tuff. .

Histograms and cumulative distribution functions of porosity
values for samples from the PTn model unit.

Histograms and cumulative distribution functions of porosity
for (a) matrix and (b) lithophysal porosity values from the
TSw model unit.

Comparison of different types of porosity datafor drill hole
USW SD-7.

Crossplots of (a) total porosity vs. matrix porosity and (b) core
porosity vs. water-filled petrophysical porosity for drillhole SD-7. .

Crossplot of a surrogate “matrix” porosity vs. total porosity
for drillhole WT-2.

Histograms and cumulative distribution functions of total porosity
for samples from the Calico Hills-Prow Pass model unit

Histograms and cumulative distribution functions of porosity
for 105C-dried samples of (a) unaltered and (b) altered rocks
from the Calico Hills-Prow Pass model unit.

(a) Histogram and cumulative distribution function for bulk
density measured in the laboratory on core samples dried at 105xC.
(b) Cross-plot of bulk density and porosity as measured in the
laboratory on core samples dried at D5 .

(a) Histogram and cumulative distribution function and
(b) scatter plot for all laboratory-measured saturated hydraulic
conductivity data versus matrix porosity. .

Scatterplot of (a) relative humidity oven dried and (b)Q05

oven-dried porosity values measured on adjacent physical specimens.

Scatterplots of saturated hydraulic conductivity as a function
of porosity for samples separated on the basis of “alteration.”

Histograms and cumulative distribution functions for (a) unaltered
and (b) altered samples identified by matrix property hydrogeologic
unit designator, and for (c) unaltered and (d) altered samples
identified by differences in RH and OD behavior.

Scatterplots of saturated hydraulic conductivity vs. porosity for
(a) vitrophyre samples corresponding to matrix hydrogeologic
units of Flint (in review) and (b) samples with porosity < 0.05.
Histograms and cumulative distribution functions for (c) vitrophyre

samples corresponding to matrix hydrogeologic units of Flint (in review)

and (d) samples with porosity < 0.05.

Figures

. 29

. 30

31

32

. 33

33

Vii

34

34

35

36

37

39

38

40



Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

(a) Histogram and cumulative distribution function for thermal
conductivity. (b) Scatterplot of thermal conductivity asa
function of total porosity.

Histogram and cumulative distribution function of total porosity
values measured for thermal conductivity test specimens.

Histogram and cumulative distribution for thermal conductivity
systematically predicted from lithophysal porosity valuesin
drill holesUSW SD-7, SD-9, and SD-12 using regression
equation from figure 28(b). .

Downhole variation in predicted thermal conductivity values
based on measured porosity datafor drill holes (a) UsSw SD-7,
(b) SD-9, and (c) SD-12. C e Coe e

Histogram and cumulative distribution function of alteration
category for the Calico Hills—Prow Pass model unit. .

(a) Idealized experimental variogram with fitted model and
components; (b) Example of identical experimental variogram
fitted by two nested models.

Variograms of total porosity normal-score values from the
PTn model unit: (a) vertical; (b) horizontal. .

Variograms showing effect of vertical bandwidth on the magnitude
of apparent nugget effect.

Variograms of matrix total porosity normal-score values from
the TSw model unit: (a) vertical; (b) horizontal.

Histogram of (a) Drillhole-Mean Matrix Porosity Values and
(b) Drillhole-Mean Standard Deviations of Porosity for the
TSw Model Unit for Fully Penetrating Drillholes (n=26).

Sample variograms for matrix porosity data from the
TSw unit computed using 1000-ft lag spacings.

Sketch illustrating effect of imperfect conversion to stratigraphic
coordinates on apparent range of variograms.

Vertical indicator variogram of non-flowing hydraulic conductivity
samples. .

Variograms of lithophysal porosity normal-score values from the
TSw model unit: (a) vertical; (b) horizontal.

Variograms of matrix total porosity normal-score values from the
CH-PP model unit: (a) vertical; (b) horizontal.

Indicator variograms of zeolite alteration flags in the Calico Hills-
Prow Pass model unit.

viii Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

41

42

. 42

. 43

45

49

50

54

56

44

a7

48

51

53

53

58



Figure 44.

Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

Figure 55.

Figure 56.

Figure 57.

Figure 58.

Conceptua probability density functions representing the
uncertainty associated with various unsampled locations.

Graphical representation of the quantile-preserving normal-score
transformprocess. . . . . . .

Logic diagram for post-processing porosity and alteration indicator
simulations to recognize hydraulic conductivity dependence on
dterationstate. . . . . . .. L L L Lo

Logic diagram for post-processing porosity and hydraulic conductivity
simulations to recognize vitrophyrerock type. . . . . . . . . . . . . .

Conceptual representation of the process of developing a summary
model from a suite of stochastic realizations for two dimensions.

L ocation map for the sectional views of rock properties models
presented in this report.

Comparison of porosity profiles extracted from simulated models

of total porosity with input porosity data and with the E-type model

results for the PTn model unit at grid nodes nearest drillholes

(@ G-3,(b) SD-9, (c) UZ-16,and () WT-17. . . . . . . . . . . . ..

Histograms of four individual simulations of total porosity in
the PTn model unit [(a)—(d)] compared to the original porosity
data [(e)] and E-type summarized model [(f)]. .

Reproduction of input variograms for simulated porosity models
of the PTn model unit: (a) stratigraphic vertical, (b) stratigraphic
horizontal, azimuth = 135(c) stratigraphic horizontal, azimuth =°45.

Variograms from four simulated porosity models of the PTn
model unit. .

Histograms of four coregionalized models of saturated hydraulic
conductivity corresponding to the four porosity models presented
in figure 51(a) through (d). .

Scatterplots of modeled saturated hydraulic conductivity as a
function of modeled porosity for the PTn model unit.

Scatterplot of saturated hydraulic conductivity and porosity for

60

. 61

66

67

. 69

87

92

the summary E-type models of the PTn model unit (5-percent subsample). .

Uncertainty associated with (a) simulated porosity models and
(b) simulated hydraulic conductivity models, as expressed by the
standard deviations of individual grid nodes.

Comparative porosity profiles extracted from simulated models
of lithophysal porosity in the TSw model unit for grid nodes
nearest drillholes (a) WT-18, (b) SD-9, (c) SD-12 and (d) SD-7. .

Figures

91

93

95

96

97

97

. 100



Figure 59.

Figure 60.

Figure 61.
Figure 62.

Figure 63.

Figure 64.

Figure 65.

Figure 66.

Figure 67.

Figure 69.

Figure 68.

Figure 70.

Figure 71.

Figure 72.

Figure 73.

Figure 74.

Lower portion of porosity profile from figure 58(b) showing
measured core data inadvertently omitted from drill hole SD-9
in the simulation data set. 101

Histograms of four individual simulations of lithophysal porosity
in the TSw model unit [(a)—(d)] compared to the original porosity
data [(e)] and E-type summarized model [(f)]. 102

Reproduction of input variograms for simulated lithophysal porosity
models of the TSw model unit. 103

Variograms from four simulated lithophysal porosity models of
the TSw model unit compared to input model and original data. 104

Comparative porosity profiles extracted from simulated models of
matrix porosity in the TSw model unit for grid nodes nearest drillholes
(a) WT-18, (b) SD-9, (c) SD-12, and (d) SD-7. 106

Histograms of four individual simulations of matrix porosity in
the TSw model unit [(a)—(d)] compared to the original porosity
data [(e)], and the E-type summarized model [()]. . . . . . . . . . . .107

Reproduction of input variograms for simulated matrix porosity
models of the TSw model unit. 108

Variograms from four simulated matrix porosity models of the
TSw model unit compared to input model and original data. 109

Histograms of four coregionalized models of saturated hydraulic
conductivity corresponding to the four porosity models presented
in figure 58(a) through (d) compared to histograms of original
measured Ksat data (e), and E-type summary model (f). . . . . . . . . .111

Scatterplot of saturated hydraulic conductivity and matrix porosity
for the summary E-type model of the TSw model unit (5-percent
subsample). . . . . . . . L L L. L L Lo L oo 112

Scatterplots of modeled saturated hydraulic conductivity as a
function of modeled matrix porosity for the TSw model unit. . . . . . . .113

Histograms and summary statistics for four coregionalized models
of thermal conductivity for the TSw model unit. 114

Scatterplots of modeled thermal conductivity in the TSw model
unit as a function of simulated lithophysal porosity (5-percent subsample). 116

Scatterplot of thermal conductivity as a function of lithophysal
porosity for the summary E-type models of the TSw model unit

(5-percent subsample). . . . . . . . . . . . . . . . . . . . . . .115
Uncertainty associated with simulated models of lithophysal porosity

for the TSw model unit. 117
Uncertainty associated with simulated models of matrix porosity

forthe TSw modelunit. . . . . . . . . . . . . . . . . . . . . .117

X Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Figure 75.

Figure 76.

Figure 77.

Figure 78.

Figure 79.

Figure 80.

Figure 81.

Figure 82.

Figure 83.

Figure 84.

Figure 85.

Figure 86.

Figure 87.

Figure 88.

Figure 89.

Uncertainty associated with simulated models of saturated hydraulic
conductivity for the TSw model unit.

Uncertainty associated with smulated models of thermal conductivity
for the TSw model unit.

Comparative porosity profiles extracted from simulated models
of porosity in the CH-PP model unit for grid nodes nearest
drillholes (a) G-3, (b) UZ-14, (c) UZ-16, and (d) WT-17.

Histograms of four individual simulations of porosity in the combined
CH-PP model unit [(a)—d)] compared to original porosity data [(e)]
and E-type summarized model [(f)].

Reproduction of input variograms for simulated porosity models
of the combined CH-PP model unit. .

Variograms for simulated porosity models of the CH-PP model

unit compared to input model and originaldata.. . . . . . . . . .

Comparative profiles of alteration indicators extracted from
simulated models of alteration in the CH—PP model unit for grid

nodes nearest drillholes (a) WT-18, (b) SD-9, (c) SD-7, and (d) G-3. .

Histograms showing the relative proportions of four randomly
selected alteration-flag simulations.

Indicator variograms from four simulated models of alteration in
the CH-PP model unit compared to input model and original data.

Reproduction of input variograms for simulated alteration indicator
models of the combined CH-PP model unit. .

Histograms of four coregionalized models of saturated hydraulic
conductivity corresponding to the four porosity models presented
in figure 77(a) through (d) compared to histograms of original
measured data [(e)] and E-type model [(f)]. .

(a)—(d): Histograms of four coregionalized models of saturated
hydraulic conductivity after conductivity values representative

of altered rock types have been inserted at the locations of probable

alteration; (e): histogram of combined unaltered and altered
laboratory measurements from the CH-PP unit; and (f): histogram
of E-type model.

Scatterplots of modeled saturated hydraulic conductivity as a function

of simulated porosity for the CH-PP model unit.

Scatterplots of modeled saturated hydraulic conductivity as a
function of simulated porosity for the CH-PP model unit.

Scatterplot of saturated hydraulic conductivity and porosity for
the summary E-type models of the CH—PP model unit (5-percent
subsample).

Figures

117

118

. 120

121

. 122

123

. 125

. 127

128

. 129

. 131

132

134

. 135

136

Xi



Figure 90.

Figure 91.

Figure B-1.
Figure B-2.

Figure B-3.

Figure B-4.

Figure B-5.

Figure B-6.

Figure B-7.

Figure B-8.

Figure B-9.

Figure B-10.

Figure B-11.

Figure B-12.

Figure B-13.

Figure B-14.

Figure B-15.

Figure B-16.

Figure B-17.

Uncertainty associated with simulated models of porosity for the

CH-PP model unit. . 136
Uncertainty associated with simulated models of saturated

hydraulic conductivity for the CH—PP model unit. . 136
Explanation for drillhole porosity data plots in Appendix B . . 157
Porosity data in true coordinates from drillhole G-1 for the entire

drill hole through the top of the Bullfrog Tuff. . . 158
Porosity data in real-world and in stratigraphic coordinates for

the PTn model unit in drillhole G-1. . . 159
Porosity data in real-world and in stratigraphic coordinates for the

TSw model unit in drillhole G-1. . 160
Porosity data in real-world and in stratigraphic coordinates for the

combined CH—PP model unit in drillhole G-1. 161
Porosity data from the older set of petrophysical logs for the entire

G-2 drillhole. Compare with figure B-10. 162
Porosity data from the older set of petrophysical logs in real-world

and in stratigraphic coordinates for the PTn model unit in drillhole G-2. . . 163
Porosity data from the older set of petrophysical logs in real-world

and in stratigraphic coordinates for the TSw model unit in drillhole G-2. . 164
Porosity data from the older set of petrophysical logs for the combined

CH-PP model unit in the G-2 drillhole. . 165
Porosity data from the modern set of petrophysical logs for the entire

G-2 drillhole. . . 166
Porosity data from the modern set of petrophysical logs in real-

world and in stratigraphic coordinates for the TSw model unit in

drillhole G-2. . . 167
Porosity data from the modern set of petrophysical logs for the

combined CH—-PP model unit in the G-2 drillhole. 168
Porosity data in true coordinates from drillhole G-3 for the entire

drill hole through the top of the Bullfrog Tuff. 169
Porosity data in real-world and stratigraphic coordinates for the

PTn model unit for drillhole G-3. . 170
Porosity data in real-world and stratigraphic coordinates for the

TSw model unit in drillhole G-3. 171
Porosity data in real-world and in stratigraphic coordinates for the

CH-PP model unit from drillhole G-3. . 172
Porosity data in true coordinates from drillhole G-4 for the entire

drill hole through the top of the Bullfrog Tuff. 173

xii Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Figure B-18.

Figure B-19.

Figure B-20.

Figure B-21.

Figure B-22.

Figure B-23.

Figure B-24.

Figure B-25.

Figure B-26.

Figure B-27.

Figure B-28.

Figure B-29.

Figure B-30.

Figure B-31.

Figure B-32.

Figure B-33.

Figure B-34.

Figure B-35.

Figure B-36.

Porosity datain real-world and in stratigraphic coordinates for the
PTn model unit in drillhole G-4. Ce

Porosity datain real-world and in stratigraphic coordinates for the
TSw model unit in drillhole G-4.

Porosity datain real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole G-4. .

Porosity data in true coordinates from drillhole H-1 for the
entire drill hole through the top of the Bullfrog Tuff.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole H-1.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole H-1. .

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—-PP model in drillhole H-1. .

Porosity data in true coordinates from drillhole H-3 for the entire
drill hole through the top of the Bullfrog Tuff.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole H-3.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole H-3.

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole H-3. .

Porosity data in true coordinates from drillhole H-4 for the entire
drill hole through the top of the Bullfrog Tuff. .

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole H-4.

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drill hole H-4. .

Porosity data in real world and in stratigraphic coordinates for the
combined CH—-PP model unit in drillhole H-4. .

Porosity data in true coordinates from drillhole H-5 for the entire
drill hole through the top of the Bullfrog Tuff. .

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole H-5.

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole H-5.

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole H-5.

Figures

. 174

175

. 176

177

178

. 179

. 180

181

182

183

. 184

. 185

. 186

. 187

. 188

. 189

190

. 191

192

Xiii



Figure B-37.

Figure B-38.

Figure B-39.

Figure B-40.

Figure B-41.

Figure B-42.

Figure B-43.

Figure B-44.

Figure B-45.

Figure B-46.

Figure B-47.

Figure B-48.

Figure B-49.

Figure B-50.

Figure B-51.

Figure B-52.

Figure B-53.

Figure B-54.

Figure B-55.

Porosity datain true coordinates from drillhole H-61 for the
entire drill hole through the top of the Bullfrog Tuff.

Porosity datain real-world and in stratigraphic coordinates for the
PTn model unit in drillhole H-6. Ce

Porosity datain real-world and in stratigraphic coordinates for
the TSw model unit in drillhole H-6. . Coe

Porosity data in real-world and in stratigraphic coordinates for
the combined CH—PP model unit in drillhole H-6.

Porosity data in true coordinates from drillhole NRG-4 for
the entire drill hole.

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole NRG-4.

Porosity data in true coordinates from drillhole NRG-5 for the
entire drill hole.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole NRG-5.

Porosity data in true coordinates from drillhole NRG-6 for the
entire drill hole. .

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole NRG-6.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole NRG-6.

Porosity data in true coordinates from drillhole NRG-7 for the
entire drill hole. .

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole NRG-7

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole NRG-7.

Porosity data in true coordinates from drillhole SD-7 for the
entire drill hole through the top of the Bullfrog Tuff.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole SD-7.

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole SD-7.

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—-PP model unit in drillhole SD-7.

Porosity data in true coordinates from drillhole SD-9 for the
entire drillhole.

Xiv Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

. 193

. 194

. 195

. 196

. 197

. 198

199

. 200

. 201

. 202

. 203

. 204

205

206

. 207

208

209

210

. 211



Figure B-56.

Figure B-57.

Figure B-58.

Figure B-59.

Figure B-60.

Figure B-61.

Figure B-62.

Figure B-63.

Figure B-64.

Figure B-65.

Figure B-66.

Figure B-67.

Figure B-68.

Figure B-69.

Figure B-70.

Figure B-71.

Figure B-72.

Figure B-73.

Figure B-74.

Porosity datain real-world and in stratigraphic coordinates for
the PTn model unit in drillhole SD-9. Co

Porosity datain real-world and in stratigraphic coordinates for
the TSw model unit in drillhole SD-9.

Porosity datain real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole SD-9

Porosity data in true coordinates from drillhole SD-12 for the
entire drillhole through the top of the Bullfrog Tuff.

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole SD-12.

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole SD-12.

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole SD-12. .

Porosity data in true coordinates from drillhole UZ-7A for the
entire drillhole.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZ-7A.

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole UZ-7A. .

Porosity data in true coordinates from drillhole UZ-14 for the
entire drillhole.

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole UZ-14.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole UZ-14. .

Porosity data in real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole UZ-14.

Porosity data in true coordinates for drillhole UZ-16 for the
entire drillhole.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZ-16. .

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole UZ-16.

Porosity data in real-world and in stratigraphic coordinates for
the combined CH—PP model unit in drillhole UZ-16.

Porosity data in true coordinates from drillhole WT-1. .

Figures

. 212

213

214

. 215

. 216

217

. 218

. 219

. 220

. 221

. 222

223

. 224

225

. 226

. 227

. 228

. 229
. 230

XV



Figure B-75.

Figure B-76.

Figure B-77.

Figure B-78.

Figure B-79.

Figure B-80.

Figure B-81.

Figure B-82.

Figure B-83.

Figure B-84.

Figure B-85.

Figure B-86.

Figure B-87.

Figure B-88.

Figure B-89.

Figure B-90.

Xvi Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

Porosity datain real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-1. Co

Porosity data in real-world and in stratigraphic coordinates for the
TSw model unit in drillhole WT-1. Co

Porosity datain real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-1.

Porosity data in true coordinates from drillhole WT-2 for the
entire drillhole down to the top of the Bullfrog Tuff using the
older petrophysical data.

Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole WT-2, computed from the older series

of petrophysical logs.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-2, computed from the older
series of petrophysical logs.

Porosity data in real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-2, computed
from the older series of petrophysical logs. Coe

Porosity data in true coordinates from drillhole WT-2 for the
entire drillhole down to the top of the Bullfrog Tuff using the
modern petrophysical data.

Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-2, computed from the
modern series of petrophysical logs. .

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-2, computed using the
modern series of petrophysical logs. . Coe

Porosity data in real-world and is stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-2, computed
from the modern series of petrophysical logs. .o

Porosity data in true coordinates from drillhole WT-3 for
the entire drillhole.

Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-3.

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-3.

Porosity data in true coordinates from drillhole ST-4 for the
entire drill hole. .

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-4. .

. 231

. 232

. 233

234

235

236

. 237

238

. 239

. 240

. 241

242

. 243

244

. 245

. 246



Figure B-91. Porosity datain real-world and in stratigraphic coordinates for the
TSw model unit in drillhole WT-4.

Figure B-92. Porosity datain real-world and in stratigraphic coordinates for the
combined CH—PP model unit in drillhole WT-4.

Figure B-93. Porosity data in true coordinates from drillhole WT-6 for
the entire drillhole. .

Figure B-94. Porosity data in true coordinates from drillhole WT-7 for the
entire drillhole.

Figure B-95. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-7.

Figure B-96. Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-7. .

Figure B-97. Porosity data in real-world and in stratigraphic coordinates for
the combined CH—PP model unit in drillhole WT-7

Figure B-98. Porosity data in true coordinates from drillhole WT-10
for the entire drillhole.

Figure B-99. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-10.

Figure B-100. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-10.

Figure B-101. Porosity data in true coordinates from drillhole WT-10 for

the entire drillhole using petrophysical data from the modern data set.

Figure B-102. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-10 using petrophysmal data
from the modern data set. .o Ce e

Figure B-103. Porosity data in real-world and in stratigraphic coordinates f
or the TSw model unit in drillhole WT-10 using petrophysical
data from the modern data set.

Figure B-104. Porosity data in true coordinates from drillhole WT-11
for the entire drillhole.

Figure B-105. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-11.

Figure B-106. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-11. .

Figure B-107. Porosity data in real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-11.

Figure B-108. Porosity data in true coordinates from drillhole WT-12 for
the entire drillhole. .

Figures

247

248

. 249

250

. 251

. 252

253

. 254

255

2

XVii

56

. 257

. 258

259

. 260

. 261

. 262

. 263

. 264



Figure B-109. Porosity datain real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-12. :

Figure B-110. Porosity datain real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-12. . :

Figure B-111. Porosity datain real-world and in stratigraphic coordinates
for the combined CH—PP model unit in drillhole WT-12.

Figure B-112. Porosity data in true coordinates from drillhole WT-12 for the

entire drillhole using petrophysical data from the modern data set. .

Figure B-113. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-12 using petrophysical data
from the modern data set. .o Ce e

Figure B-114. Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-12 using petrophysmal data
from the modern data set. oo . Coe e

Figure B-115. Porosity data in real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-12 using
petrophysical data from the modern data set.

Figure B-116. Porosity data in true coordinates from drillhole WT-13 for
the entire drillhole. .

Figure B-117. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit from drillhole WT-13. .

Figure B-118. Porosity data in real-world and in stratigraphic coordinates for
the combined CH-PP model unit in drillhole WT-13. .

Figure B-119. Porosity data in true coordinates from drillhole WT-14
for the entire drillhole.

Figure B-120. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-14. .

Figure B-121. Porosity data in real-world and in stratigraphic coordinates
for the combined CH-PP model unit in drillhole WT-14. .

Figure B-122. Porosity data in true coordinates from drillhole WT-15 for
the entire drillhole. .

Figure B-123. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-15.

Figure B-124. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-15. .

Figure B-125. Porosity data in true coordinates from drillhole WT-16 for
the entire drillhole. .

Figure B-126. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-16.

xviii Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

. 265

. 266

267

. 268

. 269

. 270

. 271

. 272

. 273

. 274

275

. 276

L2771

. 278

. 279

. 280

. 281

. 282



Figure B-127. Porosity datain real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-16. . :

Figure B-128. Porosity datain real-world and in stratigraphic coordinates
for the combined CH—PP model unit in drillhole WT-16. .

Figure B-129. Porosity data in true coordinates from drillhole WT-17
for the entire drillhole.

Figure B-130. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole WT-17.

Figure B-131. Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-17.

Figure B-132. Porosity data in real-world and in stratigraphic coordinates for
the combined CH—PP model unit in drillhole WT-17.

Figure B-133. Porosity data in true coordinates from drillhole WT-18 for
the entire drillhole.

Figure B-134. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole WT-18.

Figure B-135. Porosity data in real-world and in stratigraphic coordinates
for the TSw model unit in drillhole WT-18. .

Figure B-136. Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole WT-18.

Figure B-137. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZN-11.

Figure B-138. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole UZN-31. .

Figure B-139. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole UZN-32. .

Figure B-140. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZN-33.

Figure B-141. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZN-34.

Figure B-142. Porosity data in real-world and in stratigraphic coordinates
for the PTn model unit in drillhole UZN-37.

Figure B-143. Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole UZN-38.

Figure B-144. Porosity data in real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZN-53.

Figure B-145. Porosity data in real-world and in stratigraphic coordinates for the
PTn model unit in drillhole UZN-54.

Figures

. 283

. 284

. 285

. 286

. 287

. 288

289

290

. 291

292

294

. 295

. 296

. 297

. 298

299

300

. 301

. 302

XixX



Figure B-146.

Figure B-147.

Figure B-148.

Figure B-149.

Figure B-150.

Figure C-1.

Figure C-2.
Figure D-1.

Figure D-2.

Figure D-3.

Figure D-4.

TABLES
Table 1:

Table 2:

Table 3:
Table 4:

XX Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

Porosity datain real-world and in stratigraphic coordinates for the
PTn model unit in drillhole UZN-55. . Co

Porosity datain real world and in stratigraphic coordinates for
the TSw model unit in drillhole UZN-57. . :

Porosity data in real-world and in stratigraphic coordinates for
the TSw model unit in drillhole UZN-58.

Porosity datain real-world and in stratigraphic coordinates for
the TSw model unit in drillhole UZN-59. . .

Porosity datain real-world and in stratigraphic coordinates for
the PTn model unit in drillhole UZN-61.

Index map showing location and identity of holes used in creating
the porosity cross section of YuccaMountain. .

Porosity cross section through Y ucca Mountain from north to south. .

(@) A standard-normal distribution in cumulative-distribution

function format demonstrating the continuously monotonic

increasing nature of this function. (b) A “real” porosity distribution
in cumulative-distribution function format illustrating the effect

of multiple “identical” (finite-precision) measurements.

Variogram from four simulated models of lithophysal porosity

in the TSw model unit compared to input model and original data
where simulated values have been re-transformed from porosity
to standard-normal space prior to calculation of variogram. .

Variogram from four simulated models of lithophysal porosity

in the TSw model unit compared to input model and original
data where simulated values have been kept in standard-normal
space prior to calculation of variogram. .

Re-simulated normal-score models of lithophysal porosity
showing influence of a larger kriging matrix and longer search
radius during simulation.

Comparison of stratigraphic terminology for volcanic rocks at Yucca

. 303

. 304

305

. 306

307

311
. 315

322

Mountain and encountered on the Yucca Mountain Site Characterization

Project (no scale) showing modeling units used in this work.

Nevada State Plane Coordinates for the Origin of the Rock
Properties Modeling Grid and the LBL Site-Scale Unsaturated
Zone Flow Model

Geostatistical Modeling Grid-Specification Parameters

Drill Holes Used in Modeling Rock Material Properties

. 319

. 320

. 321

16
16
21



Table5:

Table 6:
Table 7:

Table 8:

Table 9:

Table 10:

Table 11;

Table 12:

Table 13:

Table 14:

Table 15:

Table 16:

Table A-1:

Table B-1:
Table B-2:

Grain Density Values Used in Computl ng POI‘OSIty from Older
Geophysical Logs . . Coe e

Statistical Summary of Total Porosity DataUsed in Modeling .
Statistical Summary of Bulk Density Data from Core Samples
from all Model Units .

Statistical Summary of Saturated Hydraulic Conductivity Data
Used in Modeling . Coe

Statistical Summary of All Measured Thermal Conductivity Data
from Non-Zeolitic Rock Samples at Y ucca Mountain .

Statistical Comparison of Measured and Predicted Thermal
Conductivity Data for the TSw Model Unit

Statistical Summary of Alteration Category in the Calico Hills—
Prow Pass Model Unit

Modeled Variogram Parameters for Total Porosity Normal Scores
in the PTn model Unit

Modeled Variogram Parameters for Matrix Porosity Normal Scores
in the TSw model Unit

. 24
. 31

. 35

. 37

.41

44

a7

52

Modeled Variogram Parameters for Lithophysal Porosity Normal Scores

in the TSw model Unit

Modeled Variogram Parameters for Total Porosity Normal Scores
in the CH-PP model Unit

Modeled Variogram Parameters for Alteration Indicator Flags in
the CH-PP model Unit

Data Tracking Numbers for Data Used to Model Rock
Material Properties

Scaling constants for nominal thicknesses of model units

Listing of lithostratigraphic units typlcally defining
modeling-unit contacts . Co

Tables

55

57

58

152
. 156

. 157

XXi



(This page intentionally left blank.)

XXii Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Three-Dimensional Hydrological and Ther mal Property
Models of Yucca Mountain, Nevada

INTRODUCTION

This report describes the creation of three-

dimensional numerical models of selected rock- 780000

matrix properties for the region of the potential g

high-level nuclear waste repository site at Yucca E “ Rioosig
Mountain, which is located in southern Nevada K &@iﬁ?
(fig. 1). The models have been generated for a - 770000

majority of the unsaturated and shallow saturated 5

zone within an area referred to within the Yucca %

Mountain Site Characterization Project as the “siteS
area.” They comprise a number of material propera 760000
ties of importance both to detailed process—leve%
modeling activities and to more summary-style®
performance assessment modeling. The materia‘v(: 750000
properties within these models are both spatiallyg
variable (heterogeneous) and spatially correlatec®
as the rocks are understood from data obtaine
from site-characterization drill holes widely scat-

tered across the site area. Nevada

: ) usrea
NN Biifte
Q&m N ] (/‘?\/’V\q\ Ajy} | L

550000 560000 570000 580000

8417 I

GEOLOGIC HETEROGENEITY, UNCERTAINTY,
AND MODELING OF THE YUCCA MOUNTAIN

SITE Figure 1. Index map showing the location of the
potential repository in southern Nevada.

Nevada State Plane Easting, in feet

Numerical Modeling

Licensing of the Yucca Mountain site as athe repo_sitory, emplacement of the waste pa(_:l_<ages,
geologic disposal site for nuclear waste will requiref;’lhnd rgtrledval of _the v_va:[sr':e i neiessary. dStab'“ty of
guantitative predictions of the waste-isolation per- € mined openings In the near term an théqn
formance of the rocks that form Yucca Mountain™anc€ of the site in the longer term will be influ-

and of the engieered barrier ystem for an enced both by present-day conditions and by future

extended period of time into the future. These precONditions that must account for perturbation by
dictions will require the use of numerical modeling € thermal pulse of the emplaced waste forms.

in an attempt to capture the essence of highly com-

plex physical processes, such as ground-water flow A fundamental principle involved in the
and the transport of potential radionuclide contaminumerical representation of real-world physical
nants under both unsaturated and saturated congirocesses is that the properties of the modeled
tions. Additional numerical modeling will be domain that are important to that representation
required as part of the licensing process to demormust be known “exhaustively.” Standard procedure
strate that a mined geologic repository can be corin virtually all numerical physical-process model-
structed within the rocks of Yucca Mountain suching is to discretize the model volume into a (large)
that the underground openings will be stable for aaumber of individual elements or grid nodes,
period of time sufficient to allow construction of assign the necessary attributes to each element or



node, and then apply one or more sets of mathe-
matical expressions that are believed to represent
the operation of the physical processes under inves-
tigation, given some set of external boundary and
initial conditions. Because each element or node
within the model domain must be assigned a set of
properties to represent the variables within the
numerical approximation of the process, those
properties must be known exhaustively at each rel-
evant point in space.

In contrast, the description or characteriza-
tion of any site invariably consists of collecting
various observations of properties or state variables
at a limited number of locations. This is particu-
larly true for the three-dimensiona characteriza-
tion of a geologic site, such as at Yucca Mountain.
Because descriptive characterization is limited both
by access (particularly to the subsurface) and by
the availability of resources, that description is nec-
essarily incomplete. Therefore, the exhaustive
description of a site for purposes of numerical
physical-process modeling requires the prior
assumption of some type of conceptua model for
the site, which is then implemented to assign the
values of the necessary properties and other vari-
ables at every point in space.

Many types of conceptual models of varying
complexity have been used historically for these
purposes. However, just as a more detailed mathe-
matical representation (and/or numerical imple-
mentation) of the underlying physical process
being modeled will generaly yield a more accurate
approximation of behavior of a real-world physical
system than a less detailed, overly simplified con-
ceptualization, so too, an exhaustive physical
description that captures more of the relevant real-
world detail will generally yield a better prediction
of that behavior than a simplified description that
ignores or misrepresents important features of the
real-world system. In any actual modeling exercise,
however, there are non-trivia limits on the level of
detail actually possible, which are imposed by the
resources (theoretical, computational, physical, or
human) that are available to conduct the modeling.
The appropriate level of detail required for both the
process and the domain description must be deter-
mined in light of the overall modeling situation and
the uses to which the model results will be put.

Geologic Heterogeneity

Licensing of the Yucca Mountain site as a
geologic repository involves the exhaustive
description of a complex geologic environment.
The rock properties of that environment, which
form the real-world domain for predictive flow-
and-transport and other physical-process modeling,
are spatially variable and heterogeneous by virtue
of the spatially and temporally variable geologic
processes of volcanism, tectonism, and post-depo-
sitional alteration that produced Yucca Mountain
itself. A fundamenta concern underlying all per-
formance assessment modeling of actual processes
at the Yucca Mountain site is therefore how best to
represent this heterogeneous, complex accumula-
tion of volcanogenic rocks, given the types of pro-
cess modeling exercises and the programmatic and
regulatory decisions that are required as part of the
viability assessment and licensing procedure.

It is clear that a “truly exhaustive” descrip-
tion of rock material properties is impossible: there
would be no physical Yucca Mountain left, were
the entire volume to be excavated and processed
through some laboratory machine for measuring
properties. A “practically” exhaustive description
of the site, defined as obtaining and measuring
actual samples at a large-but-finite number of spa-
tial locations corresponding to each and every grid
node of a numerical computer model is also highly
improbable. A “model-based” exhaustive descrip-
tion is thus essential to deal pragmatically with the
realities of “undersampling,” or less-than-exhaus-
tive description.

The simplest possible conceptual model of
rocks at Yucca Mountain is to assumpriori that
the material properties needed for numerical pro-
cess modeling are homogeneous and uniform
throughout the site. Although such a model might
possess some utility for rough, back-of-the-enve-
lope calculations, even the most cursory inspection
of Yucca Mountain indicates that such a model is
vastly oversimplified and of limited value in
advanced regulatory applications. However, many
past performance assessment and other modeling
exercises have been conducted for Yucca Mountain
(Dudley and others, 1988; Barnard and Dockery,
1991; Barnard and others, 1992; Wilson and others,
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1994; Atkins and others, 1995) using an only
slightly more sophisticated conceptual model.

This slightly refined but still extremely sim-
plified conceptual model makes use of the fact that
a Yucca Mountain (as in many other geologic
environments), the lithologic deposits were pro-
duced by relatively widespread but temporally vari-
able geologic processes. In particular, the volcanic
activity responsible for the formation of Yucca
Mountain was episodic in nature, with thick wide-
spread ash deposits produced by near-instanta-
neous (geologically speaking) eruptions separated
by thin inter-eruption deposits that probably repre-
sent much longer intervals of time. Such models
make use of the observation that the widespread
conditions under which the rocks were emplaced
and altered appear to have varied vertically within
the thick deposits of volcanic tuff. However, these
layered models still rely upon the prior assumption
that, within each subhorizontal layer, the material
properties of interest are uniform and homoge-
neous. All grid nodes or modeling elements falling
within a particular layer are thus assigned a con-

vertical directions (“time” in a progressively accu-

mulating deposit of any type can be considered
effectively “frozen” and preserved in some spatial
dimension).

A number of mathematical techniques have
been developed that provide for the quantitative
description and conceptual modeling of material
properties that are both spatially variable (hetero-
geneous) and spatially correlated (e.g., David,
1977; Journel and Huijbregts, 1978; Isaaks and
Srivastava, 1989; Cressie, 1991; Deutsch and Jour-
nel, 1992). Spatially correlated in this context
means that the values of a material property at
“nearby” locations are more similar than the values
of that same property at more “distant” locations,
where the proximity descriptions have a specific
guantitative meaning (discussed in later sections of
this report). The ability to describe rigorously the
nature and extent of spatial correlation for any par-
ticular material property has significant implica-
tions for the conceptual modeling of heterogeneous
materials and for the quantitative description of the
uncertainty that results from inevitably less-than-

stant value presumed to be “representative” ircomplete physical description.

some manner.

Uncertainty

Geologic studies of the volcanogenic rocks

at Yucca Mountain (DOE, 1988) and of similar Despite the existence of a highly heteroge-
deposits elsewhere in the world (Fisher andheous and spatially variable rock mass at Yucca
Schmincke, 1984; Cas and Wright, 1987) indicateMountain, there is no “uncertainty” in the real
that although the “deterministic geologic pro-world as to what are the true material properties of
cesses” (Rautman and Flint, 1992) responsible fathe rocks at Yucca Mountain. The material proper-
deposition of these materials may be quite exterties of the rocks exist and they are essentially static
sive laterally, those processes (and the resultingt the present time, although it is quite likely that
deposits) varied both temporally and areally. Thissome of these “static’ properties may change,
variation of process has produced spatial heterogéacluding over human time scales, if heat-generat-
neity of material properties in all three dimensionsing waste is emplaced in an actual repository at the
Yet despite the existence of heterogeneity, the spaite. Even then, there is no “uncertainty” in those
tial distribution of material properties is not “ran- evolving and changing rock properties. There is
dom,” and a conceptual framework based simphonly one Yuwca Mountain as created by Mother
on random assignment of property values that coMNature, and the state of those rocks at the site will
respond to some arbitrary univariate prior distribu-be determined uniquely at all future times by the
tion is likewise a simplification (and possibly an combined actions of Mother Nature and — to a
unwarranted distortion) of the real world. In fact, much lesser extent — of Humankind.

the geologic processes that produced any given

volume of real estate were spatially and temporally Uncertainty, given a premise of real-world
correlated to a greater or lesser extent. It then foldniqueness, is thus a knowledge-based concept.
lows that the resultant rock properties are spatially.ess-than-exhaustive site characterization pro-
correlated in the stratigraphically horizontal andduces “geologic uncertainty” that impacts the
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implementation of both site description and the
numerical representation of the real-world physical
processes that operate on the rocks provided by
Mother Nature. We are uncertain in our predic-
tions of the values of materia properties at unsam-
pled locations (even though the properties
themselves are unique and unchanging over short
time scales). Likewise, we are uncertain of our pre-
dictions of the waste-isolation performance of a
potential Yucca Mountain repository because of (1)
our uncertain representation of material properties
at all points in space and (2) approximations and
simplifications in our conceptuaization (and
numerical representation) of the true physical pro-
cesses operating at the site (even though those real
processes will produce a unique, invariant result at
any specified time regardless of our state of knowl-
edge). The implication of thislogical framework is
that if we add information of the proper type in a
physically appropriate conceptual manner to a pre-
dictive modeling exercise (all else being equal), the
result of that prediction will be less uncertain than
it would be in the absence of that additional infor-
mation.

Implications for Modeling

The implications of knowledge-related
uncertainty in general have been recognized in the
engineering sciences for amost as many years as
humankind has tried to predict the future perfor-
mance of engineered structures. Many methods,
including sensitivity studies, bounding calcula-
tions, and Monte Carlo analyses, have been devel-
oped in efforts to make more robust engineering
predictions of “successful’gsformance. However,
the distinction between, and the interplayun€er-

information must be accounted for in predictive
modeling; so also must be the effects of material
properties that are different in different physical
locations. Improper conceptualization and treat-
ment of spatial heterogeneity in the predictive
modeling of physical processes may produce
wholly inappropriate results.

We explicitly acknowledge that there are
many other sources of uncertainty relevant to engi-
neering prediction. For example, knowledge of the
true material properties of any sample, or more
generally of the in-situ rock at any observed loca-
tion, is uncertain because of issues related to the
sampling and/or observation/measurement process
itself. However, we also hold that for many rock
material properties of interest at the Yucca Moun-
tain site, these non-geologic sources of uncertainty
are of lesser importance than the fundamental spa-
tial heterogeneity of a major volcanic pile that was
emplaced over millions of years and which has
been altered by at least two overlapping geochemi-
cal processes, faulted, tilted, submerged in part
beneath the water table, and partially altered again
over the course of some ten million years and
more. Furthermore, there are methods for quantita-
tively addressing at least some of the uncertainty
concerns associated with measurements of the
material properties.

This report—which outlines one particular
approach to the exhaustive deptidn of material
properties for use in modeling coupled physical
processes involving ground-water flow, the redis-
tribution of heat from emplaced nuclear waste, and
the transport and ultimate fate of potential radionu-
clide contaminants—is based on the premise that

tainty (as a state of imperfect information, resultingthe material properties extant at Yucca Mountain
from less-than-complete observation) and spatiadre, to a first-order approximation, controlled by
heterogeneity (as a state of being, unaffected by thethe operation of quasi-deterministic geologic pro-
availability or lack of information) becomes abso-cesses related both to the original emplacement of
lutely critical in the application of predictive engi- the rocks and to their subsequent alteration in min-
neering methods to the geologic environmenteralogy, composition, and position. These deter-
Natural earth materials are, in fact, heterogeneousinistic geologic processes are only partially
to a far greater extent than mosteentional mate- understood, and the prediction of the specific prop-
rials of engineering interest. Property heterogeneerties prevailing at any specified position within
ity affects the operain of physical processes. The the site area is further complicated by incomplete
impact of that heterogeneity on the numericaphysical sampling and observation. We thus
approximation of physical processes is only comaddress the resulting geologic uncertainty in our
pounded by our geologic oertanty. Incomplete material property predictions through a stochastic,
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or Monte Carlo statistical, approach. We provide a
number of alternative numerical representations of
the material properties at Yucca Mountain, al of
which are more or less consistent with the observed
measurements at the locations of those measure-
ments, and which vary away from the locations of
observations in a manner that is consistent with the
overal dstatistical character (both univariate and
spatial) of the data. The net result of this modeling
activity is a suite of numerical models that are
indistinguishable from reality on an objective,
quantitative basis, given the available data.

We acknowledge that other conceptual
approaches to providing similar exhaustive
descriptions of material properties at the Yucca
Mountain site are not only possible, but may be
desirable for several reasons. These reasons
include: (1) (quasi-)independent confirmation that
the general distribution of properties ultimately
used in downstream physical-process modeling
activities is geologically reasonable, (2) the use of
such models in preliminary, bounding, or sensitiv-

ity calculations, and — to no small extent — (3) as
a matter of computational tractability of those
downstream modelingfforts. Also, the specific
models created for this report may be inappropriate
for a particular physical-process modeling by sim-
ple virtue of the fact that these rock property mod-
els were generated using a relatively coarse grid

spacingT We believe, however, that the models

presented in this report, and the underlying
descriptions of the spatia variability and geologic
uncertainty that these models summarize (albeit in
perhaps crude form), arguably represent the most
detailed and comprehensive integration of informa-
tion for these materia properties that has been
undertaken to-date as part of site characterization
activities (DOE, 1988) at the Yucca Mountain site.
Furthermore, we believe that the evaluation and
incorporation of insights gained from these exhaus-
tively descriptive rock property models into what-
ever model descriptions are ultimately used in
viability and licensing analyses will lead to more
geologically accurate, and hopefully more defensi-
ble, performance modeling of the potential nuclear
waste repository at Yucca Mountain.

TA distinction needs to be drawn between the simple
modeling of material property values on a coarse
grid and the physi cal-process-dependent upscaling
of multiple small-scale materia property measure-
ments to represent the “effective” property of a
larger-scale 3-dimensional volume. This report pre-
sents models of what are essentially small-scale
“observations” (core plugs or downhole geophysi-
cal-log volumes) distributed at regular locations
within the subsurface of the Yucca Mountain site
area. The upscaling of these (or any other) property
values for Yucca Mountain is beyond the scope of
this report. McKenna and Rautman (1996) provide a
literature review and a relatively comprehensive
evaluation of a number of scaling techniques and
approaches.
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DEVELOPMENT OF THE MODELS Separate Modeling of Distinctive Geologic

Units
Conceptual Approach Rock properties models have been created
for three distinctly dferent gedogic units: the
i i ik upper Paintbrush nonwelded (PTn) unit, the
prgpertlesmodelsdescrl bed |.n thlsrgport has been welded portion of the Topopah Spring Tuff (TSw),
guided by the related but philosophically separale 4 the combined Calico Hills-Prow Pass interval
concepts of heterogeneity and uncertainty  (cH-pP). The relationship of these three geologic
described in the preceding section. The models  ynits to both the “official” Project conventional
attempt to make maximum use of “deterministic”stratigraphic nomenclature and selected histori-
genetic processes to constrain the extrapolation, @ally used stratigraphic names is presented graphi-
“expansion” (Journel and Alabert, 1989) of mea-cally in table 1. All of the model units are Miocene
sured property values away from the physical locain age.
tions of those measurements. The effort to capture
genetic processes as they relate to material proper-  Note that the stratigraphic units selected for
ties has led to the separation of the geologic colseparate rock properties modeling efforts rui
umn of interest into several discrete geologic units¢Oincide with the breaks between genetic “pack-
each of which is internally more “homogenous” in@9€s” of rock, which at Yucca Mountain are typi-

some identifiable manner than subdivisions base§&!ly collections of virtually coeval pyroclastic
on other criteria. An interpretation that the materialfIOW deposits associated with a major volcanic
i o event such as a caldera-collapse sequence. How-
properties of the rocks are controlled principally by . :
(?ver, the available measurements of material prop-

the original genetic geo.l(.)glc procesges and thaerties indicate that the modeling units as defined
much of the post-depositional alteration that ha

oo ) %ere are more “homogeneous” (consistent) inter-
produced second-order variability in propertlesna”y than are the major genetic packages. This

occurred before tectonic tilting and faulting sug-internal homogeneity is shown for two well-char-
gests that the influence of such deformation shoulgcterized drillholes in figures 3 and 4. In this
be discounted in the modeling process. We havgespect, we follow the precedent of Ortiz and oth-
adopted the concept of usingstaatigraphic coor-  ers (1985), who originally defined the PTn and
dinate system during the modeling process, as dis-TSw units based on material property distinctions
tinct from a real-world coordinate system that (table 1). A majority of past performance modeling
describes the present-day location of points withirexercises (Dudley and others, 1988; Barnard and
the several geologic units. Because measuremeni@dckery, 1991; Barnard and others, 1992; Wilson
of most material properties of the site are quite limand others, 1994; Atkins and others, 1995) have
ited in number and spatial distribution, we employ2lS0 subdivided the rock column at Yucca Moun-
the concept oporosity-as-a-surrogate in order to tain according to material-property-based classifi-

use relatively abundant and widely distributed (inCations.

three dimensions) porosity/density data as a first

a roxilmatior: of '3h2 eolloy ic he![eyro eneity of tlhe Specifically, segregation of the welded por-
bp g g g Y tion of the Topopah Spring Tuff from theeav and

site. Furthermo're, we attempt.to Integrate rm:’I"Jlsur%'nderlyingl partially to nonwelded portions of the
ments of porosity from all available swes to pro-

) " . i ) Topopah Spring Tuff as a whole, groups together
vide a unified three-dimensional representation Ofypically densely welded rocks of low porosity
the entire Yucca Mountain siteea. A schematic pigh pulk density, low saturated hydraulic conduc-
flow diagram capturing the major steps and interyjyity, and high thermal conductivity (figs. 3, 4).
mediate products of this modeling effort is pre-The overlying partially to nonwelded tuffs at the
sented in figure 2. Details of the various entitiestop of the Topopah Spring Tuff are combined with
shown in the figure are described at greater lengtthe equally nonwelded, high-porosity, low density,
in the sections that follow. high hydraulic conductivity and low thermal con-

Construction of the three-dimensional rock
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Figure 2. Schematic representation of the modeling process used in this study. Boxed entries are

“activities,” unboxed entries are input or output “products.”
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Figure 3. Material property profiles for the USW
SD-7 drill hole (from Rautman and Engstrom,
1996b), showing overall variability and definition of
modeling units. Unit abbreviations: PTn—upper
Paintbrush nonwelded model unit; TSw—Topopah
Spring welded model unit; CH-PP—Calico Hills-
Prow Pass model unit; Tpc—Tiva Canyon Tuff; Tpt—
Topopah Spring Tuff; Tac—Calico Hills Formation;
Tcp—Prow Pass Tuff; Tcb—Bullfrog Tuff.
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Figure 4. Material property profiles for the USW
SD-9 drill hole (from Engstrom and Rautman,
1996), showing overall variability and definition of
modeling units. See fig. 3 for unit abbreviations.
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ductivity materials conventionally assigned to the  modeled values except immediately adjacent to

Pah Canyon and Yucca Mountain Tuffs and their  those few drillholes. A third reason for the decision

associated “pre-unit bedded tuff” intervals, to formnot to model the Tiva Canyon welded unit explic-

the upper Paintbrush nonwelded unit. Reworkedtly involved limits on the resources available for

materials (“bedded tuff’) and nonwelded to par-the modeling effort.

tially welded rocks formally associated with the

lowermost part of the stratigraphically higher Tiva The decision to model the lowermost non-

Canyon Tuff (table 1) are also aggregated as part a¥elded to partially welded units of the Topopah

the PTn model unit. Spring Tuff together with the immediately underly-
ing nonwelded Calico Hills Formation is based on

The welded portion of the Tiva Canyon Tuff Material-property similarity. Figures 3 and 4
(unit TCw of Ortiz and others, 1985; table 1) wasclealy indicate that the lower contact of the for-
not modeled as part of the current study for severdl@ly defined Topopah Spring Tuff (Tpt), which is
reasons. First, the Tiva Canyon welded unit, whicrftratigraphically below the prominent less-than-5-
forms the vast majority of the surfacepesures in  Percent-porosity interval at a depth  of

the vicinity of the potential repository, is exten- 8PProximately1200-1280 feet (SD-7, fig. 3) and

sively fractured, and infiltriig ground water

1350-1400 feet (SD-9, fig. 4), respectively, is gra-

appears to flow rapidly through these fractures t(_gational. Most of the transitionaldrease in poros-

the general stratigraphic level of the upper Paintly has more affinity to the generally high-but-
isrush nonwelded (PTn) model unit (Flint and oth-variable nature of the porosity values that underlie

&rs, in revieW). Because of this dominance of flow
@/ fractures, detailed modeling of matrix properties
m the TCw model unit would appear to be of lesser
value by comparison. Flint and Flint (1994) and
Hudson and Flint (in prep.)i also demonstrated that
distinctions between bedrock exposures and areas
covered by aluvium/colluvium, when combined
with topographic/morphologic categories (ridge
crest, sideslope, valley bottom, north-facing slope,
south-facing slope, etc.), provided by far the most
significant control of infiltration. Second, because
the vast majority of deep drillholes at Yucca Moun-
tain have been located in the bottoms of washes for
logistical reasons, there are only a handful of holes
that provide penetration of meaningful sections of
Tiva Canyon Tuff. Attempts to describe spatial
variations in much of the Tiva Canyon welded unit
consequently would depend on extremely sparse
data resulting in very large uncertainties in the

TRlint, A.L., Hevesi, JA., and Flint, L.E., in review,
Conceptual and numerica mode of infiltration for
the Yucca Mountain area, Nevada: intended for pub-
lication as U.S. Geological Survey Water-Resources
Investigations Report.

*Hudson, D.B., and Flint, A.L., in prep., Estimation of
shallow infiltration and presence of potential fast
pathways for shallow infiltration in the Yucca M oun-
tain area, Nevada: intended for publication asU.S.
Geological Survey Water-Resources I nvestigations
Report.

the transition than to the uniformly low porosity
values above that transition. The porosity of the
ash-flow tuffs (approximately upper two-thirds) of
the Calico Hills Formation (Tac) is uniformly high
at approximately 30 percent; however, the basal
“bedded tuff” and tuffaceous sandstone portions
(approximately lower one-third) of the Calico Hills
exhibit more variable porosity profiles.

The decision to include rocks of the Prow
Pass Tuff in a combined “Calico Hills—Prow Pass”
model unit was influenced by a combination of
geologic and pragmatic factors. Geologically, as
indicated by the porosity profiles of figure 3 and 4,
values from within the Prow Pass Tuff (Tcp) are
generally high, but most definitely variable. Previ-
ous material-property-based stratigraphic classifi-
cations of the Prow Pass interval (for example,
Ortiz and others, 1985; Schenker and others, 1995)
have recognized two separate nonwelded strati-
graphic units separated by a partially to moderately
welded interval (CFUn—PPw—CFMn; see table 1).
However, the variability and segregation of high
and low porosity values into a coherent “welded”
unit is not consistent from drillhole to drillhole. For
example, figure 4 is a porosity profile from drill
hole USW SD-9, and the two lower-porosity zones
from figure 3 (at about 1820-1850 ft; 2000-2100
ft) simply are not present. The generally-high-but-
inconsistently-variable nature of this combined
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Table 1: Comparison of stratigraphic terminology for volcanic rocks at Yucca Mountain and encountered on
the Yucca Mountain Site Characterization Project (no scale) showing modeling units used in this work.

Geologic Unit

Older hydrologic zonation

Proposed Zonation

Newer Hydrologic

Modeling Units

(from'S d (modfied at of Buesch (1996); Zonation (Flint, Therma\/mgtchanical Used in this
oM Sauye At maciiec anet written comm., uni
others, 1994) Scott and Bonk, 1984) aggsll\i/lr?)(/fg ;g)d A (Ort and e, 1955) Report
cor - caprock Tperv CCR
cuc - upper cliff Tpern cuc
Tperl CUL
cul - upper lithophysal
: - Tpcpul
Tiva Tiva pepu TCw (not modeled)
Canyon Canyon cks - clinkstone Tpepmn
Tuff Member cw
cll - lower lithophysal Tpcpll
ch - hackly Tpeplnh
Tpcpine
- col
¢ - columnar Toepy3 MW
ccs - shardy base Tpepv2 CNW
Tpepvl
BT4
Yucca Min. Tuff Yucca Mtn. Mbr. TPY —
o | PahCyn.Tuff Pah Cyn. Mbr TPP PTn PTn
=2 S
[o] =
6 |3 upper nonwelded Tptrv3 BT2
= < Tpirv2
5 @
2 2 1c - caprock Tpirvt c
o 2
£ 3 Tpt
g ff tr - rounded pim R TSwi
Tpirl
tul - upper lithophysal TUL
Topopah Topopah
p_ P p. P Tptpul
Spring Spring TS
Tuff Member tn - nonlithophysal Tptpmn TMN W
il - lower lithophysal Tptpll TLL TSW2
tm - mottled Tptpin T2
M1
tv - basal vitrophyre Tptpv3 PV3 TSw3
nonwelded base Tptpv2 P‘{‘?
Tptpv1 BT1 / BTfa
Unit5
Unit4 /
Calico Hills Tuffaceous Onti 3 CHV / CHZ CHn1
: Beds of {not subdivided) Unit 2
Formation o Unit 1 /
Calico Hills bedded tuff unit BT
basal sandstone unit GHn2 CH_PP
Unit 4 PP4 CHn3
Prow Prow
Pass Pass Unit3
Tuft Member PP3 PPw
i
' 2 "bedded tuff’ beddednl‘uffunit o/ S
2 | _*bedded tuff edded tu © PP1 CFUn
o 5 @«
G e ke, .
- - > (\.
ke Bullfro © | Bullfrog 5 e
L Tuff O | Memoer S 3 BF3 BFw
2 £ @ T
5 5 e % BF2 CFMn1 deled
"bedded tuff* "bedded tuff* S ! CFMn2 (not modeled)
2 CFMn3
[®]
Tram Tram 2
Tuff Member TRw
Not Recognized
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Calico Hills—Prow Pass stratigraphic interval thusthin laterally away from their source. Thus, there is
is the defining characteristic of this modeling unit.a tendency for these regions of somewhat similar
An additionalfactor is that as one proceeds deepematerial properties to occupy roughly the same rel-
into the volcanic pile of Yucca Mountain, the quan-ative vertical posion within a unit. Later faulting

tity and spatial density of the available dataas part of Basin and Range tectonism disrupted the
decrease markedly (see, for example, table 4 oariginally continuous volcanic rocks and tilted the
page 16). Rather than attempt to deal separatelpck units, with their contained material properties,
with two generally-high-but-inconsistently-vari- toward the east, as indicated in part (b) of the fig-
able porosity units, we have elected to combine thare. Modeling of those rock properties is illustrated
two formal geologic units to achieve larger statisti-in part (c) of figure 5. The vertical locations of drill

cal mass. hole samples are specified within the stratigraphic
coordinate system as a fractional distance where
Stratigraphic Coordinates the base of the unit is assigned a distance of zero

and the top of the unit is assigned a distance of one.
Each of the three major lithologic intervals stratigraphic coordinates are thus dimensionless.
described in this report has been modeled in a unit-
specific stratigraphic-coordinate system (fig. 2) As also suggested by the mesh of intersect-
that reflects the original, pre-faulting depositionaling dotted lines in the right-hand portion of part (c)
Continuity Of the inVOIVed a.Sh'ﬂOW a.nd éﬂ” tuf' Of figure 5’ a regular rectangular mode”ng grld iS
faceous depdts, as illustrated schematically in fig- defined within each stratigraphic coordinate sys-
ure 5. Stratigraphic coordinates use the same eastm. Because the various material property zones
west and north-south coordinates (Nevada statgave been stretched or compressed vertically so
plane coordinate system, definedfizet’) as the  that the overall stratigraphic thickness of the unit is
drill hole from which the relevant data were constant, defining the modeling grid within this
obtained. However, the “stratigraphically vertical” framework generally positions nodes within similar
coordinate of a sample is represented as the relatiygaterials on a stratigraphically “horizontal” plane.
fractional position of that sample within the thick- This repositioning of similar materials in similar
ness of the entire unit at that location (after Gomlee|ative locations @aﬂy S|mp||f|es the search for
Hernandez and Srivastava, 1990). The logic undegata in the neighborhood of an unsampled location,
lying the development and use of a stratigraphigs shown conceptually by the search ellipse in part
coordinate system is as follows. (c) of figure 5. Although it is possible to rotate the
) ) ) principal direction of the sech elipse to match
_As shown in part () of figure 5, regions of yhe gyerall tectonic dip of the unit [see part (b) of
varying material properties are presumed to havgsg figure], it is virtually impossible to modify the
been emplaced ootherwise formed by various gearch strategy to account for offset of the material
alteration processes in an essentially Strat'fomﬂ)roperty zones by discreteulss. For an example
manner. At Yucca Mountain, the volumetrically o¢ material-property artifacts produced by this type
dominant rocks were formed by deposition byt yncompensated fault displacement, see cross
pyroclastic flows to form thick ash-flow sheets thatgactions published by Rautman and Robey (1994).

"Nevada state plane coordinates, which are defined in
feet, are widely used on the Yucca Mountain Project.
These coordinates are for the central zone of

At the end of a modeling exercise, the trans-
formation process between parts (b) and (c) in fig-

Nevada, and they are based on a Transverse Merca- ure 5 is reversed by assigning each grid node a
tor projection. The origin of this projection for the computed vertical position derived from knowl-
central zone of Nevadais latitude 34°47°N., and the edge of the structure contour model for the top of

centr_al merldla_n is at longitude I’46'W. Note thaF each unit and the spatially varying thickness of
metric conversions of Nevada state plane coordi-

nates are distinct from metric coordinates obtained each unit. These values are _Obtal_ned from the_mde_
using the 10,000 metre Universal Transverse Merca- pendently developed, rie-dimesional geologic

tor grid, Zone I1. To obtain metric-converted Nevada framework model (Clayton and others, 1997).
state plane coordinates, divide feet by 3.281. Although this framework model is necessarily
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Figure 5. Conceptual illustration of the construction and use of stratigraphic coordinates. (a) Rock unit is
formed by areally extensive volcanic (or sedimentary) processes. Zones of differing rock properties
(shaded colors) are formed in a stratiform manner. (b) Tectonic deformation tilts and disrupts original
stratiform continuity by faulting. (c) Modeling unit is returned to an approximation of original continuity in a
rectangular coordinate system in which all vertical distances are measured as a fractional position

measured from the top or bottom of the rock unit.

interpretive, the use of all available drillhole infor-
mation, and the existence of regionally continuous
thickness trends within the volcanic rocks at Yucca
Mountain, combined with a rigorous volumetric
modeling technique, ensures that the three-dimen-
siona representation of the several rock units is
geologically plausible and internally consistent.

In practice, implementation of the strati-
graphic-coordinate concept is slightly more com-
plicated than the idedlized example of figure 5.
First, sample locations are typically specified in
terms of their depth within a specific drillhole (the
drilling procedure measures al locations from the
collar of the hole, regardless of the physical eleva
tion of the hole and its contained samples). Thus,

the measured depths were converted to strati-
graphic depths initially, and only to stratigraphic
elevations at the time of modeling. Second, for rea-
sons involving principally numerical precision
within the computer programs that implement the
actua rock properties modeling agorithm(s), the
fractional stratigraphic positionsindicated in figure
5(c) are multiplied by an arbitrary unit-specific
scaling constant to obtain values that approximate
the nominal thickness of the different units in the
real world. Additionaly, unlike the two-dimen-
siona example shown in figure 5, actual modeling
was conducted in full three-dimensional space.

Finaly, the issue arises regarding how to
treat samples from adrillhole that fails to penetrate
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the entire thickness of the geologic unit in question
(represented by the drillhole at the left-hand side of
figure 5). Clearly it is inappropriate to assigh a
stratigraphic elevation of zero to a sample obtained
from the very bottom of the hole itself, asthe mate-
rials at this elevation in genera are not representa-
tive of materials at the very base of the unit here or
elsawhere. Yet without drilling deeper, the distance
between the foot of the hole and the true base of the
unit is unknown. Such situations have been recon-
ciled by inferring the base of the unit in question
from the framework geologic model of Clayton
and others (1997) and adjusting the fractional posi-
tion accordingly. The presumption is that the base
of the unit projected from the framework model is
a reasonable approximation of the unknown true
position at that location.

Use of Porosity as a Surrogate

The concept of using abundant porosity data
as a surrogate for modeling the spatial variability
of other properties, which are by comparison
amost universally undersampled at Yucca Moun-
tain, is not new. The technique has been reported
by Longenbaugh and others (1995), Rautman
(1995, 1996), and Altman and others (1996), and
the technique was described explicitly by Flint and
others (1996a). However, this report provides the
first detailed description of porosity-as-a-surrogate
in the joint modeling of multiple propertiesin three
dimensions. In this study, we have used porosity to
model the spatial distributions of (1) bulk density,
(2) saturated hydraulic conductivity, and (3) ther-
mal conductivity.

The concept of porosity-as-a-surrogate is
based on empirically observed correlations of sec-
ondary material properties, often actualy of
greater modeling interest than porosity itself, that
are lessswell sampled. A consequence of such
undersampling is that the spatial variability of the
undersampled variable cannot be described confi-
dently on a stand-alone basis, let alone such that
the joint spatial continuity patterns of the two (or
more) variables can be reproduced simultaneously.
It isimportant to understand that modeling the spa-
tial distribution of several material properties with-
out properly considering the inter-variable
correlations can lead to highly unrealistic input to

physical-process modeling codes, which in turn

can lead to highly unreasonable estimates of per-
formance parameters. Simply sampling randomly
from separate (univariate) probability density func-
tions may easily produce such un-physical combi-
nations as a low porosity—low thermal
conductivity—high hydraulic conductivity tuff. The
severity of the consequences of neglecting cross-
variable correlations in modeling spatially variable
domains increases as physical-process modeling
attempts to capture multiple coupled processes (for
example, Francis and others, 1@})6

Using porosity as a surrogate for various
other material propertiesin modeling Yucca Moun-
tain is supported by consideration of the physics
involved in the site-specific rock units being mod-
eled. For example, for agiven rock type, increasing
the volume of pore space must decrease the bulk
density of the rock mass. The part of the rock that
“isn’t there” is available to hold fluids but it con-
tributes nothing to the total mass contained within
a unit volume of material: the definition of bulk
density. Again for a given rock type, the conduc-
tion of heat energy through the material isedily
related to the density (or, inversely, the pore space)
of the material. All else being equal, a higher
porosity—lower density tuff will conduct heat less
readily, leading to a lower measured thermal con-
ductivity value. Note here that it is the total amount
of void space in a rock that affects thermal conduc-
tivity, not simply the amount of pore space that is
conducting water within the unsaturated zone.

And finally, although hydraulic conductivity
is not generally well correlated with porosity
across many classes of soils and/or rock materials,
the empirical observation at Yucca Mountain is that
this correlation is quite strong within limited
groupings of lithologic types. Specifically, both
welded and nonwelded lithologies appear to be
associated with a continuum of saturated hydraulic
conductivity values; see also the sectionSatu-

TFrancis, N.D., Mishra, S., Ho, C.K., Amold, B.W.,
Bandurraga, M., Wu, Y., Statham, W. H., and Zhang,
H., 1996, Thermo-hydrologic modeling of the
potential repository at Yucca Mountain using a 3-D
site-scale unsaturated-zone modd, Level 3 Mile-
stone Report T6533, Yucca Mountain Site Charac-
terization Project.
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rated Hydraulic Conductivity beginning on page
35. Evidently, unless affected by some additional
physical process (such as zeolitic or other alter-
ation), there is a relatively strong relationship
between progressive, overal reduction in porosity
and the progressive reduction in the average diame-
ter of the passages between interconnected pores
(which is what exerts principal control on the flow
of water through the existing pore space) across
this continuum of nonwelded to densely welded
materials. Conversely, a genetic process that
changes the diameter and/or geometry of the pore
throats, while not commensurately filling in the
total quantity of void space, can reduce the hydrau-
lic conductivity of the rock by orders of magnitude
while leaving the porosity essentially unchanged.
In fact, both of these cases are observed and mod-
eled for Yucca Mountain.

Geostatistical Methods

We have used sel ected geostatistical methods
(fig. 2) to create the exhaustive material property
descriptions described on page 1 using the avail-
able data from the Yucca Mountain site. Geostatis-
tical methods in genera are one of a variety of
methods for distributing attributes in space. A fun-
damental principle underlying al geostatistical
techniques is the quantification and use of some
measure of gpatial correlation, which may be
defined informally as the degree to which samples

ultimate regulatory decision regarding potential
licensing of an actual nuclear-waste repository at
the site.

Within the purview of geostatistical methods
are two broad classes of algorithms for predicting
attributes at unsampled locations constrained by
some limited set of actual measurements: estima-
tion and simulation. Geostatisticaktimation is
focused on the prediction of the attribute values
most likely to be encountered at a given spatial
position, and may be thought of as modeling the
expected value of a variable of interest. Geostatisti-
cal estimation is most frequently described using
the term,kriging, named after one of the early
practitioners of this approach. In effect, kriging is
simply a weighted-averagiterpolation method
using someneighborhood of relevant data. What
distinguishes kriging (and geostatistical methods in
general) from other interpolation algorithms using
averages of relevant data is two-fold. First, kriging
is the only interpolation method that also provides
a quantitative measure of the associated least-
squares estimation error (via the kriging variance;
see Isaaks and Srivastava, 1989). Second, is that
estimates are computed using a data-specific
weighting scheme based on the geostatistical (geo-
logical) distance of the point being estimated from
the surrounding measured values. Note that this
“distance” is not necessarily equal to the simple
Euclidean distance between two points. In contrast,

“close” to one another resemble each other morene non-geostatistical method simply assigns all
than do samples “far” away from eadther. the weight to the @arest nighboring data point to
Because of this emphasis on identifying, quantify-an estimated location, an approach that results in
ing, and using the spatial continuity of rock proper-interlocking irregularly shapegolygons of uni-

ties in creation of the exhaustive material propertyform attributes throughout the model domain.
models required for modeling of ground-waterAnother common method involves arhitly
flow and radionuclide transport at the Yuccaweighting nearby data in inverse proportion to their
Mountain site, geostatistical methods are broadlgtraight-line distance to the point being estimated
compatible with the guiding principles summarized(i.e., closer points receive more weight as they are
in the section on Geologic Heterogeneity, and'believed” to be more relevant than data located
more particularly on page 3. Furthermore, unlikefarther away). In some implementations of this
many other methods for predicting the materiaklass ofinverse-distance techniques, the weighting
property attributes of a large volume from directfunction dereases as theguare of the distance. A
observation of a relatively minuscufeaction of common thread connecting all estimation method-
that material, geostatistical methods offer a quantielogies is that they arenterpolation techniques
tative and more-or-less rigorous approach to thdirected toward producing a model in which the
issues of knowledge-based uncertainty discusseektimated values grade progressively and smoothly
on page 3. Addressing uncertainty issues is particlaway from the data locations and away from one
larly important at Yucca Mountain because of theanother.
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The other broad class of geostatistical meth-  extent of the geostatistical modeling grid used in
ods comprises a variety of simulation algorithms.  this study.
These techniques are conceptually equivalent to the
Monte Carlo SimU|ati0n prOC@SS frequently Nevada State Plane Easting, in meters
employed in engineering analyses. In common 800000 0 175000
with other Monte Carlo simulation approaches, the I
emphasis is less on the specific predicted values, I
which are in effect simply the products of arandom 790000 -
number generator with certain “desirable” proper- i
ties, and much more on evaluation of the uncer
tainty associated with sonperformance measure
computed to represent the behavior of the modele
system. This process is portrayed schematically i
figure 6. Because of the need to capture spatial co I /R\
relation, geostatistical simulation effectively i /‘ :
amounts to drawing entire material property mod- & 7so000 - ( -~ Potential
els (as intact objects because of the need to mai i K'/‘\R@S'wry
tain spatial correlation among the values) from I
some hypothetical “distribution” of alternative 750000 -
“realities.” Each of these individuaéalizations or i
stochagtic images of reality is then evaluated — |
through some type of relevamansfer function (for raoese 1 225000
example, a radionuclide-transport computer code “esoom ceooon . er000m 230000
and the likelihood of various acceptable vs. unac
ceptable performancesgonses is evaluated.

Outline of
LBL UZ Model

— 240000

780000 -
r 3D Rock Propetrties
Modeling Grid

770000 | — 235000

— 230000

Nevada State Plane Northing, in feet
Nevada State Plane Northing, in meters

Nevada State Plane Easting, in feet

Figure 7. Location of the extended site area at
Model Domain Yucca Mountain, the LBL extended site scale flow
model domain, and the model grid for this study.

The geographic region for which material
properties models were created is the “extended . o _ _
site area,” as shown in figure 7 (see also fig. 1).  Definition of the geostatistical modeling grid

This region extends generally from north of Yuccaln this Study was closely tied to the location and
Wash to south of Busted Butte, and from the genf0mina grid spacing of the LBL numerical process
eral vicinity of Fatigue Wash and Windy Wash onModel grid (table 2; T.M. Bandurraga, LBL, writ-
the west to east of Alice Ridge, Fran Ridge, andé" communication, 1996;¢se_e aso fig. 5.3.1 of
Busted Butte. The modeled domain was selected fgaukwa and Chen, 1996%, in Bodvarsson and
coincide as closely as geologically reasonable witft@ndurraga, 1996). Details of the geostatistical
the “extended” site-scale unsaturated zone floydid e presented in table 3.

model being developed by resehers at Lawrence
Berkeley Laboratory (“LBL"; Wittwer and others,
1995; Bodvarsson and Bandurraga, 1T996' he The data used in modeling the spatial vari-
outline of the LBL unsaturated flow model domain  ahility of material properties in this report were
is also indicated in figure 7, as is the location and

Available Data

*Haukwa, C., and Chen, G., Grid generation and analy-

"Bodvarsson, G.S., and Bandurraga, T.M., eds., 1996, sis, Chapter 5in: Bodvarsson, G.S., and Bandurraga,
Development and calibration of the three-dimen- T.M., eds., 1996, Devel opment and calibration of the
sional site-scale unsaturated zone model of Yucca three-dimensional site-scal e unsaturated zone model
Mountain, Nevada, 1996, Milestone Report OB02, of YuccaMountain, Nevada, 1996, Milestone Report
Lawrence Berkeley Nationa Laboratory, Berkeley, OBO02, Lawrence Berkeley National Laboratory,
Cdlif. Berkeley, Calif.
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Table 2: Nevada state plane coordinates for the
origin of the rock properties modeling grid and the
LBL site-scale unsaturated zone flow model
[southwestern-most corner of each model]

Northing

(m) (ft)
225,280.0 739,143.68

Easting

(m) (ft)
167,580.0 549,829.98

obtained from a number of sources (Appendix A),
including both laboratory measurements of core
samples and down-hole petrophysical measure-
ments of in-situ rocks. Only surface-based drill
holes have been used in the current modeling exer-
cise, as the large areal extent of the model and the

requirement that the vertical position of al data be
expressed in stratigraphic coordinates effectively
precluded the use of samples from the underground
workings of the Exploratory Studies Facility. The
location of the various drill holes used in modeling
each separate geologic unit are shown in figures 8
through 10. Note that although there is mgjor con-
sistency of the drill hole coverage from unit to unit,
the suite of holes that contain data relevant to the
rock properties of any particular model unit is
unigue. The identity and Nevada state-plane coor-
dinates of the specific holes used in each separate
modeling exercise are givenin table 4. Data-track-
ing numbers associated with all data values are tab-
ulated in Appendix A.

Table 3: Geostatistical modeling grid-specification parameters

[n/a—not applicable]

Midpoint

Spacing

Grid Direction (ft/m) (ft/m) N Total Nodes
Model X 550,240.105 820.250 37 n/a
(Easting) 167,705.000 250.000
Mode Y 739,553.805 820.250 49 n/a
(Northing) 225,405.000 250.000

3.281 6.562
PTn 1000 2000 0 54390
Model Z
. ] 16.405 32.810
(Stratlgraphm TSw 5000 10.000 31 56,203
Vertical)
16.405 32.810
CH-PP 5000 10.000 25 45,325

Table 4: Drill holes used in modeling rock material properties
[Age Designator (for petrophysical data): O— “older” hole; M—"modern” hole; N—State of Nevada drillhole.

Data-availability codes: F—full penetration of unit; P—partial penetration; leaders (--)-no penetration. Location data

taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane
(USW- or Age Easting Northing PTn TSw CH-PP
UE-25) (ft) (ft)
G-1 (0] 561000.5  770500.2 F F F
G-2 O/M 5605039  778824.2 P F F
G-3 (0] 558501.0  752690.0 F F F
G-4 (0] 563081.6  765807.1 F F F
H-1 0] 562388.0 770254.3 - F F
H-3 (0] 558451.7  756542.1 F F F
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Output from Transport Code

Figure 6. Conceptual representation of a Monte Carlo process incorporating geostatistical simulation
techniques as the basis for assessing the impact of geologic uncertainty on a performance measure
relevant to licensing of a geologic repository. A “transfer function” is any post-simulation mechanism for
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computing a measure of performance across the suite of replicate stochastic simulations.
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Figure 8. Drill hole locations used in modeling the PTn model unit.
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Figure 9. Drill hole locations used in modeling the TSw model unit.
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Figure 10. Drill hole locations used in modeling the CH-PP model unit.
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Table 4: Drill holes used in modeling rock material properties (Continued)

[Age Designator (for petrophysical data): O— “older” hole; M—“modern” hole; N—State of Nevada drillhole.
Data-availability codes: F—full penetration of unit; P—partial penetration; leaders (--)-no penetration. Location data
taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane
(USW- or Age Easting Northing PTn TSw CH-PP
UE-25) (ft) (ft)
H-4 @] 563911.1  761643.6 F F P
H-5 0] 558908.7  766634.3 F F F
H-6 @] 554074.9  763298.9 P F F
NRG-4 M 566820.0 767080.2 P - -
NRG-5 M 564187.2  766726.3 - P -
NRG-6 M 564187.2  766726.3 F P -
NRG-7 M 562984.1  768880.0 F F P
ONC-1 N/M 5680929  759257.3 F P
p#Hl @] 5714845  756171.2 - F F
SD-7 M 561240.3  758949.9 F F F
SD-9 M 561818.0 767999.0 F F P
SD-12 M 561606.0 761957.0 F F F
uz-4 M 566139.3  768715.6 F P -
uz-5 M 566135.2  768591.0 F P -
UZ-7A M 562270.0 760693.0 F - -
Uz-14 M 560141.3  771309.4 P F F
UZ-16 M 5648575  760535.2 F F P
WT-1 0] 563739.2  753940.6 F F F
WT-2 O/M 5619236  760660.5 F F P
WT-3 0] 5733844  745995.1 - P F
WT-4 0] 568040.2  768511.8 F F P
WT-7 0] 553891.3  755569.8 F F P
WT-10 O/M  553302.1 7487709 F P -
WT-11 o 558376.8  739070.4 F F P
WT-12 O/M  567011.0 7397259 F F P
WT-13 o 578756.7  756715.0 P P -
WT-14 o 575210.1  761650.6 - P P
WT-15 o 579805.7 766116.6 F P -
WT-16 o 5703949  774419.7 F F -
WT-17 o 5662119  748419.6 F F P
WT-18 o 564855.0 771167.1 F F P
UZN11 M 559020.9 780573.9 P - -
UZN31 M 562751.9  764245.7 F P -
UZN32 M 562799.6  764302.6 F P -
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Table 4: Drill holes used in modeling rock material properties (Continued)

[Age Designator (for petrophysical data): O— “older” hole; M—“modern” hole; N—State of Nevada drillhole.
Data-availability codes: F—full penetration of unit; P—partial penetration; leaders (--)-no penetration. Location data
taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane
(USW- or Age Easting Northing PTn TSw CH-PP
UE-25) (ft) (ft)
UZN33 M 561192.2  770069.9 P - -
UZN34 M 5612515  770158.7 P - -
UZN37 M 5637135  767499.1 F P -
UZN38 M 563343.1  767466.4 P - -
UZN53 M 563343.1  767466.4 F P -
UZN4 M 564262.2  760272.0 F P -
UZN55 M 564248.3  760502.9 F P -
UZN57 M 560829.9  755164.5 - P -
UZN58 M 560862.2  755240.4 - P -
UZN59 M 560888.4  755321.3 - P -
UZN61 M 560892.0  755375.9 P - -
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Measurement Methods and/or other hydrous-phase minerals can be identi-
fied to a first approximation without mineralogical
or petrographic analyses. For purposes of these
modeling exercises, “altered rocks” were defined
using the following relationship:

Core Samples

Laboratory measurements of porosity on
core samples are, perhaps, the most intuitively
understandabl e of the several types of porosity data M « Zop > (#ry + 0.05)
used in creating the material property models. I(x) = O , (D)
These measurements are performed on core sam- 00 — Otherwise

ples approximately 1-3 inch1es (2-8 cm) long usingyhere(x) is a binanyalteration indicator flag as a
gravimetry and Archimedes’ principle for volume ¢ ,nction of spatial positions, set to 1 in the pres-

determinations. This process has been described R,ce of alteration. and whepey, andggy are the

Rautman and Engstrom (1996a, b) and by _ﬁ“m-oven—dried and relative-humidity-oven-dried
Drying of samples &s part of the porosity determi- 4 6ity values respectively. The threshold of a
nation procedure was performed under two differ- e nercent (0.05) higher OD porosity was
ent temperature—relative hulity conditions, and gg|ected somewhat empirically, but the value is

this distinction is critical to the identification of intended to recognize that even completely unal-
zeolite (and other hydrous-phase) alteration elS&gred rocks will retain some residual water coating
where in the modeling sequence (fig. 2). the mineral grains when dried at the RH condi-

tions. Use of a much lower threshold value leads to

d Relz;tlveg«gmld&ty—oven I(IR:) Idr_yln% W%S a designation of altered rocks in stratigraphic inter-
conducted at and a controlled relative humid- , o\ 1ot are known to be devoid of zeolite or

ity of 65 percent. These environmental Conditior!smeaningful clay alteration (such as densely

preserve most wat(_er that is structurally bound Nvelded, devitrified units in the Topopah Spring
zeolite (and clay minerals) as well as a few-mole- ¢ \/ajyes much higher than 5 percent appeared
cu_Ie—thlck Ia_yer of water surround_lng the individual to misidentify as unaltered, rocks within the Calico
mineral grains (Bush and J(_anklns, 1970 S?edeﬁills Formation that are known from X-ray diffrac-
and othe_rs, 15_)91). None of this water is triitge _ dlion studies to be zeolitized.

to participate in unsaturated-zone flow. Oven-drie

(OD) samples were dried at @5 and uncon- Petrophysical Data — “Older” Drill Holes

trolled ambient (but very low) relative humidity.

This stage of drying removes not only the loosely Inferred porosity values have been computed
bound “residual saturation” water, but also drivestSing measurements from a suite of downhole geo-

off the majority of the water contained within the Physical instruments by Nelson (1996). The set of
crystal structures of zeolite and clay mineralsdata produced using this process involves the
Experimentation has demonstrated that these typeglder” set of holes drilled at Yucca Mountain prior
of mineralogic changes cause irreversible changd® release of the Site Characterization Plan (DOE,
in the measured hydraulic conductivity of the sam-1988; see identifiers in table 4). Inference of in-situ
ples, which presumably are caused by differenceBorosity values for the “modern” holes (table 4)

in pore-throat geometries before and after decrepfrilled as part of formal characterization of the
tation of the zeolite crystal structure. Yucca Mountain site is discussed in the next sec-

tion beginning on page 25 (see also fig. 2). A sche-
A corollary of the differing porosity values matic diagram showing the severalfeienttypes
(and of other bulk properties as well; figs. 3, 4) thapf porosity values, and their relationship to the core
are obtained through this progressive drying promeasurements, is presented in figure 11.
cess is that the presence of “significant” zeolite

The principal property from the older geo-

TFlint, L.E., in review, Matrix properties of hydrogeo- physical logging suite consists of total porosity,
logic units at Yucca M ountain, Nevada: intended for which is defined by Nelson (1996) as:
publication as U.S. Geological Survey Water-
Resources I nvestigations Report. ¢T = ¢W + ¢a , (2)
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(a) (b)

4= POROSITY = 4———————POROSITY®»
<4~ BOUND—p <4—PHW—p
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< PhiT > < PhiT: >
. Litho-
Mineral Mass Air Mineral Mass physae| Air
< oD ¢ > <« OD¢—>» -«
<«RH¢—> <+ RH¢—» >

Figure 11. Diagram illustrating the conceptual relationships among the various types of “porosity”
described in this report. (a) Altered rocks; (b) all other nonwelded and welded rocks. Indicated quantities
refer to variable names in the original (source) data files).

where ¢ is total porosity, ¢,, is the “water-filled” Table 5: Grain density values used in computing
porosity (defined below), angl, is air-filled poros- ~ porosity from older geophysical logs

ity. The principal geophysical measurement used ifirom Nelson, 1996]

the computation of total porosity is the bulk density

log trace, which for the older drillhole suite is Rock Type Pg(alcm?)

derived from the gamma-gamma logging tool Glass 2.349

bads_ec! or]: backscattering of_ high—egergé/ ﬁammla Vitrophyre 21381

radiation from a source contained onboard the tool.

The observed bulk densipy, of the in-situ rock is Nonwelded Tuft 2581

a weighted combination of the densities of the min- Welded Tuff 2.540

eral grains themselves and of the contained water Zeolitization (deep) 2.527

and air present in the formation. Within the satu- Zeolitization (shallow) 2371

rated zoneg, = zero (all porosity is water filled),

and the expression for bulk densityX is simply: Use of the density log to determine total
Py = pg(1_¢T) +PuPT (3) porosity in theunsaturated zone is complicated by

_ _ _ _ the presence of two fluid phases (water + air) in the
which can be rewritten in terms of porosity as:  res of the rock. Above the static water level, the

- relationship is thus:
Pr = H—b : @) P
9 w pb = pg(l - ¢T) + pw¢w + pa¢a ' (5)

wherep,, is the density of the pore water guglis

grain density (notepq is also known as particle wherepg, py, andp, are the densities of the min-
density). Note that equation 4 requires an estimateral grains, water, and air (respectively). Nelson
of grain density at each location for which a poros{1996) neglected the last term in equation 5, as the
ity measurement is desired. However, evaluation Oéensity of airp,, is nearly zero (0-001239/<§mby
laboratory measurements indicate that grain densgmparison with the other density factors (table 5).

sity is effectively onstant through large strati- \ye can rewrite the remaining terms of equation 5
graphic intervals (e.g., middle columns of figs. 3,__.

4) at Yucca Mountain that can be independently
identified using core, cuttings, and the behavior of
both the raw density and other geophysical logs. pr=1-=+—g, . (6)
Nelson (1996) used values pf as tabulated in Pg Pg
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Note that ¢, the water-filled porosity, issimply the
volumetric water content of the rock if there are no
claysor zeolite minerals present in the rock matrix.

Nelson (1996) aso presented a method for
computing ¢,,, which he termed thehydrogen

Unfortunately, there appears to be no theo-
retically satisfactory estimator of true total porosity
available for the older suite of drill holes. We have
therefore adopted an approach that simply contin-
ues to use the computed total porosity valggs,
as the best estimator of ¢1. Reference to equations

index,” 1y, using the calibrated response of the epi6 and 7 suggests that the computed porosity value
thermal neutron porosity (ENP) logging tool in air-is sensitive principaly to the term py/py because
filled boreholes above the water table. The physic#e bulk density of almost all rocks, py, is typically
underlying this measurement is that energeti@t Ieast twice the density of water, p,, (~1.00 ¢/
(“epithermal”) neutrons emitted by a downholecm?). In addition to a necessarily smaller value for
source onboard the logging sonde aefgrantially  theratiopypg, thislatter termisthen multiplied by
“thermalized” or slowed by collision with hydro- the hydrogen index, Iy, as a surrogate for the true
gen atoms in the formation. If zeolites and clays/olumetric water content ¢,,. Even in intensely
are absent, virtually all hydrogen is present in theeolitized rocks, Iy is afractional value (generally
form of pore water, and thus proper calibration ofless than 0.5), whereas the term involving bulk

ENP devices directly indicates volumetric waterdensity contains no such fractional multiplier.

content. The combination of responses from th$
gamma-gamma density and ENP logging instru-

ments yields the desired total porosity via
equation 7:
Pp P
prepp = 1-=+2 (@)
g Pg

whereg- is the apparent total porosity. If, how-
ever, water is present as a structurally bound com-
ponent of the mineral grain framework, the neutron
log will read higher than it would otherwise be for
arock of the same porosity, |y will exceed ¢,,, and
the apparent total porosity of the rock, ¢ will
exceed ¢ 1. by the amount of water contained in the
hydrous mineral phases.

For purposes of the modeling described in
this report, we have adopted a convention for iden-
tifying such altered rocks in a manner very similar
to that applied to the laboratory measurements of
porosity in equation 1. Thus:

- | > (7. +0.05)
I(x) = Aot ®)
D 0 — Otherwise

where I(x) is the again the binary alteration flag
from equation (1) as a position of spatial location,
X. It then remainsto estimate the true total porosity,
¢ for those intervals where the computed apparent

total porosity, ¢ 1, reported in Nelson’s output files

is overstated.

etrophysical Data — “Modern” Drill Holes

A somewhat different approach to the deter-
mination of porosity, and particularly to the identi-
fication of structurally bound water in alteration
mineras, was employed by Thompson and Rael
(1996) for the “modern” set of site characterization
boreholes (table 4). In addition to holes drilled
since 1988 (DOE, 1988), Thompson and Rael also
obtained new suites of logs in a small number of
selected “older” holes. This replication of logging
provides some basis for comparing the two sets of
petrophysical data, although it is clear that the
lapse of time between drilling and relogging
appears to have induced some changes downhole.

The fundamental relationship for determin-
ing total porositygr, is virtually identical to that
used by Nelson (1996). However, Thompson and
Rael substituted computed local valuesppfthe
density of the formatiofluid), for p,, in equation
(4) (saturated zone) and for the terms

[Pu?w t Pa?al In equation (5) (unsaturated
zone). Thus they write:

_ Pg(op) =Py ©)
Pg(op) ~ Pt

where py, is the bulk density log-trace value as
before antpyop) is now the appropriate average
grain density of the rock type as estimated from
oven-dried laboratory samples (in the same or anal-
ogous drill holes). Nelson (1996) functionally used
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105°C-dried grain density values in his cacula-
tions, but he did not explicitly use this term (see
aso the definition of effective porosity, which fol-
lows).

Thompson and Rael (1996) computed the
apparent fluid density for use in equation (9) from
the relationship:

— ¢pr + ¢apa
p= W _Cae
?1
where al terms are as defined for equation (5).
Because equation (10) is, itself, dependent upon

¢ Thompson and Rael computed this value in an
iterative manner.

. (10)

The volumetric water-content parameter
(bulk water volume of Thompson and Rael), ¢,
was calculated using the relationship:

¢W - ¢TS\N

where S, is the water saturation obtained using the
appropriate conductivity (resistivity) log vaue in
the classical Archie (1942) equation:

1

0 my

Sy = [%QE[JSND
R

Qﬁ_l_ t [

rather than by using calibrated ENP values, as did
Nelson (1996). In equation (12), R; isthe resistivity
of the formation (in ohm-meters, 2-m) as mea
sured by the deep induction log, R, is the resistiv-
ity of the formation water (here approximately that
of pure water, ~20€2-m), and a, m, and n are empir-
ically determined rock-typing constants (unit spe-
cific). Again, the interdependence of S, and ¢t
requires the use of an iterative solution procedure
[combined with the solution of equation (10); note
that rock-typing is also a quasi-separate iterative
procedure as well]. Thompson and Rael did not
specify a convergence criterion for the iterative
solution for ¢1. Rather, they estimated ¢,, initialy
using an uncalibrated ENP log value (in fact cali-

(11)

(12)

phases, Thompson and Rael computed a second
porosity valueg4, where:

_ PgrH) ~Pp
¢eff_ "g(RH) "b

(13)
Pg(RH) Pt

andpgrn) is Nnow the unit-averaged grain density
value determined through laboratory measure-
ments for relative humidity oven-dried samples.
Because the masses of samples dried under rela-
tive-humidity oven conditions include the mass of
structurally bound water, thgy value presumably
represents open void space in the rock. The “poros-
ity” thus represented by structurally bound water is
then obtained by difference:

¢zeoI - ¢T_¢eff '

where the Zeol” porosity subscript is simply short-
hand for “hydrated alteration minerals.” The com-
puted porosity values from the “modern” drill hole
suite were then processed to alteration indicator
flags using essentially the same methodology given
in equation (8):

(14)

I(x) =

- 0.0
é‘l Or> (Per * 5). (15)

0 « Otherwise

Comparison of Petrophysical Porosity Data

Comparison and evaluation of the two differ-
ent approaches to the petrophysical determination
of total porosity is complicated by separation of the
technique into “modern” holes vs. “older” holes.
Although no modern holeseave bgged using the
older-style downhole tools, four of the old holes
were relogged using the newer tools and resistivity-
based S, analysis methods. These four holes
include three WT-series holes (WT-2, WT-10, and
WT-12), located principally in the south and south-
central portion of the site area, and drill hole G-2,
which is located in the northern part of the study
region (fig. 9). Scatter diagrams of total porosity
from these two different petphysical data sets are

brated to so-called “limestone” units, rather tharshown in figure 12(a) through (d). In each case, the
for tuff) and simply executed the iteration loop five older set of values are plotted on the ordinate (vari-

(5) times.

ablePhiT, in the original data files; fig. 11) and the
“modern” porosity values (variableoroTorT; fig.

To determine the quantity of water structur-11) along the abscissa. The values shown in the
ally bound in zeolites or other hydrous mineralcrossplots are the original computed porosity val-
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ues computed at 0.5 ft (approximately 15
intervals downhole.
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Figure 12. Comparison of petrophysical total porosity computed using two different sets of logging tools
and two different data-reduction techniques from raw data acquired several years apart. Drillholes: (a)
USW G-2; (b) USW WT-2; (c) USW WT-10; (d) USW WT-12. Light-grey line at 45° indicates one-to-one

cowespondence.

It is not entirely clear that the exact same
vertical datum was identified and used for both log-
ging runs, as for some drill holes, the measure-
ments are separated in time by nearly two decades.
Although small differences in vertical alignment
may appear significant, given data on half-foot
centers, the consequent variations in porosity
resulting from misalignment are probably not very
substantial. Most drill pads were essentiadly
unchanged from their original condition, suggest-

ing that such standard alignment points such as top
of casing or ground level also would have been
essentially unchanged. Also, the volume of rock
interrogated by the geophysical logging tools is
roughly 2 ft (0.6 m) in diameter (L.E. Thompson,
Science Applications International Corporation,
written communication, 1996), even a vertical mis-

alignment of 2-3 sample positions would still
result in substantial overlap in the volume of mate-

rial being interrogated.
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Examination of the four scatterplots of figure  improved reproduction of the older measurements
12 indicates that the correspondence between the  in figure 13(b) is a general phenonom associated
computed porosity values is not exact. The 45°  with the Nelson (1996) computational method. For
trend of the cross plots is unmistakable, indicating  example, systematic bias is not eliminated: figure
clearly that both logging/data-reduction methods  13(c) appears just as biased as figure 12(c). Also,
are capturing essentially the same lithologic  the spread of the points, especially those farther
effects. However, a plot such as figure 12(c) does  away from the 45line is certainly no less in most
suggest that the values from one approach may be  cases, and in some [compare fig. 12(d) with fig.
systematically biased with respect to the other. In 13(d)], the degree of scatter is in fact greater.
this specific instance, the “older” porosity values .
appear to be systematically higher than those  In summary, the evidence does not appear to
reported by the “modern” readings. However, it isbe convincing that either logging or computational
also clear that the passage of many years in whaiethod is_cle_arly superior to the other. There is too
were effectively unmaintained boreholes may weldreat a likelihood that actual physical changes
have affected the in situ rocks such that both medccurred in the formations penetrated by the four
surements could be “correct.” To the extent thaflrill holes between their initial logging (Muller and
observations made “soon” after drilling are moreKibler, 1985; Nelson and others, 1991) and the
realistic than measurements made decades lat@/bsequent logging conducted by Thompson and
then neither set of the petrophysical porosity dat&ael (1996). Certainly, the lack of modern porosity
can be judged better or worse than the other, giveYplues for the vast majority of the WT-, G-, and H-
that the direction of comparison is only one waySeries drill holes leaves no alternative to the use of
(there are no old logs in the new holes). Note thaife older data at these locations.
in figure 12(a),.the direction .of the systematlc_blas *Additional Processing of Petrophysical
appears to be in the other direction from that '”us'Porosity Data
trated in figure 12(c), with the modern porosity val-

ues generally higher than the older ones. We wiill As presented in figures 12 and 13, the petro-
return to this issue of systematic bias within dri”physically derived porosity dataere recorded at
holes on page 51. uniform one-hdtoot depth increments (a few
holes were recorded at only one-foot intervals).
It happens that Thompson and Rael (1996jrne |aboratory-measured core porosity values were
were aware of the difference in computationalsammed on a nominal spacing of 3 ft (1 m),
approach between their work and that of Nelsoryithough coreecovery and othebgistical factors
(1996). Figure 13 presents a comparison similar teompined to render this nominal spacing by no
that of figure 12, except that the “modern” porositymeans exact. In order to maintain approximate par-
value plotted is no longePOROTOT (see also fig. ity hetween the number of core samples and petro-
11), but instead a variable labelRoRNEL (fig. 11)  physical measurements per unit length of drill hole
as a mnemonic device indicating that it was deter(\,\,here each type exists), the petrophysical values

mined using the ENP approach to compug@of  \vere resampled on a 3-ft spacing, producing a
Nelson. Note, however, that the two sets of ENRgmewhat less-variable profile, similar to the

logging tools were not necessarily calibrated ingyample shown in figure 14.

exactly the same manner; the interested reader is

referred to the ogiinal references for details. In addition to simply selecting the petrophys-

ical porosity values on 3-ft centers, the resampling

Note that the systematic downward bias ofalgorithm computed a simple average of the

the modern computed porosity values is noticeabladjoining measurements within plus and minus 1 ft

decreased for the older values from drillhole WT-2of the nhominal depth value. This two-foot averag-

[fig. 13(b)] compared with the modern values [fig. ing interval was based on the approximate diameter

12(b)]; the center of the cloud of data points now iof the physical volume of rock examined by the

more closely bisected by the“de of one-to-one gamma-raylogging tool. The use of such an aver-

correspondence. However, it is not evident that thiaged porosity based on measurements that already
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Figure 13. Comparison of petrophysical porosity values computed using two different sets of logging tools
using raw data acquired several years apart, but using essentially the same computational algorithm.
Drillnoles (a) G-2; (b) WT-2; (c) WT-10; (d) WT-12. Light-grey line at 45° indicates one-to-one
correspondence.

“average” the pore space present over a mucikm their original form, even after corrections for
larger sample volume than a core specimen has thle conditions.

effect of reducing the @rall variability of the ) ) o
petrophysical porosity profiles. Although this A reality of downhole geophysical logging is
reduction of variance is not particularly desirablethat hole conditions are commonly less than opti-
in a statistically based study, this part of the resanfl'@l- Theé gamma-gamma density tool used as the
pling process was developed intentionally to deaPasis for the porosity calculations isdecentral-

with less-than-optimal downhole data. Addition-126d t0ol, in which the logging sonde is purpose-

ally, the petrophysical data are somewhat “spiky”_fu”y presse_d against the side of the hole as the
instrument is pulled up the borehole. If the bore-

hole wall is particularly rough andégular, as it is
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Figure 14. Comparison of original 0.5- and 3.0-ft
resampled petrophysical porosity profiles for a
portion of drill hole UZ-16 containing both
lithophysal and nonlithophysal welded tuff.

more often than not at Yucca Mountain, particu-
larly in the welded Topopah Spring Tuff, the
gamma-ray source and/or the detector may sepa
rate from the rock mass alowing the detection of
direct gamma radiation not backscattered by the
formation. Alternately breaking away from and
recontacting the borehole wall produces intermit-
tent very large-amplitude readings indicating func-
tionally zero density (infinite porosity). Although
such anomalous data spikes are quite readily iden-
tified, the protocol for processing the raw petro-
physical measurements into porosity values called

for replacing the meaningless vaues with a miss-
ing-value code (typically a very large negative
number), thus maintaining a sequence of regular
depth values rather than deleting the data point
entirely from the data set. As a consegquence, an
automated resampling agorithm could easly
encounter athick interval of spiky data and, simply
by the luck of the draw, produce along sequence of
nothing but missing values, even though there were
many valid porosity values within the interval.

Statistical Description

Porosity
Upper Paintbrush Nonwelded (PTn) Model Unit

Porosity data obtained from the upper Paint-
brush nonwelded (PTn) model unit are portrayed in
histogram and cumulative distribution function for-
mat in figure 15. A statistical summary of these
dataisgiven in table 6. Comparison of datafor rel-
ative-humidity-oven and 105°C-oven dried sam-
ples, and of the total versus water-filled or effective
geophysical porosity indicates that there is a large
quantity of loosely bound structural water associ-
ated with some of the measured values. The impli-
cation is that hydrous-minera alteration appears to
be significant in the PTn model unit. However, the
milestone schedule and defined scope of work for
fiscal-year 1997 modeling activities did not allow
separate investigation (and modeling) of altered
and unaltered portions of the PTn model unit.

Topopah Spring Welded (TSw) Model Unit

Porosity values obtained from the Topopah
Spring welded (TSw) model unit are presented
graphicaly in figure 16; the corresponding statisti-
ca summary of these data is presented in table 6.
Examination of the raw porosity dataindicates that
there are two different “porosity” values of interest
in modeling rock material properties: “matrix” and
“lithophysal.” Lithophysal porosity, as that term is
used in this report, is taken to mean the porosity of
volumes of rock many tens of centimeters in diam-
eter, such that the porosity effect of large (centime-
ter scale and larger) lithophysal cavities is
included. In contrast, the termatrix porosity is
used in this report to refer to the porosity equiva-
lent to that measured for laboratory core samples,
in which the size of the matrix pores is small
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enough that water is held in them under dlightly
— 1 T ] 1.0 unsaturated (negative pressure) conditions.
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Figure 15. Histograms and cumulative distribution
functions of porosity values for samples from the
PTn model unit.
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Figure 16. Histograms and cumulative distribution functions of porosity for (a) matrix and (b) lithophysal
porosity values from the TSw model unit.

The difference between the two types of  the dark solid curve, whereas the matrix porosity
porosity measurements is not trivial, as illustrated  values measured for core samples are indicated by
in figure 17, a comparative down-hole plot of the lighter curve with filled-circle symbols. Note
matrix and lithophysal porosity datafrom drill hole  the marked divergence of the porosity values indi-
USW SD-7. Lithophysal porosity is indicated by  cated by these two sets of datain two vertical loca-
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Table 6: Statistical summary of total porosity data used in modeling
[All values are porosity as a fraction except number of data]

TSw CH-PP
PTn
Matrix  Lithophysal All Data Unaltered Altered
Mean 0437 0.152 0.205 0.322 0.309 0.323
Std.Dev. 0.118 0.053 0.080 0.086 0.088 0.074
Minimum 0.034 0.011 0.010 0.029 0.029 0.110
Maximum 0.742 0.553 0.616 0.630 0.537 0.630
N 1863 8195 8854 4824 2878 1525

tions within the drill hole. In general, these zones  bearing intervals, matrix porosity is set equal to
of divergence correspond to the two lithophysal  total porosity, whereas within these intervals of
zones (upper and lower) defined by Buesch and  curve separation, matrix porosity is set equal to the
others (1996). However, the correspondence isnot  water-filled porogy values.For example, figure 19
at all exact, and the total (= “lithophysal”) porosity is a scatterplot equivalent to péa) of figure 18 for
curve from downhole geophysics indicates thadrillhole WT-2, only in this case the “matrix”
substantial lithophysal cavity development mustporosity measurement is the wafilled porosity
extend significantly above and below the limits ofderived from the epithermal neutron porosity log.
the formally named “lithophysal zones” (fig. 17; The behavior of the total/lithophysal porosity val-
see also the individual drill hole plots of Appendix ues in these two illustrations with respect to matrix/
B). A scatterplot of these total/lithophysal porositycore porosity and its petrophysical surrogate is
values versus the depth-equivalent core/matrixtrikingly similar.

porosity is presented in figure 18, part (a). The

region of marked divergence from the® 4me-to- Itis clear that this practice is merely a simple
one correspondence line represents high lithoneyristic device, and that use of the water-filled
physal (total) porosities matched on a nearest-samy|yes  unquestionably will underestimate the
ple basis to the lower matrix (core) porosity values.actyal matrix porosity within the unsaturated zone

Note also the third set of data plotted in fig—for the_ smple reatsonttkcllat all t_he a\t/allalile fp||or§
ure 17; this curve is identified as “water-filed” SPac€ In € unsaturated zone 1s not water tiied.

porosity and is shown by the dashed line Wi,[houﬁowever, we believe that this approach is a reason-

symbols. This third curve is observed essentially téable apprommatlon for seval reaons. (1) Water'
overlie the true matrix (= core) porosity data S@turation throughout much of the Topopah Spring

throughout much of the drill hole. In locations 1Uff IS rather high, typically greater than about 80

where the water-filled porosity trace does notP€CeNt- (2) The water-filled porosity values in
closely match the core values, it is always observe@Ones Of significant lithophysal cavity development
to indicate markedly lower values than the soligdre much closer to the true matrix porosity than are

total/lithophysal porosity curve. The neamgg- e lithophysal porosity values, which can be
lence of core and water-filed porosity values isPPserved from figure 17 and 18 to be as much as

demonstrated in part (b) of figure 18. double the matrix (a@) powsity values for drill
hole USW SD-7. And finally, (3) because one of

Because many drill holes lack core data fromthe purposes of modeling the spatial heterogeneity
which to obtain matrix porosity for modeling pur- of porosity is to attempt to model the variability of
poses, we have adopted a practice (for those holssiturated hydraulic conductivity using porosity as a
only) of identifying lithophysal intervals (as dis- surrogate, the water-filled porosity data (at any in-
tinct from formal lithophysal zones) in thosen-  situ saturation) most likely represents essentially
cored holes using separation of the water-filled andall the pore space that is available for the transmis-
total porosity traces. Outside these lithophysaesion of water under unsaturated conditions.
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Note that it is possible to significantly under-
estimate the saturated hydraulic conductivity under
true saturated conditions in this manner. However,
as a practical matter, the discrepancy between the
true matrix porosity and the water-filled porosity
heuristic device isimportant essentialy only in the
crystal-rich nonlithophysal (Tptrn) top portion of
the Topopah Spring welded model unit (fig. 17,
depths of 400-500 ft). This reilzely high strati-
graphic interval almost invariably is present in the
unsaturated zone throughout the entire modeled
region.

Evaluation of the differences between rela-
tive humidity oven dried and 106 dried core
porosity values indicates that hydrous-phase min-
erals are of very modest extent within the densely
welded rocks of the TSw model unit. This conclu-
sion is compatible with other observations, which
indicate that the vast majority of the Topopah
Spring welded interval was devitrified and locally
recrystallized by vapor-phase alteration during
cooling of the originally hot pyroclastflow
deposit. The mineral assemblages formed by these
types of early alteration typically are not suscepti-
ble to zeolitization or clay formation.

Calico Hills-Prow Pass (CH-PP) Model Unit

A similar histogram and cumulative distribu-
tion function of total porosity values obtained from
the combined Calico Hills—Prow Pass (CH-PP)
model unit are presented in figure 20, and a statisti-
cal summary of the values is in table 6. Evaluation
of individual differences between relative humidity
oven dried and 10& dried core samples and
between total and “wateiled” porosity values
from petrophysical logs indicates, as does indepen-
dent geologic evidence, that hydrous-phase miner-
als are a major component of rocks from this
composite geologic interval. Mineralogical data
(Bish and Vaniman, 1985; Chipera and others,
1996') indicates that the vast majority of hydrous-
phase minerals present at these deeper stratigraphic

chi pera, S.J., Vaniman, D.T., and Bish, D.L., 1996,
Zeolite abundances and the vitric-to-zealitic transi-
tionin drill holesUSW SD-7, 9, and 12, Yucca
Mountain, Nevada: Report LA-EES-1-TIP-96-005,
Yucca Mountain Project Milestone LA4240, Los
Alamos National Laboratory, Los Alamos, N. Mex.,
20 p.
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levels are zeolites. No attempt has been made to
distinguish different zeolite minerals, as these iden-
tifications cannot be made simply based on the
presence of structurally bound water. Histograms
of porosity from unatered and hydrous-phase
altered tuffaceous materials in the Calico Hills-
Prow Pass model unit are shown separately in fig-
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Figure 20. Histograms and cumulative distribution
functions of total porosity for samples from the
Calico Hills-Prow Pass model unit

ure 21; corresponding statistical summaries are
presented in table 6.
Bulk Density

The histogram and cumulative distribution
function for (dry) bulk density values measured for
core samples dried at 105°C are shown in figure
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Figure 21. Histograms and cumulative distribution functions of porosity for 105°C-dried samples of (a)
unaltered and (b) altered rocks from the Calico Hills-Prow Pass model unit.

22(a). A satistical summary of the bulk density
values is presented in table 7. The correlation of
these bulk density values with 105°C-dried poros-
ity values measured on the same physical speci-
mensis presented in part (b) of figure 22. Note that
the points on the scatterplot are identified sepa-
rately as originating from atered or unaltered
materials, as determined by a separation of more
than 5 porosity percent between the 105°C- and the
relative humidity oven-dried porosity measure-
ments. Although there is a suggestion of a slightly
different relationship between the two different
types of materials, the exceptionally high coeffi-
cient of determination (r2 =0.972) for the data con-
sidered as a whole, combined with the relative
unimportance of bulk density as a flow-and-trans-
port modeling parameter, led us to neglect ater-
ation in modeling the spatial distribution of bulk
density. Other authors, notably Istok and others
(1994) and Flint (in review), have noted similar
excellent correlations of bulk density with porosity
aswell.

Saturated Hydraulic Conductivity

A histogram of the available |aboratory-mea-
sured saturated hydraulic conductivity data is pre-

Table 7: Statistical summary of bulk density data
from core samples from all model units

Bulk Density
(g/cm3)
Mean 1972
Std.Dev. 0.367
Minimum 0.8162
Maximum 2.509
N 4888

sented in figure 23. A statistical summary of these
dataisin table 8, and a scatterplot of these same
data against the corresponding porosity values is
shown in part (b) of the figure. Note that whereas
the correlation between bulk density and porosity
shown in figure 22 is based on measurements
obtained on the exact same physical specimen, this
approach is not possible because the specimens
used for hydraulic conductivity testing do not have
associated total porosity values (measured after
105°C oven drying). Flint (in review) reports
instead only the relative humidity oven dried
porosities measured on the hydraulic conductivity

plugs. Indeed, Flint's work demonstrates that the
most suitable type of porosity measurement for
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Figure 22. (a) Histogram and cumulative distribution function for bulk density measured in the laboratory
on core samples dried at 105°C. (b) Cross-plot of bulk density and porosity as measured in the laboratory
on core samples dried at 105°C. Distinction of “altered” and “unaltered” samples is based on the
relationship: ¢op > ¢ry + 0.05 (See text).

predicting saturated hydraulic conductivity is the  Figure 24(a) indicates that there are eliffnces
RH-dried porosity. Unfortunately, athough the between the two values that represent very small
petrophysical porosity data computed by Thomp-  scale (order of centimeters) heterogeneity and/or
son and Rael (1996) include values of “effectivemeasurement errors; the coefficient of determina-
porosity” [equation (13)] similar to the RH core tion (rz—value) associated with the crossplot is
measurements, the values computed by Nelsod.914. However, the differences in porosity value
(1996) do not. Because the values of Nelson for thare fairly unbiased (the porosity of the adjacent
WT-series of drill holesre critical to modéhg the  sample is about equally likely to be higher than that
extended site area (see figs. 8—10), we chose to redf the hydraulic conductivity specimen as it is to be
on the correlation of hydraulic conductivity with lower). Note that at the high-porosity end of the
total porosity rather than mix porosity measurespecimen, there may be a slight tendency for the
ments of different types. porosity of the hydraulic conductivity specimen to
S ] be lower than that of the adjoining bulk-property
~ Because Flint (in review) pursued a systtMypecimen. In general, the agreement of the two
atic sampling strategy whereby the specimens f%orosity values is quite good, and #meor induced
hydraulic conductivi_ty det_erminatio_ns were cut_by using the “nearby” 10€ porosity values proba-
from samples taken |mme_d|ately adjacent t_o SPeChly is less than it would be by mixing RH and
mens used for the full suite of bulk propertigs, ( 105C porosity values in the prediction because the

Prr P10sc). the additionalerror introduced by 105¢ values are systematically higher than the
using the correlation with the nearest ¥0&lried  5550ciated RH value [fig 24(b)].

porosity value is believed to be small. Figure 24(a)

is a cross plot of the relative humidity oven dried Several things are notable about the hydrau-
porosity values measured for the hydraulic conduclic conductivity data. First, the laboratory measure-
tivity specimens vs. the relative humidity ovenments are characterized by a very significant
dried porosity values of the immediately adjacennhumber of “non-detect” values, indicated by the
bulk-properties specimen. The grey solid line onoff-scale histogram bar at the left side of figure
the figure indicates one-to-one correspondenceé3(a). Reference to the cumulative frequency axis
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for the same figure indicates that approximately 35
percent of the physical specimens tested in the lab-
oratory yielded no measurable flow. These samples
have been assigned an arbitrary value of 10°% m/

sec for plotting purposes only. However, this treat-
ment of the no-flow samples greatly complicates
statistical description of hydraulic conductivity. As
table 8 indicates, the values computed as part of a
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Table 8: Statistical summary of saturated hydraulic conductivity data used in modeling
[Altered—unaltered distinction identified using difference between relative humidity af@ dified porosity values;
see text. All units are lggmeters per second except number of samples]

No-flow Samples Ighored No-flow Samples Set to -14.0
All Data Unaltered  Altered All Data  Unaltered  Altered
Mean  -8.9553 -8.6431  -9.7522 -10.6285 -10.5512 -10.8555
Std.Dev. 1.7317 1.7174 1.5034 2.7664 29141 2.2719
Minimum -11.7086 -11.3360 -11.7086 -14.0000 -14.000 -14.0000
Maximum  -4.6866 -4.6955  -4.6866 -4.6866 -4.6955  -4.6866
N 405 291 114 606 452 154

statistical summary of these data are dependent on  erating these figures. Figure 25(c) and (d) present
the value assigned to the no-flow samples. For  the same sample data, only here the discrimination
example the “average” conductivity of the flowing of unaltered and altered is based on differences in
samples is —8.9553 in lgg meters per second, sample behavior between relative humidity oven
whereas the “average” of all samples including thelrying at 60C and 65-percent RH and at 105
non-flowing ones is —10.6285 (log @), assum- with RH ~ O [see text associated with equation (1)
ing the no-flow conductivity value of —14.0 used inon page 23].

plotting figure 23(b). However, one could generate

practically any mean conductivity value desired Comparison of the two sets of figures indi-
simply by changing the conductivity assigned tocates that subdivisions based on the two different
the non-flowing samples, which is to a large exten€riteria are nearly identical. Unaltered samples
related simply to the physical limits of the per-[parts (a) and (c) of fig. 25] exhibit a strong depen-
meameter used for the measurements. Anothé&lence on porosity wheas altered samples [parts
interesting feature of the hydraulic conductivity (b) and (d)] show much less dependency on poros-
data, shown in figure 23(b), is the presence of aty. Histograms corresponding to these different
least three somewhat distinct clusters of porositysubpopulations are presented in figure Raits (a)
conductivity values, as suggested by the ellipsegnd (c) of the figure are for unaltered samples, and
superimposed on the scatterplot. Note that ellipsparts (b) and (d) are for the altered (“zeolitized”)
D simply caresponds to the spike of no-flow sam-samples. The univariate population derstics
ples already described. for the two classification methods are virtually

identical.
The clusters of samples indicatedfaandB

in figure 23(b) correspond essentially to “unal- Figure 27 is a similar comparison of scatter-
tered” and “altered” rock types (respectively),plots and histograms for the cluster of samples
defined as the absence or presence of zeolite (plidentified as cluste€ in figure 23. These samples
or minus clay) minerals. Figure 25 presents thesare essentially all from the vitrophyric units that
two clusters of samples using more precise criteriaver- and underlie the main welded phase of the
for alteration. Figure 25(a) and (b) are for sample§opopah Spring Tuff (matrix hydrogeologic units
separated into unaltered and altered classes usidg@ and 19, Flint, in review; units Tptrvl, Tptpv3,
more-or-less macroscopic criteria by Flint (inBuesch and others, 1996). Part (a) of the figure
review), who developed a set of hydrogeologicsimply uses the Flint unit codes as the basis for
units based principally (but not wholly) on the selecting the samples from the overall saturated
lithostratigraphic-unit classification of Buesch andhydraulic conductivity data set, however, part (b)
others (1996). Flint ultimately assigned each labowas constructed using a criterion of porosity <
ratory specimen tested to a specific matrix-prop9.05. Again, the populations identified by the
erty hydrogeologic unit, and the designators fomhydrogeologic-unit and the material-property
these different units have been used directly in gerapproaches are virtually identical. Flint (in review)
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Figure 25. Scatterplots of saturated hydraulic conductivity as a function of porosity for samples separated
on the basis of “alteration.” (a) Unaltered and (b) altered samples discriminated using the alteration-unit
codes of Flint (in review); (c) unaltered and (d) altered samples discriminated by differences in relative
humidity oven vs. 105°C drying. Heavy solid line is regression fit; dashed lines are 95-percent confidence

bounds.

attributed the high and quite variable hydraulic
conductivity values exhibited by these low-porosity
rocks to the presence of microfractures in these
dominantly glassy materials, and it is quite likely
that some of the higher hydraulic conductivity val-
ues exhibited for the lower-porosity samples shown

in figure 25 are the result of microfracturing as
well.

The ability to discriminate populations with
different hydraulic conductivity characteristics
using porosity extends the use of porosity-as-a-sur-
rogate to a higher level than simply developing pre-
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Figure 26. Histograms and cumulative distribution functions for (a) unaltered and (b) altered samples
identified by matrix property hydrogeologic unit designator, and for (c) unaltered and (d) altered samples

identified by differences in RH and OD behavior.

dictions of hydraulic conductivity based on a
correlation with porosity. As originally suggested
in figure 2, and as described in greater detail in the
section on Development of the Models, the subdi-
vision of rock-type classes based on porosity is
crucial to the modeling activities described in this
report.

Thermal Conductivity

Thermal conductivity and porosity data have
been obtained from a modest number of samples
collected from the PTn and TSw model units
(Brodsky and others, 1997). Figure 28(a) presents a
histogram and cumulative distribution function of
the available thermal conductivity data measured at
70°C and under 105°C-dried saturation conditions.
The values plotted in figure 28(b) clearly indicate a
dependency on porosity, which is as expected given
that the therma conductivity of a material is

closely related to its bulk density and that porosity
isinversely related to bulk density in the non-zeoli-
tized tuffs. Note, however, that this sample suite is
distinctly separate from that used for the remainder
of the bulk and hydrologic propertiesin this report.
There are virtually no thermal conductivity data
available for zedlitized tuff. A statistical summary
of the available thermal conductivity data is given
intable 9.

There are two major difficulties in using the
existing therma conductivity data. First, the in-situ
bulk density of the Topopah Spring welded unit is
most directly related to the lithophysal porosity of
this unit, not to the matrix porosity. Open cavities
too large to be measured as part of the matrix
porosity laboratory procedure (or its petrophysical
equivaent) will significantly reduce the bulk den-
sity, leading to lower effective thermal conductiv-
ity. Figures 17 to 19 indicate that lithophysal

40 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



()
,g T T T T { T T T T { T T T T { T T T T
E r ® vitrophyres, units 12,19 | ]
£ SF N
> L J
2 L ° i
(&)

=} ®
o - J
o ®
O e 1
£ 10 . =
> 8

o I o ®@ 1
S b °

>
T L J
© L ]
Q
) - e® 0@ ® e
S 1 1 1
9 _15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20

Total Porosity, as a fraction

(C) 0.30 [ T { T { T { T { T { 1.0
0.25 |- Jos 3
C c
0.20 |- i S
g L {06 &
o} F L
3 015 . o
g . o4 E
“ o010[ | E
- —02 3

0.00 = ——1 e X

14 <12 -10 -8 -6 -4

log,(Ksat, in m/sec)

(b)
T T T T N T T T T N T T T T N T T T T
g i e $<005| |
e 5r N
£ L J
= I ° |
s °
=} [ [ ) B
S °
o r 4 1
2 °
§ '10 — ‘ -
=4 - e®e, 1
T
= L J
%)
&
o = o O b
_15 11 1 1 l 1 1 11 l 1 1 11 l 1 1 11
0.00 0.05 0.10 0.15 0.20
Total Porosity, as a fraction
0.30 C o T N T N T N T ‘ T ‘
0.25 - h
-, 020 - |
Q = —
3 u
> 0.15F .
=1 "
o F —
“ o010f |
0.00 1 Ml L.

14 <12 -10 -8 -6 -4

log,,(Ksat, in m/sec)

Figure 27. Scatterplots of saturated hydraulic conductivity vs. porosity for (a) vitrophyre samples
corresponding to matrix hydrogeologic units of Flint (in review) and (b) samples with porosity < 0.05.
Histograms and cumulative distribution functions for (c) vitrophyre samples corresponding to matrix
hydrogeologic units of Flint (in review) and (d) samples with porosity < 0.05.

porosity values can be greater by a factor of two
compared to the depth-equivalent matrix porosity
values. Use of this factor-of-two porosity differ-
ence applied to the regression relationship shown
in figure 28(b) would lead to the over-prediction

samples; see table 9), and furthermore, those sam-
ples are highly biased both spatially and toward
low-porosity materials. (1) Two of four drill holes
that were sampled for thermal conductivity speci-
mens, although located within the extended site

errors of roughly 30-50 percent for thermal con-area, are actually located some distance from the
ductivity, depending on the actual porosity levelrepository block itself (NRG-4, NRG-5). (2) The

considered.

sampling vertically within a given drill hole is not
at all systematic, and in fact, the vertical distribu-

A second, rather severe difficulty with the tion of samples cannot at all be considered “repre-
available thermal conductivity data is that the densentative” of the entire Topopah Spring welded
sity of sampling is not great (a maximum of 52model unit. (3) The only samples that represent the
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Figure 28. (a) Histogram and cumulative distribution function for thermal conductivity. (b) Scatterplot of
thermal conductivity as a function of total porosity. All thermal conductivities measured at 70°C and
105°C dried conditions. Solid line in (b) is regression fit; dashed lines are 95-percent confidence interval.

Table 9: Statistical summary of all measured thermal
conductivity data from non-zeolitic rock samples at Yucca

Mountain
[All units are watts per meter-Kelvin, except porosity as a fraction and number
of tests]
Thermal Conductivity @ 70°C Porosity
All Rock Units TSw Only (105°C)
Saturated 105°C Dried
Mean 1.772 1.054 1.241 0.197
Std.Dev. 0.524 0.516 0.427 0.156
Minimum 0.730 0.160 0.620 0.040
Maximum 3.090 2.200 2.200 0.610
N 49 52 35 54

higher porosity values (needed to model the effect
of lithophysal cavities on heat conduction) are
taken from the PTn model unit, and thus represent
nonwelded tuffs rather than the lithophysal portion
of welded materials.

With respect to the several biases known to
exist in the thermal conductivity data, consider fig-
ure 29, which is a histogram of the 54 porosity val-
ues measured on the therma conductivity test
specimens. Comparison of this figure with the his-
togram of all porosity data measured from the
Topopah Spring welded unit (fig. 16) clearly indi-
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cates the extent of the sampling bias. First, figure

29 isclearly bimodal, representing, asit does, sam-

ples from both welded and nonwelded rock types.

If we discount the group of samples with porosities
higher than about 40 percent, the mode corre-
sponding to the welded Topopah Spring samplesis
strongly skewed to lower porosity values. For
example, the approximate modal value in figure 29

is 8-10 percent, whereas the modal value of the
entire TSw model unit is 14-16 percent for matrix
porosity and 18-20 percent for the lithophysal
porosity; these latter values represents the type of

Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



porosity measurement that would be expected to
control the thermal conduction properties.
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Figure 29. Histogram and cumulative distribution
function of total porosity values measured for
thermal conductivity test specimens.
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Figure 30. Histogram and cumulative distribution
for thermal conductivity systematically predicted
from lithophysal porosity values in drill holes USW
SD-7, SD-9, and SD-12 using regression equation
from figure 28(b).

We have attempted to reduce the impact of
these sampling biases in the following manner.
First, we assume that the regression relationship
presented in the scatter plot of figure 28(b) is a
valid predictor of thermal conductivity across the
range of porosity values appropriate for the TSw
model unit. We then predict thermal conductivity

from the systematically sampled (nominal 3-ft
spacing) porosity data available for three drillholes
located within the footprint of the potential reposi-
tory (USW SD-7, -9, and -12; fig. 31). We then
aggregate these three sets of predicted values and
compute the appropriate statistical quantities and
histograms (fig. 30; table 10). Note that athough
the average therma conductivity for both the 35
measured samples of the Topopah Spring welded
model unit and the predicted thermal conductivity
of the TSw unit as a whole (table 10) are remark-
ably similar at approximately 1.2 w/m-K, the ther-
mal conductivity of major portions of the unit
differ markedly from one another (fig. 31).

Table 10: Statistical comparison of measured and
predicted thermal conductivity data for the Tsw
model unit

[All units are Watts per meter-Kelvin, except number of tests]

Measured Predicted
Thermal Thermal
Conductivity Conductivity
@ 70°C @ 70°C
Mean 1.241 1.183
Std.Dev. 0.4272 0.182°
Minimum 0.62 0.676
Maximum 2.200 1.550
N 35 6063

a. aso includes effect of measurement errors
and lithologic variability
b. includes effect of lithologic variability only

“Zeolite” Alteration in the Calico Hills—Prow
Pass Unit

Alteration as a category was modeled only in
the combined Calico Hills—Prow Pass model unit.
Figure 32 is a histogram and cumulative distribu-
tion function for the binary alteration indicator
flags from the Calico Hills—Prow Pass model unit.
The relevant summary statistics for alteration cate-
gory are presented in table 11. As described in the
section onMeasurement Methods beginning on
page 23, the indicator alteration flag defined using
the different types of porosity measurements is not
truly a mineralogic indicator of the presence or
absence of zeolites. However, the dominant
hydrous-phase mineral present at these strati-
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Figure 31. Downhole variation in predicted thermal conductivity values based on measured porosity
data for drill holes (a) USW SD-7, (b) SD-9, and (c) SD-12. Thermal conductivity key: dark line—
predicted Ky, at 70°C and 105°C-dried conditions; light grey line—predicted Ky, at > 100°C. Porosity key:
dark line—lithophysal porosity from petrophysical logs; light grey line with symbols—matrix porosity from

core samples.

graphic levels is zeolite, principaly clinoptilolite
with or without mordenite (Chipera and others,
1996*). Because no detailed mineralogic classifica
tion is available for samples on which saturated
hydraulic conductivity was measured, we assume
that all hydrous-phase ateration reduces the con-
ductivity in the same manner. In the later stages of
the modeling process (fig. 2), models of expected
dteration are combined with information regarding
the spatial distribution of porosity to produce a
composite model of saturated hydraulic conductiv-
ity for the overal model unit.

Tsee unpublished citation on page 33

Table 11: Statistical summary of alteration
category in the Calico Hills—Prow Pass model unit

Alteration Flag

Mean 0.525
Std.Dev. 0.499
Minimum 0
Maximum 1
N 5140

Spatial Continuity Description

Quantitative description of spatia continuity
patterns (also frequently referred to as spatial cor-
relation) employed standard variography tech-
niques, and was conducted separately for each of
the three modeling units. Three-dimensional exper-
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Figure 32. Histogram and cumulative distribution
function of alteration category for the Calico Hills—
Prow Pass model unit.

imental (semi)variograms were computed in strati-
graphic coordinates using the normal-score
transformed values of total porosity (see descrip-
tion of the normal-score transform under Develop-
ment of the Models). Unless otherwise noted in the
sections that follow, variograms were computed for
the stratigraphically vertica direction and in the
stratigraphically horizontal direction in 30-degree
increments, starting from north = 0°. Additionaly,
variograms were also computed in the 45° and 135°
directions to ensure that the 30-degree increments
did not miss some particularly strong correlation
structure in these intermediate directions.

The variogram estimator used in this study is
the semivariogram, v, which is traditionally defined
as half the average squared difference between two
attribute values approximately separated by a vec-
tor, h:

N(h)

V) = sny Y @oZen)” 1 09)
i=1

where Z, isthe value of a variable at a spatial loca-
tion, X, and Zy +p) isthe value of that same variable
located the vector distance, h, away. Note that with
the exception of the factor of 2 and the fact that the
comparison is between two sample values, rather
than between a sample value and a mean value,
equation (16) is identical to that used to estimate a
variance. Thus it is no coincidence that for many
earth-science applications, the variogram estima-

tor, y, is observed to converge on the variance of
the data, 2, as the separation distance between the
pairs of samples being compared becomes very
large.

Equation (16) is computed across al avail-
able pairs of samples and al available spatial sepa-
rations, h (note that the pair separations, h, are
typically grouped into some modest number of dis-
tance classes). The strength of the spatial correla-
tion, v, for all possible separations, h, (as is
typicaly required for modeling) is described by
use a group of particular mathematical functions
that have the property of yielding positive-definite
covariance matrices. These models are parameter-
ized by variables generally referred to as the nug-
get, designated CO, the sill, designated C1, and the
range, designated by a. We can thus define:

y = CO+ClSph (h) (17)

where the expression C1Sph,(h) refersto a spheri-
cd variogram model (one of many possible func-
tions, see Journel and Huijbregts, 1978) with range
= a and sill =C1. Figure 33 presents an idealized
experimenta variogram, fitted by a typical vario-
gram model, illustrating these various component
quantities.

Analysis of spatia correlation is admittedly
partially an art, rather than a wholly objective sci-
ence. The objective is to capture the overal spatial
continuity pattern(s) within a conceptua frame-
work guided by the geologic setting and knowledge
of relevant site-specific factors. Each component of
amodeled variogram should have some reasonably
meaningful geologic explanation. Features in the
experimental variograms that conflict with geo-
logic understanding frequently reflect artifacts of
less-than-optimal sampling patterns; such features
should be investigated carefully before being incor-
porated into avariogram model. In addition to cap-
turing the essence of the geologic continuity of the
relevant property, a fitted variogram model must
comply with certain restrictions that are imposed
by the use of such amodel in the numerical smula-
tion or interpolation of measured values to form a
material property model. For example, if a particu-
lar structure is well developed in one direction, the
same mathematical form which captures that struc-
ture must be used in all other directions, even if the
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Figure 33. (a) Idealized experimental variogram with fitted model and components; (b) Example of
identical experimental variogram fitted by two nested models.

structure in question is not particularly well devel-
oped in those directions. This coherence of mod-
eled structure in three orthogonal directions can be
particularly troublesome if the degree of spatial
resolution is much greater in one direction (closely
spaced samples down adrillhole, for example) than
in others.

Anisotropy in the spatial correlation patterns
of various material properties is expected in a lay-
ered sequence of rocks, such as those a Yucca
Mountain. Continuity of rock properties in the
stratigraphically horizontal direction generaly
should be greater than in the vertical direction.
Properties might well be more continuous aong
the direction of ash-flow transport than in the hori-
zontal direction normal to transport (or vice versa).
Although standard geostatistical practice is to fit
model variograms to the sample data individualy
in each desired direction, these separate models
cannot be used directly as input to a simulation
agorithm. Rather than attempt to compute the nec-
essary spatia covariance values differently in dif-

Anisotropy is then described in terms of the
stretching and rotation that would be necessary to
transform the ellipsoid into a sphere (circle). The
coordinate system is then transformed using this
information, the model values are generated, and
the coordinate transformations are reversed. How-
ever, a corollary that follows directly from the
computation of all covariance values using an iso-
tropic mathematical expression, is that any nested
models must be of the same class of mathematical
functions. One cannot, for example, fit a spherical
model vertically and an exponential model for the
same structure horizontally.

PTn Model Unit

Sample variograms computed in the three
directions of minimum, maximum, and intermedi-
ate continuity for total porosity in the PTn model
unit are presented in figure 34, together with the
fitted model computed in those same three direc-
tions. The vertical variogram [fig. 34(d)] is the best
defined, and it exhibits modest hole-effect phe-

nomenon for intersample distances of about 60—
120 feet. Ahole-effect variogram is defined by a
variance that increases and then decreases with
increasing separation between pairs of samples;
typically there is some sort of approximately peri-
odic relationship between the peaks and troughs.
The hole-effect is so named because it is most fre-
quently observed when computing sample vario-
grams down vertical drill holes in a (horizontally)

ferent directions, it is typicaly the coordinate
system describing samples and grid nodes that is
modified to an isotropic system in which computa-
tion of the spatial covariance values is straightfor-
ward. This process can be conceptualized by
envisioning an ellipsoid in three dimensions (or a
simple €llipse in two) for which al points on the
surface are at the same structural (geologic) dis-
tance, as opposed to the same Euclidean distance.
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layered lithologic sequence. When variograms are
computed for such a layered sequence, two rela
tively similar layers may be separated by alayer of
different character. At small intersample distances,
one is comparing essentialy only samples from
within the same unit. As the distance between sam-
ple pairs increases, one begins to compare across

(a) 2 O T T T T N T T T T N T T T T N T T T T
% L 4
S r ~80 ft }
gy — i
a L i
> - -
" L ]
D L0 gl
g [ % 'V'\r"'\r'\-vf\N’ 1
=) L e
an i ]
b v
] rd
E 05
=) e
p P

0.0 1 1 1 1 l 1 1 1 l 1 1 1 1 l 1 1 1 1 K
0 50 100 150 200

Separation distance, feet

the different units, leading to higher computed
variability. However, as the separation increases
further, one begins to compare samples located in
the more-similar units straddling the intervening
layer and the computed variability thus decreases.
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Figure 34. Variograms of total porosity normal-score values from the PTn model unit: (a) vertical; (b)
horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 200-500;

(b) 300-1900.

The horizontal variograms [fig. 34(b)] of
total porosity in the PTn model unit are less well
defined and considerably more irregular than the
vertical variogram. Figure 34(b) is computed for
2500-ft lag classes, and the plot is relatively
smooth, however, compared to variograms com-
puted for shorter lag spacings (not shown). The
maximum direction of spatia continuity is
observed in the S 45° E (azimuth = 135°) direction,
and we have inferred a modest degree of anisot-
ropy. The orientation of the direction of maximum
spatial correlation is attributed to the relative loca
tion of the source vents for the Yucca Mountain
and Pah Canyon Tuffs, which are principal compo-
nents of the PTn model unit, to the northwest of the
repository site itself. Isopach maps of the Yucca
Mountain Tuff (Clayton and others, 1997) indicate
a southeast-trending lobe of thicker outflow-facies
tuff in the northern part of the site area. This depo-
sitiona lobe is reflected in the isopach of the total
PTninterval aswell. The Pah Canyon Tuff exhibits
a depositional lobe of thicker tuff trending some-

what more southerly in this same region. Because
the Yucca Mountain Tuff, and the Pah Canyon Tuff
to alesser extent, contain welded tuff in their thick-
est portions, it follows that porosity values would
be more continuous along those depositional trends
than at 90 degrees to them. An interesting feature
of the sample variogram at an azimuth of 45° isthat
although some 80 percent of the total variability is
reached for pairs of samples separated by approxi-
mately 5000 ft, the variability of samples separated
by even greater distances does not increase, and, in
fact, appears to decrease somewhat. This feature
may reflect arelative lack of variability within the
broad distal fringe of the Yucca Mountain and/or
Pah Canyon Tuffs, the vast mgjority of which is
nonwelded tuff and partially reworked tuffaceous
sediment of relatively high porosity.

A set of three nested spherical variogram
models plus a small nugget effect has been fitted to
the sample data using the parameters specified in
table 12. The composite spatia correlation model
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appears to fit the sample variograms rather well,  but is more typically 30-100 ft in others. The
and the model is appropriately consistent withsam-  excellent sample control in the vertical direction is
ple variograms computed in other directions (not  the strongest argument for a small nugget. Second,
shown). The horizontal variograms [fig. 34(b)]  theoretical considerations require that as intersam-
suggest a larger nugget effect than modeled here.  ple distances approach zero, variability diminishes
We selected the very small nugget value of 0.01  to zero as well. What may account for larger vari-
(table 12) for anumber of reasons. First, thedown-  ability at very small sample spacings (not precisely
hole sample variogram [fig. 34(a)] indicates virtu-  equal to zero) is measurement error. Presumably
aly no nugget effect and this interpretation issup-  one is not ingrested in reproducing measurement
ported by systematic sampling on approximately 3-  error in the model, so one may be justified gener-
ft centers. The shortest average lag spacing inthe  ally in interpreting through a nugget effect to cap-
horizontal directions is 7-8 ft in a few directionsture the underlying geologic phenomenon.

Table 12: Modeled variogram parameters for total porosity normal scores in the PTn
model unit

Nest Model R?fr:)ge sill Rozggg?eég)gle Anisotropy Ratio
No. Type Maximum Inter-  Minimum 1 s 3 1 )
(horizontal) mediate (vertical)
Nugget 0.01
1 Spherical 3500 3000 25 0.30 135 0 0 0.857 0.00714
2 Spherical 17000 5000 60 0.40 135 0 0 0.294  0.00350
3 Spherical 35000 25000 100 0.29 135 0 0 0.714  0.00286

A third reason that we have discounted the
apparent nugget effect present in figure 34(b) is
that the magnitude of this apparent nugget effect it
(in part) a function of the vertical bandwidth used
for accepting sample values into the calculation of
the variogram value. Figure 35 shows the near-ori-
gin portion of a series of variograms calculated
using exactly the same data and in an identica
manner except that the vertical bandwidth was var
ied systematically from 100 ft (one-half the nomi-
nal thickness of the PTn model unit) to 5 ft. The
apparent nugget effect decreases systematically ¢
well, from a value of approximately 0.7 to less than 0 5000
0.2. Of course, as the bandwidth allowed for the Separation distance, feet
sample search decreases, the number of pairs ui _ _ _
samples that can be located within this tolerancé; ggnléﬁijti' o\rﬁrr:ggr?;;itSL?(;)ng:‘gasg:f;r?tfr\ﬁ;gce?l
e e e ot o et A 135" o spscing = 250

Dotted line is a priori variance.

suspect.

Normal-Scores Variogram

We interpret the first (shortest range) Struc_moderately welded Yucca Mountain and Pah Can-

ture witha = 3500 ft in the horizontal 135-degree yon Tuffs in the northern part of the sitea (much

. . ) of the main masses of both the Yucca Mountain
direction to be related in some manner to the

thicker depaositional lobes involving the partially to and the Pah Canyon Tuffs are located to the north
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and west of the northernmost drill holes used in  TSw Model Unit

this study). The much more extensive second struc-

ture with a = 17,000 ft is most likely related to ~ Matrix Porosity

some average lateral extent of relatively thin indi-

vidual units of air-fall tuff and pumice-fall depos- Sample variograms computed using matrix
its, and to partially reworked “bedded” tuffs. TheSEporosity data from the Topopah Spring welded
thin alternating units in the more distal portions ofmodel unit for the minimum, maximum, and inter-
the Yucca Mountain and Pah Canyon outflowmediate directions of spatial continuity are pre-
sheets are probably also responsible for the veryanied in figure 36. The fitted model variograms

short ranges (25 ft and 60 ft) of these two nestegre also shown on the figurRart (a) of igure 36 is
structures in the vertical dimension. Interlayering,, variogram computed in the minimum-continu-

qf coarse gra'ned pumice-fall ctmu.ts with much ity, stratigraphically vertical direction with a sam-
finer grained air-fall tuffs could easily account for a
[t)le lag of 3 ft, whereas part (b) shows sample

major part of the variability observed at these short ", . .
sample-separation distances. The third nestedf 09rams computed horizontally at azimuths O_f 0
structure with the very long range @#35,000 ft is and 90 degrees (north-south and east-west), using a

functionally a “dummy” structure, created to makel@g-class interval of 2000 ft. Maximum spatial cor-
the several sill components sum to 1.0 as requirdg@lation is observed in the north-south direction.
for simulation modeling, particularly in the vertical The vertical variogram is particularly well defined
dimension. As the maximum inter-drillhole dis- because of the closely spaced sampling along drill
tance is generally less than about 15,000 ft for thBole taces, whereas the hasiztal variograms are
PTn model unit [fig. 8(a)], this structure contrib- somewhat more irregular, largely because of the

utes very little during the modeling process. irregular pattern of surface-basedltioles.
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Figure 36. Variograms of matrix total porosity normal-score values from the TSw model unit: (a) vertical;
(b) horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 1400-4000;
(b) 1000-17000.

A particularly notable feature of the vertical about 0.6 compared with the standardized a priori
variogram in figure 36(a) is that eveniatersam- variance of the entire data set of 1.0. In contrast,
ple spacings of 500 ft (which is half the nominalboth variograms shown in figure 36(b) clearly
thickness of the TSw model unit in stratigraphicapproximate the expected sill value of 1.0 at long
coordinates) the sample variogram value is onl\separations.

Development of the Models 49



The explanation of this lower-than-average
variability aong drillholes is not completely clear,
athough the behavior most likely has its origin in
one of at least two causes. First, although there is
no major decrease in variability, such as would be
associated with a strong hole effect like that of fig-
ure 34(a), there is indeed a suggestion that the vari-
ogram vaues at separations slightly greater than
250 ft are somewhat lower than those associated
with separations just less than 250 ft. A dight, but
fairly well defined increase in the variogram values
followed by a weak decrease can also be observed
in the sample plot at distances between 400 and
450 ft, again potentially suggestive of a very weak
hole effect. Consideration of the geology of the
Topopah Spring welded unit supports the existence
of some sort of hole-effect phenomenon. As is
clearly illustrated by the porosity data profiles in
figure 17 and in Appendix B, the TSw model unit
is marked by the alternating presence vertically of
lithophysal and nonlithophysal intervals. The effect
of these lithologic zones on matrix porosity is
much less than for the lithophysal porosity data (to
be discussed below), the presence of more intense
vapor-phase alteration in the lithophysae-bearing
intervals may have increased the matrix porosity
values by a modest amount. Interestingly, the pro-
totypical thickness of the lithophysae-bearing
intervals is approximately 200-250 ft (fig. 17).
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A second, and probably more likely explana-
tion for the variogram behavior observed in figure
36(a) may be that the lower variance computed in
the vertical direction is a product of a type of zonal
anisotropy involving vertically persistent areal
trends in the data, as described by Kupfersberger
and Deutsch (1997). Indeed, that sucherkity
variable vertical “zones” exist can be demonstrated
by computing the vertically averaged mean matrix
porosity for each vertical drill hole separately.
Because each drill hole has been sampled in a con-
sistent and essentially uniform manner (Appendix
B), variability in the computed mean values is
related to broad areal changes in character and not
simply to artifacts of non-systematic sampling. If
we further restrict our examination to the 26 drill-
holes that penetrate the entire thickness of the TSw
model unit (table 4) in a further effort to avoid sam-
pling artifacts, we obtain the distribution of mean
values and standard deviations shown in figure 37.
Although the “average” TSw matrix porosity is
approximately 0.15, the individual drill hole means
vary from 0.10 to 0.23. Note that this variability is
zonal, rather than the effect of a systematic
regional trend in porosity, as there is no evidence in
the horizontal variogram (fig. 36(b) of the charac-
teristic parabolic inrease in the vayxgram value at
large separations (Journel and Huijbregts, 1978).
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Figure 37. Histogram of (a) Drillhole-Mean Matrix Porosity Values and (b) Drillhole-Mean Standard
Deviations of Porosity for the TSw Model Unit for Fully Penetrating Drillholes (n=26).
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A third potential and somewhat more dis-
turbing explanation for the variogram behavior
observed in figure 36(a) might be that the low vari-
ance is an artifact related to the nature of the data
used in this modeling exercise. In order to create
models for the majority of the extended site area
(fig. 9), it was necessary to use virtualy all the
available porosity data, including values from (at
least) two different generations of borehole petro-
physics plus laboratory-measured core values.
Because of the generally quite wide inter-hole dis-
tances available in the composite data set, the
search parameters used in constructing the vario-
grams in the vertical direction have the practical
effect of restricting the neighborhood of samples
located to those from a single drill hole. As only
onetype of matrix porosity datatypically exists for
agiven drill hole (e.g., petrophysical porosities for
a WT hole; core porosities for an SD hole), any
systematic differences in the magnitude or overall
variability of porosity values measured by the sev-
eral aternative techniques would be more or less
negligible in the down-hole direction. In contrast,
the horizontal variograms, which must of necessity
consider data from many different drill holes,
would include any systematic differences of this
type, and thus the overall variability of the sample
pairs might be anticipated to be higher. Note that
the net effect of this type of data bias is otherwise
indistinguishable from the effects of the zonal
anisotropy described previoudly.

Support for the concept of a horizontal
“hole-effect” related to alternation of datgpe,

In each of these sample variograms, the observed
variability of sample pairs increases rapidly with
increasing distance and then decreases to values of
0.5-0.8 for greater separations punctuated by
crudely periodic, typically single-lag spikes indi-
cating variability much greater than 1.0 at intervals
of between 4000 and 5000 ft. These observations
are compatible with the observation from figure 9
that drill holes separated by spacings of more than
5000 ft, and invariably by spacingsegter than
10,000 ft, are members of the WT-, G-, and H-
series. Porosity data from all of these holes were
derived from geophysical logs run during the pre-
site characterization period (Nelson, 1996), and
these porosity data were processed using a consis-
tent set of inputraices and algorithms.
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Figure 38. Sample variograms for matrix porosity
data from the TSw unit computed using 1000-ft lag

rather than of lithology per se, can be observed irspacings. Note the typically lower-than-sill
the behavior of some of the horizontal sample vari-variability of sample pairs at lags greater than

ograms as well. Note that in figure 36(b)eth of

5000 ft. Dotted line is a priori variance.

the four largest-separation variogram values are

markedly lower than the indicated sill value of 1.0.

Although this variability could easily be attributed There is also one other data-relatesbie that
simply to noise related to imperfections in themay be contributing to differences in magnitude
stratigraphic coordinate transformation or less-and variability between and within drill holes.
than-ideal drill hole locations, the observation thatMatrix porosity is essentially a core-scale property
variogram values associated with larger separatiohy the definitions used in this study, whas itho-
distances are less than those associated with shorfgrysal porosity is only defined at l&mgthan-core
separations is consistent across the entire suite s€ales. The vagaries of the Yucca Mountain Project
variograms calculated but not shown in this reporthave been such that all cored drill holes have geo-
For example, figure 38 shows horizontal vario-physical logs but not all holes with geophysical
grams computed at azimuths of 90, 120, and 15lbgs have core. Because the total porosity values
degrees using a shorter lag spacing of only 1000 fcomputed using downhole geophysics are effec-
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tively lithophysal porosities in lithophysae-bearing
intervals and matrix porosity elsewhere, we are in
the position that there are no petrophysically com-
puted matrix porosity values for the lithophysal
intervals. If thereisno corein agiven hole, thereis
no direct measurement of matrix porosity.

Because the principal set of drill holes for
which this condition applies is the WT series (fig.
9), some sort of work-around was required to avoid
producing models with no data whatsoever in
approximately one-half the vertical thickness of the
TSw model unit throughout much of the model

character, satutimns typically ircreasewith prox-
imity to the static water level. Because the princi-
ples of capillarity (e.g., Hillel, 1980) require that
any lithophysal cavities even a few millimeters in
diameter be air-filled under unsaturated (tension)
conditions, it is likely that water-filled porosity val-
ues are within a 1 or 2 porosity percent of the true
matrix values. The situation is somewhat more
complex in the lithophysae-bearing intervals asso-
ciated with the crystal-rich lithophysal and crystal-
poor upper lithophysal lithostratigraphic zones of
Buesch and others (1996). These lithophysal inter-
vals are generally higher above the water table, and

domain. In compiling the “matrix” porosity data, the available evidence indicates that the matrix sat-
we adopted the heuristic device of substituting theiration as measured on core samples may be on the
water-filled porosityg,,, for the total (lithophysal) order of 60—80 percent rather than 80—@dcpnt.
porosity,¢, in the inferredithophysal zones only Still for rocks of roughly 15 @rcent poosity at a
[see text associated with equations (6) and (7))probable low-end) saturation of 60 percent, the
Note that as all but the very upper and lower martotal potential error should be
gins of the Topopah Spring Tuff are both welded (1—-0.6) x 0.15 = 0.06 , or 6 porosity prcent.
and devitrified, the issue of structurally boundAt 80 percent saturation, the potential error is half
water within the minerals themselves can beof that, or 3 porosity percent.
neglected. Of greater impact is that sigge= (¢,
+ ¢,) [eq. (2)], the presence of these lithophysal We have modeled the sample variograms for
intervals above the water table throughout parts ofmatrix porosity in the TSw model unit (imperfec-
the extended site area introduces yet another sourtiens and all) using a set of three nested spherical
of “noise” into the modeling process. “Lithophysal structures and the model parameters given in table
intervals” for purposes of this heuristic substitution13. The fit to the empirical values, as presented in
were defined by marked and abrupt separatioffigure 36, is really quite acceptable for the shorter
between the total (lithophysal) and the water-filledlag distances. Because the total variance captured
porosity traces (see Appendix B). in the variogram model must be equal to one, we
have dealt with the lower variability observed in
In general, the approxirtian of matrix the vertical variogram of figure 36(b) by increasing
porosity by the wair-filled porosty data is proba- the range of the third nested structure in the vertical
bly not far wrong. Throughout the crystal-poordirection to a very long (compared to the vertical
lower lithophysal lithostratigraphic zone (Bueschextent of the TSw unit) 2000 ft (= 8000 ft maxi-
and others, 1996) of the Topopah Spring Tuff, thenum range times an anisotropy ratio of 0.25), and
rocks are relatively close to the water table so thahen limiting the search déus used to locate sam-
the expectednatrix saturations would be relatively ple values for modeling in the vertical direction to
high. It is observed empirically (for example, Raut-a maximum of 350 ft, as indicated in figure 36(a).
man, 1995: UZ-16; Rautman and Engstrom, 1996a,
1996b: SD-7 and -9, respectively) that matrix satu- Vertical structure 2 with ranga = 250 ft (=
rations measured on core samples are on the ord@®00 x 0.417) clearly is related to vapor-phase
of 80-90 percent in this interval. Also, even thoughalteration of the rock matrix associated with the
the specific saturation level of materials within thealternating lithophysal and nonlithophysal inter-
unsaturated zone is a complicated function ofals. Because structure 3 is largely a dummy struc-
ground-water flux and relative-permeability char-ture required in the vertical direction, as just
acteristics of the porous medium, modeling studieslescribed, structures 2 and 3 in the horizontal
of the UZ-16 drillhole (Flint and others, 1993) havedimensions are efféigely a single gelogic struc-
indicated that within units of similar hydrologic ture with a range of roughly 6000-8000 ft. This
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Table 13: Modeled variogram parameters for matrix porosity normal scores in the
TSw model unit

Range Rotation Angle Anisotropy
Nest Model (ft) il (degrees) Ratio
i
No. Type Maximum Inter- Minimum 1 2 3 1 2
(horizontal) mediate (vertical)
Nugget 0.01
1 Spherical 2500 2000 40 0.30 0 0 0 0.800 0.0160
2 Spherical 6000 2500 250 0.20 0 0 0 0417 0.0417
3 Spherical 8000 4000 2000 0.49 0 0 0 0.500 0.2500

structure may represent variability associated with  ing samples were assigned to one category and all
the maximum extent of the lithophysal intervalsin  flowing samples to another. Because only a small
stratigraphic coordinates as captured by the very  fraction of the total number of samples from the
narrow vertical-bandwidth search described on TSw model unit were measured for hydraulic con-
page 48 (fig. 39). Note that although structure 1 is  ductivity, it was possible to compute this indicator
essentially required in the vertical direction [the  variogram only in the vertical dimension (i.e.,
prominent knick-point at about 30-50 ft in fig. down drillholes). The resulting variogram is shown
36(a)], the evidence for this feature as a separaif figure 40, and it indicates that some 57 percent
structure in the stratigraphically horizontal plane isof the total sill variance is achieved within approxi-
relatively subtle, marked by a change in slope ofnately 10 ft, and the remainder within approxi-
the north—south sample variogram at about 2000mately 140 ft. The prominent hole effect with a
2500 ft. Given the relatively short range of thiSWave|ength of approximately 250 ft is almost cer-
structure vertically (2500 times 0.016 = 40 ft), wetainly related to the vertical alternation of litho-

interpret the origin of this structure as related to thyhysal and nonlithophysal zones within this model
inherent variability of small-scale cooling and it

devitrification conditions in a major ash-flow tuff.
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0 200 400 600 800

Separation distance, feet

Some 40 percent of the hydraulic conductiv- Figure 40. Vertical indicator variogram of non-

ity measurements conducted on samples from thﬁowing hydraulic conductivity samples. Curve with

Topopah Spring welded unit yielded no measurabl%ymbmS represents measured data, heavy curve

flow [fig. 26(c—d)]. To determine the degree of spa-represents fitted model; dotted line is a priori
tial correlation among this group of samples, wevariance. Number of pairs: 200-300.
computed an indicator variogram where non-flow-
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Because ground-water flow in the unsatur-
ated zone at Yucca Mountain iswidely presumed to
be dominantly vertical, the more important issue
would appear to be the extent of spatial correlation
of non-flowing welded tuff in the stratigraphically
horizontal dimension. Under the assumption made
for this study that hydraulic conductivity is core-
gionalized with matrix porosity, it is possible to use
the observed vertical-to-horizontal anisotropy
ratios from the matrix porosity variograms to
obtain a rough idea of the likely extent of horizon-
tal continuity for the no-flow samples. Recalling
from table 13 that the vertical-to-horizontal anisot-
ropy ratio (anisotropy ratio 2) for variogram struc-
ture number one is 0.016, the 10-ft vertical
indicator range suggests that the horizonta range
of thefirst nested indicator structureis on the order
of 10 + 0.016 = 625 ft. Using thislogic, somewhat
more than half (~57 percent) of the indicator vari-
ance might be observed at approximately this 625-
ft horizonta distance. If we can then assume that
the remaining indicator variance vertically corre-
sponds to matrix porosity structure 3 (which
accounts for somewhat less than half of the matrix
porosity variance), we can estimate the implied
indicator range in the horizonta dimension as
140 =+ 0.250 = 560 ft using the appropriate value of
anisotropy ratio 2.

Both of these inferred ranges are less than
the horizontal grid spacing of 250 meters = 820.25
ft. Theimplication isthat the observed non-flowing
samples from the TSw model unit do not appear to
be strongly correlated spatially in the horizontal
dimension and thus most likely do not form a con-
tinuous barrier to flow at the site scale. Thisis gen-
erally in agreement with an interpretation that the
non-flowing samples are simply artifacts of limited
pressure capability of the permeameter used in the
laboratory measurement procedure and do not rep-
resent some fundamentally different rock type.

Note, however, that approximations that are
appropriate for the site scale may not necessarily
be appropriate for smaller scale modeling. A worst-
case estimate of the horizontal correlation exhib-
ited by the non-flowing hydraulic conductivity
specimens might be to equate the second nested
structure range of 140 ft vertically with a compos-
ite of horizontal structures 2 and 3 from table 13.

Anisotropy ratio 2 for structure number 2 is
0.0417, implying a horizonta indicator correlation
range of more than 3300 ft. Although correlation of
no-flow nodes over this distance would only
involve some 3—4 grid nodes at 820.25 ft per node,
horizontal barriers to flow on the order of one kilo-
meter (four nodes at 250 m/node) might indeed be
significant when modeling ground-water flow and
transport at less than the site scale. It would appear
prudent to investigate the actual horital continu-

ity of hydraulic conductivity more directly.

Lithophysal Porosity

Sample variograms, with the appropriate fit-
ted model values, for the minimum, maximum, and
intermediate directions of spatial continuity for
lithophysal porosity in the TSw model unit are pre-
sented in figure 41. Again, the experimental plot in
the minimum-continuity vertical direction is very
well defined because of the close down-hole sam-
ple spacings, nominally 3 ft, and the figure indi-
cates a very small nugget value as sample spacings
decrease toward zero. The horizontaliogirams
are more irregular because of the non-systematic
spacing of the available drill holes; a mild anisot-
ropy is observable between the sample values com-
puted in the north-south and east-west directions

The vertical variogram exhibits a very strong
hole effect with an apparent period of about 200 ft.
This phenomenon is easily attributable to the
marked differences in posity values between the
lithophysal and nonlithophysal lithologic intervals.
Perusal of the drill hole illustrations in Appendix B
confirms that the significant lithophysae-bearing
intervals typically have a stratigraphic thickness of
this order of magnitude. Although the maximum
variance observed in the sample data again never
reaches the overall sill level of 1.0, the magnitude
by which the experimental values fall short is much
less (approximately by 0.10 at lag separations of
just less than 200 ft) than was the case for the
matrix porosity data shown in figure @§. To
some extent, this logr-than-sill variability may be
attributed to the same zonal anisotropy and/or data-
set effects that may be responsible in part for the
very much lower-than-sill variability observed for
the matrix porosity information. However, all val-
ues of lithophysal porosity within the lithophysal
intervals themselves are derived from petrophysical
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Figure 41. Variograms of lithophysal porosity normal-score values from the TSw model unit: (a) vertical;
(b) horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 2000-4000;

(b) 599-18,000.

calculations, as core samples a few centimeters in
diameter cannot contain meaningful lithophysal
cavities. The issue of two generations of petrophys-
ical vaues (c.f., Nelson, 1996; Thompson and
Rael, 1996) is till present. However, both sets of
porosity values (and more particularly the actual
gamma-gamma density log traces upon which
those values are based) were obtained and com-
puted in virtualy the identical manner (compare
egs. 4 and 9). Another explanation for the smaller
difference of the maximum observed variability
from the a priori variance may be simply that the
overal variability of the lithophysal porosity data
(0) = 0.08) is greater than that of the matrix poros-
ity values (o, = 0.05; table 6; fig. 16). With greater
overall variability of the true porosity of the rocks,
the small variations in measured porosity values
between these two measurement techniques simply
have a much smaller impact on the observed vari-
ability between drill holes.

For the lithophysal porosity variograms com-
puted in the different horizontal directions [fig.
41(b)], we again observe that the sample variability
never reaches the overall variance of the data
Quite clearly, any zona anisotropy or data artifacts
will influence the horizontal sample variograms as
well. However, in this case a much more likely
explanation of the lower-than-sill variability for
stratigraphically horizontal searches is that the

stratigraphic coordinate transformation has, in fact,
worked successfully. The purpose of the strati-
graphic coordinate convention is to place rocks
affected by similar geologic conditions at approxi-
mately the same “elevation” within the unit. When
combined with a relatively restricted vertical-
search bandwidth, as discussed on page 48 (see
also fig. 35), the stratigraphic coordinate conven-
tion means that the variogram search should find
essentially only values within a lithophysal interval
or within a nonlithophysal interval in a given com-
putation. The apparent computed variability is thus
less than the variability of the data as a whole. This
search effect is probably relevant to matrix porosity
as well, as the lithophge-beang intervals do
contain rock matrix that is more affected by vapor-
phase alteration than the matrix in the nonlitho-
physal intervals.

The sample variograms of lithophysal poros-
ity values have been fitted with a series of three
nested spherical variogram models using the
parameters in table 14. Only modest anisotropy has
been modeled in the horizontal dimensions, but the
vertical-to-horizontal anisotropy is quite strong
because of the relatively stratiform lithophysal
intervals. The search in the vertical direction has
been limited to 220 ft because of the hole effect.
The third nested structure, with a principal range of
50,000 ft is mostly a dummy structure, as man-
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Table 14: Modeled variogram parameters for lithophysal porosity normal scores in the
TSw model unit

Range Rotation Angle . .
Nest Model (ft) - (degrees) Anisotropy Ratio
i
No. Type Maximum Inter- Minimum 1 2 3 1 2
(horizontal) mediate (vertical)
Nugget 0.01

1 Spherical 2000 1000 30 0.20 0 0 0 0.500 0.0150

2 Spherical 7000 3000 200 0.40 0 0 0 0.429 0.0286

3 Spherical 50000 50000 400 0.39 0 0 0 1.000 0.0080

dated by the simulation requirement that the total  greater statistical mass. The eoént spatial conti-

sill be equal to 1.0. As can be observed in figure  nuity patterns are also evidence that this aggrega-
41, the contribution of this structure isvirtually nil  tion of porosity data from the different rock types
for separation distances less than about 5000 ft (the  is appropriate.

variance contribution of the two shorter-range

structurestotals 0.6), and the impact of this dummy The vertical variogram of figure 42(a) exhib-
structure becomes important only for separations  its many of the same characteristics observed for
greater than 10,000-12,000 ft. vertical variograms in the other modeling units.

There is a moderate hole-effect structure with an
The approximately 200-ft vertical range (= approximate periodicity of 200 ft, and the observed
7000 x 0.0286 anisotropy ratio 2) for nested strucvariability at all lags, up to somewhat more than
ture 2 is clearly related to the lithophysal-nonlitho-half the total unit (stratigraphic) thickness of 800
physal layering. The origin of the approximatelyft, never reaches the expected sill value of 1.0. We
30-ft vertical range [= 2000 x 0.015; prominentattribute much of the hole-effect character of the
knick-point in figure 41(a)] is less obvious, but as avertical variogram to the inclusion of number of
structure with a range of this magnitude was alsgomewhat different lithologic units within the com-
identified for the TSw matrix porosity data (fig. bined Calico Hills—Prow Pass model unit. The
36), it probably involves the intrinsic variability of principal contributor to the hole effect phenomenon
porosity in welded tuff. is most likely the so-called Prow Pass welded ther-
) ) ) mal/mechanical unit of Ortiz and others (1985; see
Calico Hills-Prow Pass Model Unit table 1). This unit appears to constitute “ash-flow
Porosity Variograms unit 3" of the Prow Pass Tuff, as described by
Moyer and Geslin (1995; see also Engstrom and
Sample variograms for total porosity from Rautman, 1996; Rautman and Engstrom, 1996a, b).
the combined Calico Hills-Prow Pass model unitAlthough Prow Pass unit 3 does appear to consti-
are presented in figure 42 for the directions of mintute an identifiable lithostratigraphic unit that is
imum, maximum, and intermediate spatial continutypically welded, the degree of welding is mark-
ity. Continuity in the stratigraphically vertical edly less than that of the welded units within the
minimum-continuity direction is shown in part (a) overlying Paintbrush Group, and the effect of the
of the figure whereas part (b) shows spatial correlawelding process on porosity is entirely fdient.
tion in the north—south and east—west directionsThis distinction of welding, per se, from material
Even though the CH-PP combined unit compriseproperties has been noted previously by Schenker
unaltered (vitric) and altered (zeolitic) rock types,and others (1995; their appendix IlI). In most drill
the presence of zeolitic alation appears not to holes, the porosity values through much of the
have affected the spatial distribution of total porosfProw Pass unit 3 interval approximate those of the
ity in any meaningful manner. All data for porosity nonwelded tuffs enclosing this unit (see also
have been combined in figure 42, thus achievindhppendix B). The explanations advanced on
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page51 for lower-than-sill variability (zonal
anisotropy or mixing of porosity values measured
by different techniques in the data set as a whole,
but not in computations aong individua drill
holes) may also be contributing to the observed
vertical spatial continuity pattern, as the horizontal
variograms (next paragraph) do appear to reach the
expected sill value.

The horizontal variograms of figure 42(b) are
quite well defined, and in fact exhibit a less irregu-
lar pattern than the horizontal variograms from the
other two model units. Spatial continuity appears
greatest in the azimuth = 0° direction and the
degree of anisotropy at longer lag spacingsis quite
pronounced. An interesting phenomenon apparent
in the horizontal variograms is that whereas vari-
ability in the north—south direction appears to
increase relatively steadily toward the sill value
over separation distances of up to 25,000 ft, th

variance in the east—west direction increases t

maximum values at lags of about 5000 and 10,00
ft and then decreases markedly and remains low.

We have fitted the variograms shown in fig-

variance equal to 1.0 at very long separations. Two
nested structures would aggr to suffice for mod-
eling the horizontal variograms of figure 42(b).
However, use of the three-structure model in the
vertical direction mandates maintenance of this
model in the horizontal plane as well, and there is
little practical difference between the two longer-
range components. We have dealt with the hole
effect in the vertical dimension by restricting the
search in this direction during modeling to a maxi-
mum of about 180 ft, as noted on figure 42(a).

Zeolite Alteration Variograms

Sample indicator variograms for the two
alteration categories defined in the Calico Hills—
Prow Pass model unit are presented in figure 43.
Part (a) of the figure is the vertical variogram (the
direction of minimum continuity) and part (b)

hows horizontal variograms at azimuths vh@d

0° (maximum and intermediate directions). Notice

at the sill of the indicator variogram is not equal
0 one, as was the case for the normal-score trans-
formed porosity data. For indicator variograms, the
expected sill can be computed as:

ure 42 with three nested spherical structures using 2
the parameters given in table 15. Three structures C=Var{l} =F-F (18)
are clearly required by the vertical variogram of(Journel, 1983), whereC is the indicator sill,
figure 42(a): the knick-point at a lag of about 50 ft,Var{1} is the variance of the non-zero indicator,
the prominent intermediate sill beginning with lagsandF is the cumulative frequency of tie®n-zero
of about 175-200 ft, and a third to make the totatategory (proportion of non-zero indicators). From
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Table 15: Modeled variogram parameters for total porosity normal scores in the CH-PP
model unit

Range Rotation Angle . .
Nest Model (ft) - (degrees) Anisotropy Ratio
i
No. Type Maximum Inter- Minimum 1 2 3 1 2
(horizontal) mediate (vertical)
Nugget 0.01

1 Spherical 2500 2500 60 0.30 0 0 0 1.000 0.0240

2 Spherical 20000 5500 175 0.30 0 0 0 0.275 0.0088

3 Spherical 30000 11700 800 0.39 0 0 0 0.267 0.0267

table 11, the relative proportion of atered rocksin  ever, with the exception of the two-point peak at
the CH-PP model wunit is 0.5254, solag separations between 1000 and 2000 ft, it is
C = 0.5254- 0.525% = 0.2494 as indicated in fairly evident that variability in the north-south

figure 43. direction is generally low, reaching the expected

The vertical spatial continuity pattern is quite Sill value of approximately 0.25 at separations
well defined, as expected with systematic sampling"eater than 5000 ft. In contrast, variability in the
on nominal 3-ft centers. The variograms in the horeast-west direction reaches and generally remains
izontal plane, however, are quite irregular, perhapgt greater-than-sill values at separationsoofy
more so than any of the porosity variograms. Howabout 2500 ft.
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Figure 43. Indicator variograms of zeolite alteration flags in the Calico Hills-Prow Pass model unit. Curves
with symbols represent measured data, heavy curves of same line type represent fitted models; dotted line
is the a priori variance of the data. Number of pairs: (a) 4000-9000; (b) 400-13,000.

The variograms of figure 43 have been mod-have elected to discount the north—south variogram
eled using two nested spherical structures, thepike between lag separations of 1000 and 2000 ft
parameters for which are presented in table 16n favor of attempting to capture the longer, low-
Two structures are clearly indicated by the behavvariability information that is strongly represented
ior at very short lags in figure 43(a), and this strucby the points at lag spacings of about 3000 and at
ture appears to provide a convenient surrogate for4500 ft while at the same time attempting not to
higher nugget value in the horizontal plane. Weunderestimate the variability at shorter lags.
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Table 16: Modeled variogram parameters for alteration indicator flags in the CH-PP model
unit

Nest Model Ra(lfr:?e sill Rozjgsre/:sn)gle Anisotropy Ratio
No. Type Ma>_(imum Inte_r- Minimum 1 2 3 1 2
(horizontal) mediate (vertical)
Nugget 0.0125
1 Spherical 800 2000 10 0.0500 0 0 0 2.500 0.0125
2 Spherical 9000 4000 230 0.1870 0 0 0 0.444 0.0260

Indeed, as noted by a reviewer of a draft of  depositional process related to paleo-ground-water
this report, an aternative approach to modelingthe  tables and post-cooling geochemical processes. To
horizontal variograms of figure 43(b) might be to  the extent that the zeolite alteration formed after
place greater emphasis on the previoudy noted faulting—as defined here (c.f. Clayton and others,
high variance points between 1000 and 2000 ft on ~ 1997) by the observed offsets of the overlying Tiva
the north—south experimental variogram. Were thiCanyon Tuff—the stratigraphic coordinate conver-
the approach, one would conclude that the northsion process will not remove the effects of faulting
south direction exhibited the shorter correlationproperly, and the spatial distribution of the alter-
range, and that the east-west variogram and itstion flags will appear morerratic and unpredict-
associated 4000-ft range represented the major axihle than would be the case otherwise. Note that
of anisotropy. Under this scenario, the lower vari-pre-Tiva Canyon Tuff faulting is known (Clayton
ability associated with the north—south experimenand others, 1997), and eéte may well be pre-
tal variogram at distances between 2000 and 6000opopah Spring Tuff faulting also.
ft could be considered as representing zonal anisot-

ropy. Support for the concept of an incomplete
stratigraphic coordinate transformation can be
observed in the relatively strong horizontal anisot-
ropy observed in both CH-PP porosity (table 15)
tand the indicator flags (table 16). For both property
attributes, the direction of maximum spatial conti-

fact that faultblocks at Yucca Mountain tend to be nuity is north—_south. Faults in the vicinity of Yucca
elongate north—south with layering dipping to the:cvloum"’Iln typically ftrend north-— lsoudth a(sj welld
east (see more below regarding faulting). Unques orming a series of progressively downdroppe

tionably, our decision with respect to modeling the blocks from east to west. To the extent that the
alteration-indicator flags is a compromise Cholcematerlal properties in the transformed stratigraphic

as the heavy solid curve in figure 43(b) is a ra,[hepoordlna;[des exhibit thlshstalr step struc;tuhral pattern,
poor fit except to the sill value. one would anticipate that continuity of these prop-

erties along the structural grain would be markedly

The rather poor sample variograms exhibitedgreater than across that grain. This phenomenon
by the zeolite alteration flags in the horizontalwould also account for the noticeably zig-zag pat-
directions are most probably related to the fact thaern exhibited by the east-west sample variogram
alteration within the Calico Hills—Prow Pass com-as well. Incomplete removal of the effects of fault-
bined model unit reflects a wholly different physi- ing would also allow the existence of the well-
cal phenomenon than the variation in porositybehaved sample variogram in the vertical direction,
Specifically, whereas posity ineffect was created as variability within individual drill holes cannot be
at the time of deposition/emplacement of the ashaffected by faulting unless a drill hole actually pen-
flow and air-fall units that constitute this strati- etrates a fault within the stratigraphic interval of
graphic interval, zeolite alteration is clearly a postinterest.

Our preference is for the former interpreta-
tion (table 16), as this is also the direction of maxi-
mum spatial correladn observed for porosity
values in the Calico Hills—Prow Pass model uni
(table 15; fig. 42). Weare dso influenced by the
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Modeling Techniques tion (pdf) for a material property of interest at all
locations in space. By transforming the measured
Geodtatistical simulation comprises a large  data to their respectiygositions on the probability
class of modeling techniquesthat can produce very  density function and using simple kriging (Isaaks
complex, and presumably therefore highly redistic g grivastava, 1989), the desirpdfs can be
numerical - representations of spatially variable made conditional to a set of measured values.

properties. Simulation may be thought of as . . .
“expanding” (Journel and Alabert, 1989) the actuafo‘ltemat've realizéions are simply generated by

information available in a stochastic manner that iS2MPling from thesgdfs. The variance of individ-
also compatible with additional information Yal, location-specific,pdfs will vary with the
derived from the data ensemble and the spatial comount of geologic uncertainty.elr coulitioning
text of those data. The process builds upon the gedata [Figure 44(c)], thedf associated with an
logic intuition that unsampled locations nearby aunsampled location will be relaely narrow.
known value “tend” to resemble that value,where less information is known, such as away

whereas unsampled locations at increasing distom data or in the vicinity of conflicting measure-

tances from a known value tend progressively toments, theodf will be relatively broad [figure 44(a-

resemble that datum less and less. This intuitiorklJ leading t i ¢ i f likel
will be observed statistically in a suite of several )], leading to generation of a wide range of likely

equiprobable simulations. values across a suite of realizations. Because the
underlying kriging algorithm used to derive the
The philosophical framework of simulation Pdfs is an exact interpolator, tipelf degenerates to

is simple. Using concepts of random variables, on@ spike with probability = 1 at a measured location
develops a model of the probability density func-[Figure 44(d)].

(@ (b) (© (d)

Probability

Property Value

Figure 44. Conceptual probability density functions representing the uncertainty associated with
various unsampled locations. (a) Beyond the range of spatial correlation: pdfis virtually identical to
the univariate histogram; essentially all that is known about the unsampled location is what is
known about the population as a whole. (b) Far away from a sample, but within the range of spatial
correlation: pdfis broad, indicating considerable uncertainty; distribution begins to focus on
expected value. (c) Nearby a sample value: pdfis narrower indicating lesser uncertainty. (d)
Immediately adjacent to a sample value: pdfis nearly a spike value corresponding to the adjacent
sample datum (from Cromer and Rautman, 1995).

Simulations may be conditional or uncondi- possess three special properties that add to their
tional. Conditional simulations are numerically usefulness in evaluating the effects ofolggic
anchored to a specific set of real-world data (asincertainty on physical process models. Specifi-
described in the preceding paragraph), and thegally, conditional simulations:
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1. reproduce the known data val ues at the
same locations within the model as repre-
sented by the real-world samples;

2. reproduce the overall univariate descrip-
tive statistics of the known data values,
and

3. reproduce the bivariate statistics, or two-
point spatial correlation structure, of the
data.

Unconditional simulations are similar, except that
they are not conditioned to any particular spatially
anchored data, and thus item 1 does not apply. As
simulations with these three characteristics cannot
be distinguished statistically from the ensemble of

—~
D
~

1.0 T

0.8 —

0.6 —

data used in their construction, they serve as alter-
native, equally-likely stochastic realizations of an
incompletely sampled and measured reality.

Simulations may also be developed using
parametric or nonparametric techniques for
mechanically inducing the desired univariate (item
2 above) and bivariate statistical properties (item
3). Parametric techniques rely upon the predictive
power of well-understood multivariate probability
functions, ailmost invariably the multivariate gauss-
ian. A number of agorithms have been devel oped
that implement gaussian-related simulation (for
example, referencesin Deutsch and Journel, 1992).

(b)

N“Hwwawwwwwyﬁ—v‘v

0.4 — —

Cumulative Frequency

0.2 — —

0.0 l 1 l L l
0.0 0.2 04 0.6

Original Variable

-3 -2 -1 0 1 2 3
Transformed Variable

Figure 45. Graphical representation of the quantile-preserving normal-score transform process. A
population with virtually any univariate distribution (a) can be transformed to any other univariate
distribution (b) (here gaussian) in a manner represented by the arrows such that the quantile relationships

among the data are preserved.

Sequential Gaussian Simulation of a
Continuous Variable

The sequential gaussian simulation program
sesiM (Deutsch and Journel, 1992) was used to
generate 100 replicate models of porosity for each
of the three model units, conditioned to the
observed porosity data from the several drill holes.
The sequential modeling process is relatively
straightforward and isimplemented as follows:

1. All datavalues are converted to a univari-
ate standard-normal (=0, 0®=1) distribu-
tion using the graphical normal-score

transform (fig. 45; implemented in pro-
gram Nscore; Deutsch and Journel, 1992).
This transformation does nothing to the
spatial correlation structure because the
relative positions of all values with respect
to each other are preserved (i.e., the trans-
form is quantile preserving). However, the
transformation does simplify the process
of generating simulated values later in the
algorithm.

2. The spatial correlation structureisidenti-
fied using the normal-score transformed
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values and modeled using standard variog-
raphy.

The transformed measured data are

mapped into the model coordinate system.
Any sample data that coincide with a

model grid node are assigned to that node

and identified such that those nodes are not
simulated.”

A random path is defined through the

model grid such that each unsampled node

is visited once and only once.

At each unsampled grid node, asearchis
conducted for “nearby” measured data and
for any previously simulated grid nodes.
The search parameters i@tropic search
radii; number of data to use) are user spec
ified.

The (user specified closest nodes are
identified and weighted using simple krig-
ing (Isaaks and Srivastava, 1989) by their
structural distance according to the model
variogram provided as input to the algo-
rithm. Because the normal-score trans-
formed values are effectively relative
positions on a cumulative distribution
function, the resulting kriged value is also
effectively as relativposition on the same
cumulative distribution functionhis

value is then taken a tlegpectation of a
gaussian variable with a variance equal to
the kriging variance (Isaaks and Srivas-
tava, 1989).

A uniform random value between zero and
one is then generated and taken as the rel
vant position on the cumulative distribu-

TProgram SGSIM contains a user option as part of the
search for nearby information either to relocate data
values to grid nodes (in which case the search for
nearby information is vastly smplified) or to leave
the data valuesin their origina spatial position (in
which case the assignment and non-simulation
described in this step, strictly speaking, is not true).
This latter option isthe one that was implemented
for these simulations, because relocation of data val-
uesto grid nodes forces all data values to nodes,
even if the physical distance from adrillhole sample
to the nearest node is afull grid half-spacing. Also,
data with close vertical spacing would be “col-
lapsed” onto a single grid node, resulting in the
undesirable discarding of much potential informa-
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tion.

tion function defined in step 6. The
correspondingdf value is assigned as the
simulated value for this node, the value is
added to the set of data available for simu-
lation of as-yet unsimulated grid nodes,
and the simulation process moves to the
next node along the random path defined
in step 4.

After all originally unsampled grid nodes
have been simulated using the logic of
steps 5 through 7, the resulting spatial
array of values are back-transformed to the
original porosity space using the inverse of
the normal-score transform of step 1 and
the simulation process is complete.

Spatial correldon is induced in the simulated
models through the use of previously simulated
grid-node values in determining the expected value
of subsequent locatfs.

Sequential Indicator Simulation of a
Categorical Variable

Sequential indicator simulation of a categori-
cal variable (prograrsisiIMPDF; Deutsch and Jour-
nel, 1992) was used to generate 100 replicate
models of (zeolite) alteration within the combined
Calico Hills—Prow Pass model unit, conditioned to
the observed alteration indicator flags [page 43;
eqgs.(1), (8), and (18)] from the several drill holes.
The sequential simulation modeling process is
again relatively straightforward and utilizes much

ébe same logic of the sequential gaussian simula-

tion methodology described on page 61. Note that
no data transformation is required in the present
case. We are concerned with a categorical variable
that can take on only discrete values, and because
there are only two such categories—unaltered and
altered—the binary zeros and ones assigned by
equations (1), (8), and (15) are sufficient. The
remainder of the modeling process is as follows:

1. The spatial correlation structure of the
binary category distinction is identified
using standard variography. Note that
although “contributions” toward the
numerical value of via equation (16)
come only from the category assigned a
value of one, it makes no difference to
which category this value is assigned.
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The observed alteration indicator flags are Linear Coregionalization
mapped into the model coordinate system.

Any flags that coincide with amodel grid Numerous investigations at Yucca Mountain
node are assigned to that node and identi- have shown that various material properties are
fied such that those nodes are not smu- correlated with onermther (cross-variable correla-
lated. tion); for example: Istok and others, 1994; McK-

enna and Rautman (1995); Flint and others
(1996h). There are two principal methods that have
been used to incorporate these correlations into
rock properties models in the presence of severe
At each unsampled grid node, asearchis undersampling of one variable. First, one may
conducted for “nearby” alteration flags and assume a coefficient of determinatiof) (equal to

for any previously simulated grid notes.  one and simply apply the empirically determined
Again, the search parameters are user regression equation to predict the secondary
specified. (undersampled) variable. A second method is to
model a randomly distributed error (“noise”) about
the regression line. Neither of these two alterna-
tives is particularly satisfying. In many instances,
r?=1.0 implies a substantially stronger relation-
ship than exists ifact. However, the témique has

_ ) been used in past modeling of rock properties at the
selves are in effect representatives of @ vy;cca Mountain site (Robey, 1994). In the second
degenerate cumulative distribution func- 556 5 cross-plot of the two resulting variables
tion (alteration is either present with prob- yenroquces the observed coefficient of determina-
ability of 1 or it is absent with a probability tjon put any spatial eeelaion exhibited in nature

of alteration equal to zero), the resulting  py the secondary variable is effeely destroyed
kriged value is again a relative position on py the addition of spatially uncorrelated noise
the same cumulative distribution function. (Robey, 1993; Rautman and Robey, 1993).

This value is taken as the probability of the

state: “altered rock” prevailing at that spa- The best alternative wid be to use a model-
tial location. ing methodology that reproduces both the observed
A uniform random number between zero COrreldion between the variables and the observed
and one is then generated and compared SPatial correlation structure. Cokriging and cosim-
with the probability value. If the uniform ~ Ulation (David, 1977; Journel and Huijbregts,
random number is equal to or less than thel_978; Deutsch_and Journel, 1992) are weII—estal_J—
probability, the node is assigned an indica-lished mechar_u_sms for producmg.such models if
tor value of one (altered), whereas if the there are sufficient datq from which tofén the '
uniform random number is greater than the Necessary autocorrelation and cross correlation

probability, the node is presumed to be ~ StrUctures.
unaltered and assigned an indicator value
of zero. This simulated value is added to

the set of data available for the simulation
of as-yet unsimulated grid nodes, and the
modeling process moves to the next node
along the random path defined in step 3.

A random path is defined through the
model grid such that each unsampled node
is visited once and only once.

TheN closest nodes are identified and
weighted using simple kriging by their
structural distance according to the model
variogram provided as input to the algo-
rithm. Because the indicator flags them-

However, in the presence of severe under-
sampling of the secondary variable, such as is
encountered at Yaca Mountain, an attrdive prac-
tical alternative is to use lanear model of core-
gionalization (Journel and Huijbregts, 1978), in
which the spatial continuity of both the secondary

The result of this simulation process is one specifizariable and the cross-variable spatial continuity is
realization consisting of a spatiaray of ones and presumed to be approximately identical to that of
zeros indicating that the rocks at each modelethe primary variable. This technique of coregional-
location either have been or have not been alteredization has been applied to the modeling of unsat-
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urated flow properties at the Apache Leap Tuff site
(Arizona) by Desbarats (1995; 1997), and it has
aso been applied recently to modeling correlated
properties at Yucca Mountain (Altman and others,
1996; McKenna and others, 1996; Rautman, 1996;
Ho and others, 19977).

The mathematical basis of linear coregional-
ization has been described by Journel and
Huijbregts (1978) and by Luster (1985), among
others. The description that follows is taken
broadly from Altman and others (1996) and from
Desbarats (1995; 1997). Although we are con-
cerned principaly at Yucca Mountain with cases
involving two variables, there is no theoretical
limit to the number of variables that can be core-
gionalized.

Recall the following definitions from classi-
cal datistics applicable to random variables (see
for example, Larson, 1982). Consider a set of ran-
dom variables X4, X, ... X, with expected values

E[X;] = Wy, E[X5] = W, , ..., and variances of:

2

Var[X,] = E[(X,—p;)] =05, and

Var[X,] = E[(X=1,)°] = G5, ....

The covariance of X; with X, is defined as:

and the correlation coefficient between variables
Xy and X, is:

Cov[Xy, X5]
Mo =

= ) e 20
Jvar[X]var[X,] <0

Recall also that the covariance of a variable with
itself (the autocovariance) is equal to the variance
of that variable: i.e, Cov[X;, X;] =Var[X;] .
We can now define the following covariance
matrix as a concise means of expressing the vari-
ous relationships described above (for two vari-

ables only):
Cqq C
o= |12 21)
Co1 Cx

where the t” denotes the (co)variance operator

Note that if the variables are (for convenience) in
standard normal form withg; =0 andazi =1, then
the diagonal terms of will be equal to 1 and the
off-diagonal terms reduce to the corraatcoeffi-
cient,r.

Now consider aveighted linear combination
of a number of different random variabl&$, such
that the resulting random variab¥ds defined as:

n
Y = a X +a X+ . +a X, = Z aX (22)

i=1
where theg; are any set of constants (weights). It is
now possible to make statements about the mean
and variance of. Thus (Larson, 1982):

Hy = E[Y] = Z aE[X] ,and (23)
i=1
2 2
oy =Var[Y] = Z a;Var[X] +
i=1

22 ZaiajCov[Xi, XJ-] .

i<j ]

(24)

The case of spatially varying random vari-
ables, such as are of interest at Yucca Mountain, is
essentially identical, only now the value of each
variable is a function of spatial positior; such
spatial variables are, by convention, frequently rep-
resented ag; thusZ(x). The strength of thgpatial
correlation is typically defined through use of a
covariance matrix, which, in the presence of sec-
ond-order stationarity, is a function of the separa-
tion vector f) between two locations, andx+h.
Although computations invariably are performed
using the covariance matriG(h), most geologic
descriptions of spatial variability typically make
use of the (semi)variogram(h), related through:

c(h) = ¢;—y(h). (25)

We can thus define the followingrdct and

and the subscripts indicate the variables involvedS"0SS-variable semivariograms for two varialdgs

THo and others milestone reference

andZ, separated bis:

y; = CO, +C1,Sph_(h) , (26)
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Y, = CO,+CL,Sph_(h) , 27)

Y1, = C0y, + C1y,Sph,(h) (28)
where the expression C1Sph,(h) refers to a spheri-
cal variogram model with range = a and sill =C1.

Returning to the issue of coregionalization of
two spatial variables, the objective is to obtain a
joint model of two variables, Z; and Z,, such that
the spatial relationships described by equations
(26) through (28) are satisfied simultaneously. To
do this, we define two new variables, Y; and Ys.
Each of these variables has E[Y;] = E[Y,] =0, and
they are described by identical covariance func-
tions K;(h) and Ky(h). Furthermore, these vari-
ables are independent of one another, such that
Kio(h) = O for al separation vectors, h = 0. We
now redefine our desired variables, Z, and Z,, as a
weighted linear combination (equation 23) of the
new variables, Y; and Yo:

Z,(x) = ag Yq(X) +ag,Yo(x) (29)

Zy(X) = Ay Yq(X) +ayY,(X) (30)

where the weights are defined by the terms of the

matrix:

a,, a

A = |O11 %12)

a1 82
Note that because Y; and Y, were specified as inde-
pendent (uncorrelated), Cov[Y4,Y,] = 0 and all the
terms involving Cov[X;,X] with i # j drop out of
equation (24). Thus, we can express the direct and

cross covariances of our desired final variables, Z;
and Z,, as.

2 2
Cy(h) = a2,K,(h) +ag,Ky(h) |

(31)

(32
Cy(h) = asK (h) +asKy(h) | (33)
Cio(h) = aya, Ky(h) +ag,a,K(h) .(39)

Under the hypothesis that the variables are
coregionalized (and without objective evidence to
the contrary), we assume that these direct and cross
covariances are identical. This assumptions leaves
only the four weighting factors (the &) to be deter-
mined. However, there are four unknowns with
only three descriptive equations. Luster (1985) and
Altman and others (1996, after Luster) dealt with

this under-determined case simply by setting one
of the weights to zero (choose: aj;, = 0). This
choice has the practical effect of setting one of the
Z variables equal to one of the Y variables, thus:

Z,(x) = Y;(x) and (35)
Z,(X) = a1 Y (X) + 8y Y,(X) | (36)
with:
C,(h) =K, (h), (37

C,(h) = a5,K, (h) +as,K,(h) ,and (38)

Cpo(h) = ayKy(h) (39)

leaving us with three equations and three
unknowns. Although this arbitrary choice setting
one of the weights to zero produces only one of a
large number of possible values for Z,, this number
is sufficient for our purposes. This approach is also
convenient in that if a;, = 0, then it can be shown
that a;1 = 1, ay; = the correlation coefficient, r, and
ay, =V (1—r2), thus simplifying the computations.

If we select one of the conditional porosity
simulations as Z;(x), and convert those values to
standard normal form Z;'(x) = Y;(x) (with #; =0
and 0“5 =1) using the graphical normal-score
transform (GSLIB program nscore; fig. 45), we
are how in a position to compute (Desbarats,
1995):

A= WM W =[d -

which gives us the remaining coefficients of A. We
then generate a second, independent (i.e., uncondi-
tional) standard-normal simulation using the same
variogram parameters, and by substitution of these
Y, values in equation (36), we obtain values of
Z,'(x) corresponding to each input value of Z;(x),
and which overall exhibit the desired correlation
coefficient, r. Because Z,'(x) is still in standard
norma form (u; =0 and ¢% = 1), we can back-
transform these values to an appropriate univariate
distribution for Z,(x) using the GSLIB routine
TRANS.

(40)

In the modeling described in this report, the
process of linear coregionalization is applied to
create spatially and cross-variable correlated simu-
lated models of thermal conductivity and log; Sat-
urated hydraulic conductivity using the observed
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correlation of these secondary properties with
porosity. The univariate distributions used in the
back-transformations are those described in the
appropriate portions of the section on Statistical
Description.

Post-Processing of Simulations

Porosity-as-a-Qurrogate for Rock-Type Classes

Geodtatistical smulation, including the gen-
eration of secondary property fields through core-
gionaization, produces coherent fields of spatialy
correlated rock properties. However, we also know
from materia presented in the section on the Statis-
tical Description of hydraulic conductivity that at
least three rock-type classes exist for this second-
ary property: viz., a vitric-through-devitrified con-

Simulated field of
Porosity values corresponding
to vitric-devitrified porosity
continuum

Simulated field of
alteration indicators

Coregionalization

\/

Simulated field of
Ksat values conesponding
to vitric-devitrified porosity

continuum

Is this grid node

Yes
14

Generate Gaussian
Random Number
with ¢=-10.2
0=0.83
Pr{no flow} = 0.30

alfered?

lNa

Keep
Coregonalized
Value

tinuum, a *“zeolitic’ altered continuum, and a

microfracturedvitrophyre continuum. Generation

of the final full-field property models thus requires

one or more post-processing steps to delineal

these three rock types and ensure that the prop

correlations of hydraulic conductivity with poros- _. . )

. Figure 46. Logic diagram for post-processing

ity are respected. Once the proper rock-type class " . O . :
) . orosity and alteration indicator simulations to

hﬁs been detgrmlned th_e'generatlo'n of the app_rgécognize hydraulic conductivity dependence on

priate _hydraullc conduct_|V|ty value is mathemati- 5jieration state. See text for discussion.

cally trivial, once the various submodels have been

generated. The steps are outlined in figure 46 for

intermixed unaltered and altered (“zeolitic”) rocks,

and in figure 47 for microfractured viphyres. @and variogram are reproduced. Each grid node

Current treatment ofhermal conductivity is sim- within the preliminary conductivity field is then

plified, in that this property has been modeled fovaluated for the likely presence of (zeolitic) alter-

only one rock-type classification, the vitric-devitri- ation. If specific node considered is modeled as

fied continuum, and for only one geologic unit, theunaltered, the preliminary hydraulic conductivity

welded portion of the Topopah Spring Tuff. value is retained for the final, full-field conductiv-
ity model. If, however, the grid node has been

Figure 46 is the post-processing logic dia-modeled as “altered,” the preliminary hydraulic
gram used to generate the full-field coregionalizedconductivity value is discarded, and an “interim”
saturated hydraulic conductivity field for the Cal- simulated “zeolitic” hydraulic conductivity value
ico Hills—Prow Pass model unit, while accountingthat is not caelated with porsity is drawn ran-
for the presence of hydrous-phase mineral alterdomly from a normally distributed population with
ation. The process begins with the simulated poroghe desired mean and variance for CH-PP samples
ity field and a corresponding field of estimated(u=—10.2;0 = 0.83 log units; see fig. 26). Because
alteration flags. Note that no changes are requiredpproximately 30 percent of the hydraulic conduc-
to the porosity field itself, as the zeolitization pro-tivity samples measured in the laboratory for
cess appears not to affect the total amoof pore altered rocks from the Calico Hills—Prow Pass
space in the rock (see text associated with fig. 25)model unit yielded no-flow results, a second ran-
We begin the post-processing process by generatom number was generated from a uniform distri-
ing a coregionalized preliminary hydraulic conduc-bution. If the second random number was less than
tivity field, for which the appropriate histogram 0.30, the interim conductivity value was also dis-

/

Completed Full-Field
Property Model
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carded and replaced by a simulated no-flow con-
ductivity of —14.0 logg m/sec. If the uniform

tivity value was retained for the full-field simula-
tion. If, however, the relevant porosity value was

random number was greater than or equal to thkess than or equal to 0.05, the node was judged vit-
desired fraction of no-flow values, the interim con-rophyric, and a “microfractured” hydraulic conduc-
ductivity value was retained for the final full-field tivity value was drawn at random from a uniform
simulation of the Calico Hills-Prow Pass modelpopulation with a range from —-14.0 to —6.049g

unit.

Simulated field of
Porosity values coresponding
to vitric-devitrified porosity
continuum

Coregionalization

\/

Simulated field of
Ksat values conesponding
1o vitric-devitrified porosity

confinuum

Yes V

<« Is simulated porosity value
>0.05?

*No

Generate Uninform
Randorm Number
in range
[-14 1o -6]

Keep
Coregonalized
Value

m/sec and placed in the final, full-field model of
simulated hydraulic conductivity.

Model Validation

A fundamental premise of the Monte Carlo
simulation approach is that each individuegdliza-
tion is a plausible model of the unknown real world
and that variation between thdfdient stochastic
realizations represents a variety of outcomes con-
sistent with all that is known. Presumably, the only
meaningful diference between realizah 1 and
realizationN is that a different random number
“seed” was used to initiate the simulation process
(definition of the random path and generation of
the various uniform random numbers that produce
the output value at each node from the locally con-
ditioned probability density function). Recalling

that conditional simulations theoretically possess
the attributes of data reproduction described on
page 61 it should be possiblettst the validity of
individual models in terms of statistical similarity
to the data.

Completed Full-Field
Property Model

Figure 47. Logic diagram for post-processing
porosity and hydraulic conductivity simulations to
recognize vitrophyre rock type. See text for
discussion.

Recognizing that the termalidation has a
number of frequently controversial meanings
within the modeling community, we hereby restrict
the meaning of this word for purposes of this report
to the following empirical tests of agreement
between a simulated exhaustive model of reality

A similar logic diagram is presented in figure and the underlying partially known (i.e., sampled)
47 that outlines simulation of saturated hydrauliovision of reality that we have obtained from site
conductivity fields for the Topopah Spring weldeddata.
model unit to account for the local presence of vit-
rophyric rocks. An input simulated model of TSw
porosity is coregionalized to produce a preliminary
spatially correlated conductivity field. For each
grid node, the corresponding porosity value was
examined to determine if the node was likely to
represent a low-porosity and presumably microf-
ractured vitrophyre. If the porosity value was
greater than 0.05 (see text associated with fig. 27), 3.
the node was determined unlikely to represent a
vitrophyre, and the preliminary hydraulic conduc-

1. Does the model reproduce the measured
values of the particular attribute that were
used to generate the model at the proper
spatial position of those values?

2. Does the model as a whole reproduce the
statistical character of the data ensemble
used to condition the model?

Do the individual modeled attribute values
exhibit spatial correlation consistent with
the spatial continuity patterns exhibited by
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the sample data and with the geologic pro- ing the variability using some statistical summary
cesses that produced the real world? value (total range, interquartile range, variance,

Note that each of these three criteriais, by the very standard deviation, etc.). Recall that the ordinary
nature of the modeling problem, subject to certain kriging variance is independent of the magnitude
limitations on “exactness.” First and foremostOf the kriging estimate (something that is rarely
among these limitations is that the underlying realobserved in earth science data), and is a quantita-
ity is known only imperfectly through sampling. tively rigorous measure of local accuracy under
Were the real world known exhaustively in fact, relatively restrictive conditions of fully multigauss-
there would be no reason for producing models antn spatial behavior (Deutsch and Journel, 1992; p.
estimating uncertainty. This is a very real and chal15)- The simulation approach, because it relies on
lenging limitation, and it is unclear how much (constrained) random number geation from the
departure from theample statistics should be tol- full range of physically possible values in a
erated before declaring an exhaustive model “unres€quential manner in which early-simulated values
alistic.” Second, constructed models are typica”y'nfluence the generation of later-simulated values,
discretized to a grid of values of some defined resis held to be a more robust approach to the evalua-
olution for computational purposes. Thus, thetion of uncertainty in théace of departures from
degree of reproduction of data values and of statignultigaussian behavior including contradictory
tical character is influenced by the coarseness ¢fonditioning information.

the modeling grid. Unlike the imponderable deci-

sion of how much reliance to place on an imper- One common method of summarizing a suite
fectly sampled set of data, some of thes@®f stochastically generated models is to focus on

considerations can be answered, if necessary, §je spatially distributed values judged as “likely”
increasing grid resolution. to be encountered by actual sampling according to

some desired criterion. Although the mathemati-
Summarized Suites of Smulations: Expected-Value  cally expected value, corresponding theoretically
Models to the arithmetic mean of a very large number of

simulations is frequently selected as the object of

Monte-Carlo-style simulation modeling pro- interest (the so-calleaxpected-value or E-type

duces entire suites of models, all of which are promodel), there is no a priori rsan for selecting the
posed as statistically indistinguishable from onematerial-property expectation except convention.
another (and from the known data). Dealing withOne might as well select tmaedian value M-type
suites of models is, in itself, a challenge, and furmodel) of the available realizations or tlgequan-
thermore, is goal dependent (see also fig. 6 otile model whereq is essentially arbitrary. The
page 17). If the objective of a modeling exercise igoint is that a summary model is precisely that—a
to evaluate whether or not the ground-water travedummary of something else. Accordingly, the con-
time from point A to point B will meet or exceed venient correspondence between a summary model
some stated value with some specified degree @&nd the observed attributes of tteal world data
confidence, then it is a matter of computing the(page 61) no longer need be present (see also
ground-water travel time (presumably using parti-Model Validation beginning on page 67). Note also
cle-tracking methods) using some flow-and-transthat under strict assumptions of multivariate gauss-
port computer code from point A to point B in eachian spatial behavior, the E-type model for an infi-
of a group of separate material-property realizanite number of individual realizations is identical
tions and evaluating what proportion of those indi-to a kriged model (Journel and Huijbregts, 1978).
vidual computations met or exceeded the stated
criterion. If the objective is to evaluate the uncer- We present in this report a set of summarized
tainty (i.e., range of likely values) associated with anodels corresponding to the E-type model, com-
particular point in space, then it is a matter of evalputed as a grid node-by-grid node average of each
uating some (large) number of equiprobable stoset of simulated models. The computational pro-
chastic outcomes for that spatial position asess is effectively trivial and iBustrated schemat-
suggested by the diagram of figure 48, and descrikeally in figure 48.
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Figure 48. Conceptual representation of the
process of developing a summary model from a
suite of stochastic realizations for two
dimensions. Note that it is possible to construct
summary models showing virtually any desired
statistical summary at each spatial location.

Uncertainty Measures

In addition to the somewhat conventiona E-
type summary models for each material property in
each of the three model units presented in this
report, we compute and present a set of models of
uncertainty as captured by the standard deviation
of the relevant redlization suite. Computation of
the standard deviation is relatively mechanical, and
is performed in the same manner as the computa-
tion presented in figure 48. Other uncertainty mea-
sures, such as the inter-quartile range or a 95-
percent confidence interval aso could be computed
and portrayed as models of uncertainty for a partic-
ular purpose.
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Plate 1. Perspective diagram looking northeast without vertical exaggeration of the composite total porosity model of Yucca Mountain
developed as part of this study, including the upper Paintbrush nonwelded model unit, the Topopah Spring welded unit, and the Calico
Hills—Prow Pass model unit. Welded rocks of the Tiva Canyon Tuff not modeled, and are shaded grey; units underlying the pre-Prow Pass
tuff bedded tuff are not shown. Vertical red objects represent drillhole locations, and horizontal red object is the ESF main drift and south
ramp. See also plate 2.
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Plate 2. Closer view perspective diagram from plate 1 looking northeast with 2x vertical exaggeration of the composite total porosity model of
Yucca Mountain showing additional detail of material properties heterogeneity. Porosity color scale same as plate 1. Unit abbreviations: PTn—
upper Paintbrush nonwelded model unit; TSw—Topopah Spring welded model unit; CH—PP—combined Calico Hills—Prow Pass model unit.

Nevada state plane coordinates in feet.
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Plate 3. Perspective diagram looking north of the composite total porosity model for all three model units. Front of model is along Nevada
state plane coordinate 761000 N; 2x vertical exaggeration. Red object is ESF south ramp.
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Plate 4. Perspective diagram looking north of the composite total porosity model for all three model units. Front of model is along Nevada state
plane coordinate 766000 N; 2x vertical exaggeration. Red object is ESF main drift and south ramp.
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Plate 5. Perspective view looking east of the composite total porosity model for all three model units. Front of model is along Nevada state
plane coordinate 560,000 E; 2x vertical exaggeration. Red objects are ESF ramps; fault surfaces are grey.
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Plate 6. (a)—(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted to
show selected features. North—south cross section 15, looking west.
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Plate 7. (a)—(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted
to show selected features. East—west cross section 28, looking north.
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Plate 8. (a)—(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted
to show selected features. East—west cross section 34, looking north.
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Plate 9. (a)—(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. North—south cross section 15, looking west.
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Plate 10. (a)—(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. East—west cross section 28, looking north.
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Plate 11. (a)—(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. East—west cross section 34, looking north.
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Plate 12. (a)—(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. North—south cross section 16, looking west.
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Plate 13. (a)—(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. East—west cross section looking north.
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Plate 14. (a)—(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type
model with colors adjusted to show selected features. East—west cross section 35, looking north.
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Plate 15. (a)—(d) Four simulations of porosity in the CH-PP model unit; (e) E-type model of porosity in
the CH—PP model unit; (f) uncertainty of porosity in the CH—PP model unit; (g) E-type model with
colors adjusted to show selected features. North—south cross section 15, looking west.
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Plate 16. (a)—(d) Four simulations of porosity in the CH-PP model unit; (e) E-type model of porosity in
the CH—PP model unit; (f) uncertainty of porosity in the CH-PP model unit; (g) E-type model with
colors adjusted to show selected features. East—west cross section 28, looking north.
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Plate 17. (a)—(d) Four simulations of porosity in the CH-PP model unit; (e) E-type model of porosity in
the CH—PP model unit; (f) uncertainty of porosity in the CH—PP model unit; (g) E-type model with
colors adjusted to show selected features. East—west cross section 34, looking north.
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MODELING RESULTS

The material property models generated as
part of this study are intended principally for use as
numerical input to flow-and-transport modeling
codes, and as a result the models are not particu-
larly intended for visual presentation. Additionally,
the models themselves are stochastic, and thus in
essence are the products of a (sophisticated) ran-
dom-number generator. We therefore place primary
emphasis throughout this Modeling Results section

on “validating” the simulated models statistically
in terms of the three desirable features of condi-
initially on

tional simulations, as discussed

page 60.

4
29 ESF-

16

Figure 49. Location map for the sectional views of
rock properties models presented in this report.

Nevertheless, in order to provide a generaI_Label numbers are grid node specifiers from rows

ized overview of the rock property models as
whole, we also present a small number of represen-
tative perspective diagrams andoss sections

a

and columns of modeling mesh. Area shown is
same as in figures 8-10.

illustrating selected features of the models as colopTn Model Unit
plates 1 through 14. Plates 1 through 5 are three- '

dimensional perspective views of the combined EForosity

type summary models, and these images include g scription of Models
three rock-properties modeling units: PTn, TSw,

and CH-PP. Plate 1 is presented with no vertical

The PTn model unit is shown as an expected-

exaggeration to give some idea of the true verticajalue porosity model in perspective view in plates
versus lateral extent of the various units at Yucca through 5. Two cross-sections and one “long”

Mountain. Plates 2 through &e vertically exag-

section (i.e., parallel to struet) showing several

gerated by a factor of two; however, it is still diffi- realizations, the E-type model, and the uncertainty
cult to visualize the relatively thin PTn model unit model are presented in plates 6, 7, and 8. Note that
even at this scale. Various of the many subunitprofiles (e) and (g) of each figure are identical,
(table 1) that have been described at Yucca Mourexcept that the uniformly varying color scale used

tain are identified on the color platds.is impor-
tant to note, however, that these smaller-scale

in part (a)—(e) of each figure has been compressed
and stretched in part (g) to highlight selected fea-

“units” are not modeled explicitly, but exist only as tures of the models.

porosity values that are higher or lower than their

surroundings as conditioned by the measured
porosity data throughout the model domain and the
quantitative models of spatial correlation described
in this report.

The locations of the severa section profiles
shown as plates 6 through 17 are given in figure 49.
All two-dimensiona sectional views of the rock
properties models in this part of the report are still
in stratigraphic coordinates, and the views pre-
sented include both individual simulated models,
summary E-type models, and summary uncertainty
models, as described on page 68.

Several things are quite apparent in the sec-
tional views of the PTn porosity models. First, the
porosity values are typically high, as befits a unit
dominated by nonwelded materials. Second, the
high porosity values are not uniformly distributed
throughout the modeled volume, but rather are gen-
erally restricted to the middle parts of the profiles
(vertically). Both the top and base of the PTn
model unit are defined by more or less sharp transi-
tions from nonwelded to welded tuff. Third, it is
quite clear that the top and base either have not
been “picked” consistently across the drill hole
data base, or else that the material property bound-
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aries transgress the lithostratigraphic unit bound-
aries identified in the stratigraphic compendium
(Clayton, 1996). Note in particular, the prominent
very dark blue to purplish band of color along the
top of part (g) of each figure. These cold colors
represent very low porosity values associated with
welded tuffs of the overlying (and not modeled)
Tiva Canyon Tuff. The undulatory and discontinu-
ous nature of this upper part of the figure suggests
that the same the same degree of welding was not
applied as a criterion for the distinction between
lithostratigraphic units Tpcpv3 and Tpcpv2 or
Tpcpvl. The same reasoning applies to the lower
contact of the PTn model unit, as part (g) of each
figure contains a deep blue/purple mass aong the
lower margin whereas the dominant porosity value
is coded more of alight blue to green.

Fourth, porosity changes within individual
lithostratigraphic units appear to be reproduced.
For example, consider the extreme right-hand end
of the long section shown in plate 6. Part (g) of this
figure accentuates the two low-porosity zones that
extend south from the genera latitude of drillhole
G-2 (Appendix C) that are also visible to a lesser
extent in plate 6(e). These two stratigraphic inter-
vals correspond to the welded portions of the
(upper) Yucca Mountain and (lower) Pah Canyon
Tuffs in this extreme northern part of the modeled
area. The porosities of the Yucca Mountain Tuff
appear markedly lower than those of the Pah Can-
yon Tuff. The change of welded materias laterally
into high-porosity nonwelded tuff is quite striking
for the Pah Canyon Tuff, and this changeis consis-
tent with field observations that the Pah Canyon
throughout much of its extent is typified by very
large yellowish-grey pumice clasts dispersed in a
generaly pinkish groundmass. The origin of the
prominent break in high-porosity materials at
approximately Nevada State Plane coordinates

domain. Uncertaty is presented in part (f) of each
plate, 6-8. The various shades of blue represent
regions of lower uncertainty associated with the
more densely drilled portions of the repository
block, whereas uncertainty increaqdespresented

by blocks colored yellow to red) in regions of more
sparse drilling. The difference in the uncertainty
model between the northern part of the repository
block, shown for cross section 35 in plate 8(f), and
the southern part of the block [cross section 29;
plate 7(f)] is quite striking. Cross section 35 is
influenced by drill holes UZ-14, G-1, H-1, NRG-
5-7, and SD-9, whereas cross section 29 is con-
strained effectively by only drill holes SD12, WT-
2, and H-4. Note that in plate 7, uncertainty is
markedly greater west of the Ghost Dance Fault (to
the west of profile 16).

Validation

Criterion number 1 for a “good” stochasti-
cally simulated rock properties model is reproduc-
tion of known data values at the same locations in
the model as were sampled in the real world. The
implicit assumption is that a model that does not
reproduce measured values appropriately is imme-
diately distinguishable from reality, and hence, a
distortion. The complicating factor in making the
required comparison is that whereas drillhole data
have unique and specific sets of three-dimensional
coordinates related to the sampling process itself,
the simulated models as constructed are discretized
on arelatively coarse three-dimensional grid.

In this study, the grid spacing for the PTn
model unit is 250x250x2 meters (x:y:z; table 3).
Because of the coarse spacing in the horizontal
plane, a drillhole with its contained data may be
located as much as 176 m (some 580 ft) distant
from the nearest grid node. Given that the ranges of

758,000-760,00¢eet isnot immediately apparent. spatial correlation described in the sectionSpa-
However, the fact that this unexplained transition idial Continuity Description are, in some cases, on
directly associated with “bulges” in the low-poros-the order of 2000-5000 ft (for the first nested struc-
ity top and base of the unit suggests that the porosure), it is evident that there may be non-trivial dif-
ity break is associated with a single drill hole. ferences for some ilr holes that are poorly
situated with respect to the simulation grid.
Uncertainty, as represented by the node-byAnother consideration is that even with a 2-m
node standard deviations of porosity across the 10@bout 6 ft) vertical discretization interval, it is
stochastic simulations used to generate the E-typdearly impossible to individually represent each
model, is not the same throughout the modeand every downhole sample where the nominal
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sample spacing is only about 1 meter (3 ft). Note
that vertical discretization effects will be markedly
more pronounced in the other two model units, for
which a 10-m vertical grid spacing was used. Sub-
ject to these mechanical limitations, the several

@ (b)

drillhole profiles should be reflected generally in a
porosity profile extracted from the model in the
immediate vicinity of that hole.

In general, reproduction of the input porosity

(c) (d)

50 —

100 —

Stratigraphic Depth, dimensionless

150 —

Input Data
Sim. 20
Sim. 41
Sim. 63
Sim. 79
— - E-type
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Figure 50. Comparison of porosity profiles extracted from simulated models of total porosity with input
porosity data and with the E-type model results for the PTn model unit at grid nodes nearest drillholes

(a) G-3, (b) SD-9, (c) UZ-16, and (d) WT-17.

data in the four simulations selected randomly
from the suite of realizations for the PTn model

unit is quite good, as illustrated in figure 50. The
overall character of the vertical changes in porosity
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(shown in the solid heavy line) is definitely cap-
tured in each simulation. Most of the more evident
discrepancies are related to short-wavelength fea
tures in the input data (corresponding to the thin
reworked depositional units?); these differences are
most pronounced where the feature in the original
datais located midway between two adjacent grid
nodes. In afew instances, three of the four simula-
tions closely approximate the measured data curve,
whereas the fourth indicates a rather different sim-
ulated porosity value[e.g., specific examplesin fig.
50(a) at approximately 42, 65, 105, 125, 183 ft.,
etc.]. These disparate data points are attributed to
interaction between imprecise coincidence of drill
hole and grid node with the randomness of the
sequential path through the model domain aong
which the unit is simulated. At every point not pre-
cisely coincident with a measured value, there is a

Figure 51, parts (a) through (d), presents his-
tograms of the four simulated porosity models of
the PTn model unit that were summarized for spe-
cific drill hole locations in figure 50. For compari-
son, figure 51(e) is a representation of the original
porosity values used to condition the simulations of
parts (a) through (d); see also fig 15. In addition to
the histograms themselves, figure 51 includes sev-
eral summary statistical measures for each relevant
population. Céarly, the simulated models of PTn
porosity not only reproduce the mean of the mea-
sured values, but they also reproduce the full range
of observed variability (i.e., standard deviation)
and, by implication, the high-order moments
(skewness; kurtosis) as well. Reproduction of the
high-order moments is demonstrated by tlearn
identical shapes of the histogram plots and by the
highly asymmetric quartile intervals and mini-

finite probability of generating an “odd” property Mum-maximum relationships.

value. If an adjoining grid node (located yatther

away from the conditioning drill hole) simulated
early in the sequential filling process by chanc
receives a low-probability value that is much
higher (lower) than those at the drill hole, thi
value will influence later simulation of the node
closest to the drill hole in proportion to its spatial
position and magnitude. Across a large number o
simulations, however, the impact of these statistic
fluctuations should be minimal, and indeed, the
profile of the expected-value model (shown in fig.
50 as the dashed line without symbols) is observe
to pass through the cluster of values more similar

to the nearest measured porosity.

Criterion number 2 for reasonable simula-

€

Figures 52 and 53 present three-dimensional
variograms of the simulated porosity models of the
PTn model unit. Part (a) shows the vertical vario-

sorams, whereas part (b) and (c) show the horizontal

variograms in the directions of maximum (azimuth
135°) and minimum (45°) continuity. Figure 52
resents a summary of all 100 simulated models

S the average variogram and 95-percent confi-

dence intervals, and figure 53 compares the vario-
grams from the four smulated models from figure
1 and from the expected-vaue summary model.
Iso shown for comparison in the heavier line
weights are the modeled variograms from
figure 34.

Reproduction of the desired vertica vario-

tions involved the nivariate statistical character of grams by the simulated models is excellent. All
the ensemble of data used to condition the simul&our simulations in figure 53 plot essentially on top
tion process. In essence, this criterion involvesf the input model. However, the variogram from
reproduction of the histogram, including both thethe E-type summary porosity model does not. This
mean and the variance. Because simulations do, latter variogram indicates that for each given dis-
general, reproduce the input data histogram quiteance less than the range of spatia correlation, the
closely, it is important to ensure that the data use#-type model exhibits alower degree of variability
to condition a modeling excise are as unbiased asthan do the individua stochastic realizations and
possible. Preferential sampling of either high orthe modeled summary of the actual measured data.

low values because of some external

criteria
(including logistical limitations) will, if left uncor-

In the stratigraphically horizontal dimension,

rected (for example Deutsch, 1989) lead to the prothe variograms of the individual simulated porosity
duction of simulated models for which the values

tend to be either too high or too low.

TSee al'so discussion of variograms in Appendix D.
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Figure 51. Histograms of four individual simulations of total porosity in the PTn model unit [(a)—(d)]
compared to the original porosity data [(e)] and E-type summarized model [(f)]. Associated statistical

summary shown for each histogram.

models indicate a modest degree of anisotropy, but
the apparent maximum range of correlation is
somewhat less than was specified by the input vari-
ogram (heavy curves). The variogram curvesin fig-
ure 53(b) aso include the sample variogram plots

in the appropriate directions (the irregular lines
with circular symbols; see aso fig. 34). Note that
for each of the stochastic realizations shown in fig-
ure 53(b), the variograms of the simulations appear
to resemble the sample variograms more closely
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Figure 52. Reproduction of input variograms for simulated porosity models of the PTn model unit: (a)
stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135°; (c) stratigraphic horizontal, azimuth = 45°,
Dashed line with error bars is average variogram with plus/minus 95-percent confidence interval; heavy

solid line is input variogram model.

than the input modeled variogram. This effect is
particularly noticeable for the variogram at azi-
muth = 135°. We had inferred the model vario-
grams in figure 34 giving somewhat more weight
to the low-variance value at separation distances of
about 13,000 ft because the guiding conceptual
model of ash-flow deposition suggests that one
might expect long-range spatia correlation. How-
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ever, the conditioning data in this case appear to
work to influence the simulated models in the
opposite direction: giving more weight to the sam-
ple variogram points at 7000 and 9000 ft. Thistype
of robust behavior with respect to the influence of
datais a hallmark generally of geostatistical meth-
ods.
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Bulk Density

The model of bulk density for the PTn model
unit was created using direct regression on total
porosity. Bulk density is predicted by the relation-
ship:

pp = 2.543- 2.764 (42)

as presented previoudy in figure 22(b). The coeffi-
cient of determination (r2 value) for this regression
is 0.972. Note that in contrast to the models of
other secondary material properties described in
this report, the bulk density model is simply an
expected-value-type model, and it was generated
simply by applying equation (41) to the summary
E-type model of porosity.

Saturated Hydraulic Conductivity

Models of saturated hydraulic conductivity
for the PTn model unit were created by linear core-
gionalization with each of the individual porosity
models for this unit. There are thus 100 separate
stochastic realizations of hydraulic conductivity,
which have also been summarized through the cre-
ation of a single E-type hydraulic conductivity
model.

Histograms of four of the individual core-
gionalized saturated hydraulic conductivity models
for the PTn model unit are shown in figure 54,
parts (a)—(d). A histogram of the 64 measured PTn
hydraulic conductivity values is shown for compar-
ison in part (e) of the figure. Note that this latter
histogram represents a subset of the entire mea-
sured Ksat data set (PTh—TSw—CHPP) shown in
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figure 26(a). The histogram of the summary E-type
model of hydraulic conductivity for the PTn model
unit is presented in part (f) of figure 54.

Saturated hydraulic conductivity was dem-
onstrated to be correlated quite strongly with
porosity for unaltered rocks in the section on Satu-
rated Hydraulic Conductivity beginning on page
35. The coefficient of determination is approxi-
mately 0.6. This partial correlation has been repro-
duced through the coregionalization process, as
indicated in figure 55, for the four individual real-
izations that have been used previously as illustra-
tions [compare to fig. 25(c)]. The irregularly
clustered appearance of the plotsis largely an arti-
fact related to the limited number of actual Ksat
measurements from the PTn model unit (64) that
has been used to describe the univariate character-
istics of the simulated models. Also, the scatter-
plots of figure 55 were generated using only a 5-
percent subsample of each full simulated model in
order to generate logistically feasible diagrams (the
full simulations each contain more than 54,000 val-
ues, too many to plot in a reasonably sized com-
puter file). Although the 5-percent sample was
selected at random, the subsampling process may
have accentuated the clustering caused by the
somewhat blocky data histogram of figure 54(e).

As indicated in figure 55, the strength of the
correlation between simulated hydraulic conductiv-
ity and simulated porosity is somewhat stronger
than that observed from the measured data (origi-
na r? = 0.603). However, the original correlation
between porosity and hydraulic conductivity,
shown in figure fig. 25(c) and used in the coregion-
aization algorithm, was based on all available K sat
values measured for all unaltered core samples [N
= 291, table 8; fig. 26(c)]. These data included
specimens from the PTn model unit, the TSw

Figure 56 is an equivalent scatter diagram
showing the corretaon between the E-type models
of saturated hydraulic conductivity and porosity for
the PTn model unit. In distinct contrast to the
crossplots of figure 55, which indicated distinct-
yet-not-perfect cross-variable correlation of these
two properties, figure 56 indicates a nearly one-to-
one relationship for which the coefficient of deter-
mination is virtually 1.0. This behavior is consis-
tent with the behavior of an expectation operator.
Values from both tails of the two distributions
“regress toward the mean.” The result is aréas-
ingly strong apparent correlation, despite the only
modest correlationrf = 0.603; see fig. 25(c)]
between the actual laboratory measurements. Car-
ried to its logical-though-extreme end, the expecta-
tion operator results in a single “represdiv@’
value for both porosity and hydraulic conductivity
in an effort to summarize what is a modestly com-
plex state of being.

-10 & -

I r2=096 |

15 1 x 1 x 1 x
0.0 0.2 0.4 0.6

log,,(Sat. Hydraulic Conductivity, in m/sec)

Porosity, as a fraction

Figure 56. Scatterplot of saturated hydraulic
conductivity and porosity for the summary E-type
models of the PTn model unit (5-percent

model unit, and the combined Calico Hills—=Prowsypsample).

Pass interval to achieve the benefits of greater sta-

tistical mass (tbre are oly 64 available samples

from the PTn unit itself). As the PTn model unit

consists almost entirely of nonwelded rock types, A very interesting and somewhat unexpected
the correlion exhibited by these simulations observation can be made from the scatter diagram
might be expected to be stronger than for an aggrg@resented in figure 56. Despite the name of the
gation of diferent rock types idading nonwelded, simulation process for deriving Ksat from porosity,
densely welded, and even microfractured vitrophylinear coregionalization, the relationship between
ric samples. the two correlated E-type models is anything but
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Figure 54. Histograms of four coregionalized models of saturated hydraulic conductivity corresponding
to the four porosity models presented in figure 51(a) through (d) compared to histograms of original
measured data [(e)] and E-type model [(f)].
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Figure 55. Scatterplots of modeled saturated hydraulic conductivity as a function of modeled porosity
for the PTn model unit. () Simulation no. 30; (b) no. 41; (c) no. 63; (d) no. 79 (5-percent subsample).

linear. The same curvilinear relationship can aso
be observed in the scatterplots of the individual
simulated models (fig. 55); however, the nature of
the relationship is more clearly defined with the
markedly diminished variability of figure 56. In
fact, that there would be an upper bound on
hydraulic conductivity with increasing porosity is
somewhat intuitive. Because the porosity of closely
packed uniform spheresis only about 30 percent, it
is clear that much of the porosity for some samples
from Yucca Mountain must be intra-granular: spe-

porosity is connected and will conduct fluid,

increasing the hydraulic conductivity of the sam-
ples. However, the flow of fluid (water in the labo-

ratory) cannot increase indefinitely, as the rock
specimens must be sufficiently consolidated to
withstand handling and testing. Note that is possi-
ble to obtain a higher coefficient of determination
for the original scatterplot of the laboratory data
shown in figure 25r€ = 0.611 vs 0.603) simply by

fitting a polynomial regression of order two to the

cifically related to “froth” bubbles in coarse pum- data instead of a simple linear fit. L. E. Flint (in
ice clasts. Clearly some of this intraparticlereview) has developed predictive equations for
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hydraulic conductivity from porosity that use such  short description of the uncertainty associated with

complex regression relationships. the simulated models of materia properties. Figure
U ntv Model 57 presents histograms representing the standard
ncertainty Mode deviations of the 100 stochastic realizations (each)

of total porosity [part (a)] and saturated hydraulic

Geodtatistical simulation provides a power- ey X
conductivity [part (b)] for the PTn model unit. The

ful tool for addressing geologic uncertainty, that

which results from less-than-exhaustive observe- ~ Uncertainty models are computed in association
tion of a particular site. Although for the Yucca  With the generation of the expected-value-type

Mountain repository program, the real interest in ~ Models, and they are nothing more than the node-
uncertainty focuses on uncertainty in the predicted ~ by-node standard deviations of the 100 input simu-
performance of the potential repository. However, lations (see See “Uncertainty Measures” on
this predicted performance uncertainty is to no  page 68.). Although the uncertainty varies spatially
small extent dependent on the uncertainty associ-  as shown in plates 6 to 8, these histograms provide
ated with input parameters to the performance a somewhat global view of the uncertainty associ-
models (c.f. fig. 6), and thus we present here a  ated with the suite of simulated models.

(a) (b)
PTn E-type Porosity Std.Dev. Number of Data 53985 PTn E-type Ksat Std.Dev. Number of Data 53985
0.400_] a1 number trimmed 405 ] e number trimmed 405
T | mean 0.0924 ] M - mean 1.4847
T std. dev. 0.0202 1 std. dev. 0.5030
] i | coef. of var 0.2191 0.0600 1 — L coef. of var 0.3388
0.080 _| maximum 0.1456 1 B maximum 2.9101
] upper quartile 0.1072 ] upper quartile 1.8591
| median 0.0954 ] [1 median 1.5025
lower quartile 0.0808 b M lower quartile 1.1208
g 0.060_] minimum  0.0149 3 E L minimum  0.2841
c . — M c B |
[} @ 0.0400_]
= N =] 1
o o =
o o
[ 7 [
0.040_] -
0.0200
0.020_| i
0.000 ] T U T T T T T T T T T T T T T T T T T T T 00000 1 LI R B B B R A L ) B L A B B B
0.000 0.050 0.100 0.150 0.200 0.250 0.00 1.00 2.00 3.00 4.00 5.00
Standard Deviation, porosity fraction units Standard Deviation, log units

Figure 57. Uncertainty associated with (a) simulated porosity models and (b) simulated hydraulic
conductivity models, as expressed by the standard deviations of individual grid nodes. Uncertainty
estimates derived from E-type models.

Figure 57(a) indicates that across the entir@bout plus-or-minus 2 porosity percent. The exist-
PTn model domain, the average standard deviatioence of a limiting value is most likely related to
is plus-or-minus just over 9 porosity percentdiscretization of the model domain on an arbitrary
(0.092). This is with respect to a global averageyrid, as the numerical implementation of the
porosity of 44 percent (0.438; fig. 51). The distri-sequential simulation algorithm will reproduce
bution of uncertainty is asymmetric, with a maxi- exactly sample data collocated with a grid node.
mum uncertainty of 14.5 peent (0.146). The The magnitude of this limit is also a function of
skewed tail of low uncertainties is directly andmodel discretization; however, it is alsoreatitly
immediately related to the spatial positions ofrelated to the small-scale variability exhibited by
model grid nodes with respect to conditioning datathe 3-ft spaced closest samples.
Simulated values close to conditioning information
vary only slightly, whereas simulated values far Figure 57(b) is an identical presentation of
from data are much more highly variable. Note thatincertainty associated with hydraulic conductivity;
there appears to be a lower limit to uncertainty ofecall that Ksat in this report is expressed in units

Modeling Results 97



of logyg m/sec. Uncertainty in the simulated values
of saturated hydraulic conductivity appears rela
tively high. The global average standard deviation
is approximately 1.5 log units, and at worst, the
variability may be estimated at plus-or-minus three
orders of magnitude (standard deviation = 2.9).
The best-constrained grid nodes are simulated with
a standard deviation of 0.4 log units, with a lower
bound of plus-or-minus 0.28. Again, these uncer-
tainty measures are spatially distributed, and figure
57(b) provides only aglobal overview.

TSw Model Unit

Lithophysal Porosity

Description

Lithophysal porosity values for the TSw
model unit is presented in perspective-diagram for-
mat in plates 1 through 5. Two-dimensional profile
views are presented for the same cross- and long-
sections as for the PTn model unit (location map in
fig. 49) in plates 9, 10, and 11. As before, parts (a)
through (d) of the 2-D figures are individua simu-
lations and part (€) is the E-type summary model.
Part (f) of each plate is the uncertain model associ-
ated with the suite of simulations. Finally, part ()
is the same as (€) except that the color scale has
been adjusted to bring out selected features of each
profile.

“On average,” i.e for the E-type model, the

two prominent lithophysae-bearing intervals of the

Topopah Spring Tuff are reproduced quite faith-Very low porosity lower (sometimes called “basal”)

heterogeneity is that it might be related to differ-
ences in borehole “vintage;” see plate 10, particu-
larly the very high porosity values associated with
drillhole H-4 and the nearby much lower porosity
values corresponding to drillhole SD-12. However,
plate 11 contains agpallel example of high litho-
physal porosities associated with drillhole NRG-6
and nearby much lower porosity values corre-
sponding to drillhole SD-9, both of which were
logged using post-1988 geophysical instruments.
Farther to the west on cross section 35 (plate 11),
drillhole H-5 (pre-site characterization logs) is
again associated with very high lithophysal poros-
ity values. We interpret the evidence as weighing
most heavily toward real lateral heterogeneity in
the extent of development of mesoscale lithophysal
cavities.

There is at least one example of some signif-
icant problems with identification of the bound-
aries of the TSw model unit. Plate 9(e) shows a
very anomalous high-porosity interval at the very
top of the unit at Nevada state plane coordinate
770,000 ft north. The red-colored block in plate
9(e) clearly is anomalous, as it represents a poros-
ity of some 40-50 grcent associated with what
“should” be the caprock vitrophyre (zone Tptrvl)
of the densely welded Topopah Spring Tuff. The
same high-porosity material is indicated in the
enhanced image of plate 9(g), which also indicates
an undulating interval of dark blue to purple par-
tially broken by lighter blue shades all across the
top of this north—south profile. Note also that the

fully, although identifying these distinctive units in VIroPhyre of the TSw model unit (lithostrati-
the individual simulated models requires moregraIOhIC unit Tptpv3) is not particularly continuous

effort. The upper and lower lithophysal “zones” arethroughout the model domain—at least not as a

most readily identified on the north—south long-'OW-POroSity unit.

section in stratigraphic coordinates (plate 9). Note

that the upper lithophysal interval is modeled by The uncertainty model for the Topopah
cells of higher porosity than the lower interval. Spring welded model unit [part (f) of platés11]
This is consistent with field observations (and corendicates strong vertical zonation controlled by
observations) that indicate abundant and very largperoximity of the several sections to individual drill
lithophysal cavities (decimeter size) in the uppemholes. Uncertainty is observed to increase toward
lithophysal zone and typically smaller and locallythe northern and (particularly) the southern ends of
flattened lithophysae in the lower interval. Therethe long-section shown in plate 9. Uncertainty in
also appears to be a large amount of lateral varthis southern area appears to be accompanied by a
ability to the upper lithophysal interval in particu- more blurred distinction of the upper and lower
lar. A first impression from this apparent laterallithophysae-beang intervals.
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Validation

Figure 58 presents four randomly selected
porosity profiles of lithophysal porosity from the
TSw model unit and compares them to the litho-
physal porosity data derived from downhole petro-
physical logging and other information. As was the
case for the PTn model unit, reproduction of mea
sured values at the locations of those values, sub-
ject to the limitations of grid discretization, appears
to be acceptable in the simulated models shown in
the figure. The overadl trend of aternating higher-
and lower-porosity lithophysal and nonlithophysal
intervals has clearly been captured, given the fairly
coarse 10-m (roughly 33-ft) spacing of the grid in
stratigraphic coordinates. In addition to the zona-
tion of lithophysae-bearing intervals, the two vitro-
phyre units of the Topopah Spring welded section
(units Tptrvl and Tptpv3; Buesch and others,
1996) are appropriately captured as well; the simu-
lated values fall essentially on the heavy solid line
indicating the measured porosities of these low-
porosity glassy zones at the very top and base of
the TSw model unit. Given that the true thickness
of the upper (“caprock”) vitrophyre is typically
only 1-2 ft (less than a meter) thick (Appendix B),

the simulated models would appear to be quite
realistic in detail. What the simulated models can-
not do, is reproduce on a 10-m discretization the

high-frequency information content of the mea-
sured porosity data for which the sample spacing i

nominally less than 1 meter (3 ft). For example,

profile (d) of figure 58 completely misses the
prominent very high porosity interval in the lower
lithophysal zone at a stratigraphic depth of abou
640 ft.

An interesting phenomenon may be observed

in figure 58(b), the profile nearest the location of
drill hole SD-9. The simulated porosity values

closely track the data, as indicated by the heavy
solid line, to a stratigraphic depth of approximately

730 nominal feet; the replicate values are also quit
closely grouped about the true values. Howeve

larger, although the lighter-weight dashed line rep

resenting the E-type model values appears to agreg,

figure 58, including a suggestion of the lower vitro-
phyre unit equivalent in porosity to that indicated
in hole WT-18 [part (a) of the same figure] and
only slightly higher than that in parts (c¢) and (d).
The cause of this behavior is that conditioning data
values for drill hole SD-%re absent below this
730-ft depth. Measured porosity values from below
the lower lithophysal interval of the TSw model
unit were inadvertently omitted from the input data
file.

In fact, this inadvertent omission offers the
opportunity for a small etcise in blind validation
of the simulation modeling process. The actual
core porosity data from the SD-9 drill hole are
available, and these values have been plotted in fig-
ure 59, together with the E-type model values and
the individual sets of values from the four different
simulated models.
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below this stratigraphic depth, the spread of the

simulated values plotted in the figure become mucigure 58(b) showing measured core data

igure 59. Lower portion of porosity profile from
inadvertently omitted from drill hole SD-9 in the
simulation data set. Compare core values to E-type
del plot (dashed line).

rather well with the general porosity trends observ-
able in the lower portions of the remaining parts of
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TSw model unit for grid nodes nearest drillholes (a) WT-18, (b) SD-9, (c) SD-12 and (d) SD-7.

The univariate datistical character of the  shown as porosity profiles in figure 58. Also shown
simulated models of lithophysal porosity for the in figure 58(e) are the histogram of the original
TSw model unit is shown in figure 60, parts (a)- measured lithophysal porosity values used to con-
(d), for the four randomly selected realizationsdition the models [see also plate 16(b)] and the his-
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togram of the summarized E-type model [figure
58(f)]. A number of descriptive statistica measures

are shown adjacent to each histogram.
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The several histograms indicate that the
overall univariate statistical character of the simu-
lated models is virtually indistinguishable from
that of the original data. Because there is no objec-
tive means of deciding among the various realiza-
tions (the full suite consists of 100 equiprobable
realizations), we hold that each realization repre-
sents a plausible model of the real world distribu-
tion of lithophysal porosity values. In contrast, as
was the case for total porosity in the PTn model
unit (fig. 51), the statistical character of the E-type
summary model is quite different from that of the
underlying data. Even though the measured data
themselves are reproduced, the expectation opera-
tor has greatly reduced the tails of the distribution
of modeled values and produced an essentialy
gaussian-appearing population. To the extent that
(in this case) the very high porosity lithophysae-
bearing intervals affect the performance of the
potential repository, the systematically lower
expected porosity values represented in the E-type
model may distort subsequent engineering analy-
Ses.

Figure 61 presents a summary of the com-
puted variograms for the 100 simulated lithophysal
porosity models.t A comparison of variograms
from the four individual porosity models compared
to both the input variogram model and the original
sample variogram of the data is presented in figure
62. Part (a) of the figure contains the variograms
computed in the stratigraphically vertical direction,
whereas parts (b) and (¢) are computed in the strati-
graphically horizontal plane, one in the direction of
maximum spatial continuity at azimuth = 0° (b) ,
and the other at 90° to it (c).

In all three parts of both figures, the simu-
lated porosity models indicate somewhat shorter
correlation lengths than had been inferred from the
sample data. The simulated models exhibit more
variability at each separation distance than do the
inferred variogram models. However, note that for
both horizontal cases, [figure 62, parts (b) and (c)],
the variograms of the simulated models are not
incompatible with the sample variograms com-
puted in the same directions. In figure 62(b), the
simulation variograms plot directly on top of the

TSee also discussion of variograms in Appendix D.

second point of the sample variogram at a separa-

tion distance of about 2000 ft. The third sample
variogram point appears too low by comparison,

but the fourth sample point representing separa-
tions of about 6000 ft is again closely approxi-
mated in the simulated models. In figure 62(c), the
simulation variograms clearly are more closely
akin to the sample variogram vaues, with the
exception of the hole-effect-like decreases in
observed variability at 5000-8000 ft and again at
13,000-18,000 ft distances. The simulated models
appear to be robust, reproducing characteristics of
the actual sample data that appear to have been
over-interpreted in light of a prior conceptual
model of geology.

In contrast with the variograms computed for
the four simulations shown in figure 62, the vario-
grams of the E-type porosity model clearly empha-
sizes the intuitive geologic expectation of
continuity. At each separation distance examined,
the variability of the E-type model is less than half
the magnitude of the other three types of vario-
grams (data, model, simulations) presented in the
figure. This type of distortion of real-world quanti-
tative correlation structure is typical of E-type
models, and it poses a serious conundrum for users
of rock property models in numerical physical pro-
cess modeling. Clearly, there is something very
basic about fairly large-scale spatial continuity of
rock units at Yucca Mountain. If there were not, it
would not be possible to create geologic maps with
map units that extend across broaglaa (e.g., Day
and others, in preb. At the same time, however, it
is also apparent that quantitative measurements of
material properties do exhibit quite significant vari-
ability over quite short separation distances both
vertically and horizontaly. Unless we are to
assume that this type of variability is simply mea-
surement error subject to disproof by replicate
measurements or measurement by multiple tech-
niques, we are driven to the conclusion that the
material properties of the rock mass are, in fact,

*Day, W.C., Dickerson, W.P, Potter, C.J., Sweetkind,
D.S., San Juan, C.A., Drake, R., and Fridrich, C.J,,
in prep., Geologic map of the YuccaMountain Area,
Nye County, Nevada: intended for publication as
USGS open-file report., scale 1:24,000.
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Figure 61. Reproduction of input variograms for simulated lithophysal porosity models of the TSw
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more heterogeneous than our geologic intuition  porosity for the TSw mode unit are shown in

tells us. plates 12 through 14. Note that the porosity values

] ) shown on the perspective views of the E-type mod-
Matrix Porosity els (plates 1-5) aréthophysal, not matrix, porosi-
Description ties, and thus the variability in porosity attributable

to the megascopic lithophysae-bearing intervals of
Several representative two-dimensiona pro-  the unit is much subdued (compare with plates 9—
files extracted from the simulated models of matrix ~ 11). Figure 63 presents drillhole profiles of matrix
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porosity for four randomly selected simulated
models. Also shown on each figure are the original
conditioning data (core or petrophysical) and the
expected-value summary profile. These porosity
profiles are relatively uniform and featureless by
comparison with those for lithophysal porosity.
However, the important features of the input data
are reproduced in the smulated models to an
acceptable degree. These features include dight
increases in matrix porosity associated with the
lithophysae-bearing intervals (compare with fig.
58, lithophysal porosity), generally higher porosity
associated with the uppermost part of the Topopah
Spring Tuff, and the very low porosity values asso-
ciated with both the caprock vitrophyre and the
lower vitrophyre units.

104

Validation

Validation of the simulated matrix porosity
models is upheld in part by reproduction of the
character of the input drillholes at the nearest grid
nodes (fig. 63). Additionally, the univariate statisti-
cal character of these four simulated models of
matrix porosity are shown in the histograms of fig-
ure 64, parts (a) through (d). A histogram of the
origina measured matrix porosity data is shown
for comparison in figure 64(e). Comparison of the
histogram plots and the several statistical measures
associated with each data set in the figure indicates
that the simulated models are, in fact, virtualy
indistinguishable from the actual observations of
Yucca Mountain. In contrast, examination of the
univariate character of the E-type summary model,
shown in histogram format in figure 64(f), indi-
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cates clear differences between this numerical
model and both the simulated models and the sam-
plesfrom the site. Variability has been significantly
compressed and the tails of the sample distribution
have been mostly truncated. Note particularly the
interguartile range of the modeled porosity values,
which has been reduced to just over one porosity

percent (0.0108) from nearly 7 porosity percent
(0.066).

Figures 65 and 66 continue the comparison
of the simulated matrix porosity models to our
knowledge of matrix porosity at Yucca Mountain.
Figure 65 presents the overall reproduction of the
desired input model of spatia correlation across
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the ensemble of simulations, and figure 66 shows
variograms of four of the simulated models and the
E-type model T Parts (a) through (c) of both figures
show spatial continuity patternsin the directions of
minimum (vertical), maximum (horizontal, azi-
muth 0°), and intermediate correlation. The four
simulated models (fig. 66) exhibit spatial continu-
ity patterns that are quite similar to both the input
variogram and the sample variogram from which
that theoretical input model was developed. The
one exception is in the stratigraphically vertical
direction [fig. 66(a)], for which the input spatial
model did not reach the sill value until the separa-

TSee also discussion of variograms in Appendix D.

tion distances became very large (see discussion on
page 51). Recall that the third and longest-range
structure fitted to the sample variograms of matrix
porosity in the TSw model unit (table 13) was a
dummy structure to bring the total variability cap-
tured by the variogram model to the sill of 1.0, as
required by Gaussian simulation theory. The under-
lying cause of the observed phenomenon of the
too-low apparent sill for the sample dataisinferred
to be the computation of the sample variogram
using data from only one drillhole and one type of
porosity measurement at a time. Such dummy
structures are neither necessary nor possible in a
simulated material properties model, which is gen-
erated as a unified whole.
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Figure 66. Variograms from four simulated matrix porosity models of the TSw model unit compared to
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Also shown in each part of figure 66 is the
variogram of the summary E-type matrix porosity
model, computed in the appropriate direction in
each part of the illustration. In each case, the E-
type model variogram indicates less variability
than is observed in the underlying simulated mod-
es; this is simply another manifestation of the

108

compression of variability exhibited by the histo-
grams of figure 64. Such limited variability,
although it may be helpful in conceptualizing the
generalized distribution of material properties at
the Yucca Mountain site, is not compatible with the
degree of spatial heterogeneity actualy observed
and measured quantitatively in the field.
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Bulk Density

The bulk density model of the TSw model
unit was created directly from the E-type litho-
physal porosity summary model, in a manner iden-
tical to that used in creating the bulk density model
for the PTn unit. The prediction relationship is
given by equation (41) on page 93.

Saturated Hydraulic Conductivity

Simulated models of saturated hydraulic
conductivity were created for the Topopah Spring
welded unit using the linear coregionalization algo-
rithm applied to the smulated models of matrix
porosity. The rationale for using matrix, rather than
lithophysal, porosity for the coregionalization is
that under unsaturated conditions, such as prevail
within the Topopah Spring Tuff throughout much
of the immediate repository area, water will exist
only in the matrix-sized pores of the welded tuff;
recall previous discussion of lithophysal porosity
beginning on page 30.

Because the models of hydraulic conductiv-
ity have been generated using coregionalization
with the matrix porosity models, the use of these
models for ground-water flow and transport calcu-
lations under saturated conditions is not valid.
Under widespread conditions of saturation, such as
exist below the water table and as distinct from
local quasi-saturated conditions within the unsatur-
ated zone, water may flow not only in the rock
matrix (as herein defined), but also through the
centimeter- to decimeter-scale pores comprised of
lithophysal cavities. No objective evidence is
known that would alow coregionalization of true
fully saturated hydraulic conductivity values with
lithophysal porosity. It is adso likely that flow
through fractures would dominate ground-water
movement throughout the entire welded interval of
the Topopah Spring Tuff, including both litho-
physa and nonlithophysal portions.

Figure 67, parts (a) through (d), presents his-
tograms and associated summary statistics for four
coregionalized hydraulic conductivity simulations.
Figure 67(e) is the histogram of the available |abo-
ratory measurements of saturated hydraulic con-
ductivity for the entire TSw model unit, and part (f)

of the same figure is the histogram of the summary
E-type hydraulic conductivity model.

Comparison of the univariate character of the
simulated models with that of the measured data
suggests that the individual coregionalized material
property models are faithful statistical replicas of
the “real” Yucca Mountain. Even the forty-odd per-
cent of the laboratory specimens that yielded no
measurable flow have been reproduced. These no-
flow values have been arbitrarily assigned a
hydraulic “conductivity” of 1014 m/sec (-14.0 log
units). Although spatial correlation among the no-
flow laboratory specimens was not explicitly mod-
eled as part of the coregionalization process (see
discussion of the no-flow indicator variogram
beginning on page 53), the quantile-preserving
univariate transformation applied as part of the
coregionalization algorithm has the effect of
assigning the lowest simulated normal-score con-
ductivity values as no-flow grid nodes.

In contrast to the simulated (coregionalized)
models of hydraulic conductivity, the histogram of
the expected-value summary model [fig. 67(f)]
clearly indicates a diffrent statistical character
from that of the measured laboratory data. No-flow
grid nodesare absent, and the modaydraulic
conductivity of the model as a whole has been
reduced from a broad “peak” centered at a log Ksat
value of between —8 and —10 log units to a sharp
spike of values with a conductivity of less than —
11.0 log units. Note, however, that the modal con-
ductivity value for the E-type model is strongly
influenced by the value assigned to the simulated
non-flowing grid nodes. Because the no-flow val-
ues are generated essentially at random, the exist-
ence of a no-flow grid node in one simulation says
nothing about the occurrence of no-flow values at
the same location in the next simulated model. In
any event, the symmetrization of the histogram and
the reduction in overall variability noted in other E-
type models appears to operate here as well.

Figure 68 presents scatterplots of simulated
saturated hydraulic conductivity with simulated
porosity for the appropriate pairs of coregionalized
models. The general relationship of increasing
hydraulic conductivity values with increasing
porosity expected from the physics of ground-
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measured Ksat data (e), and E-type summary model (f).
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water flow in a welded tuff is respected. Coeffi-  order of magnitude as was observed for the labora-
cients of determination (r° values) appear to be on  tory data; see figure 25. Note that non-flowing lab-
the order of 0.5 to 0.6, approximately the same
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Figure 68. Scatterplots of modeled saturated hydraulic conductivity as a function of modeled matrix
porosity for the TSw model unit. (a) Simulation no. 17; (b) no. 19; (c) no. 34; (d) no. 78 (5-percent
subsample). Compare with parts (a) and (c) of figure 25.

oratory samples were excluded from the analysisof ~ of these non-numeric property values. Included in
laboratory data, whereas the simulated no-flow  the correlation analysis for both data and simulated
grid nodes have been included in the plots of figure  models are the presumed-microfractured conduc-
68. However, comparison of the scatter “clouds”tivity values associated with the vitrophyric test

for both diagrams suggests that therelation is  specimens (group “C” of fig. 23; see also fig. 27 at
approximately correct, regardless of the treatmerdn expanded porosity scale).
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Figure 69 isasimilar scatterplot of hydraulic ~ Thermal Conductivity
conductivity vs porosity for the E-type summary of
the suite of coregionalized simulations of TSw Simulated models of thermal conductivity
model unit. What was observed to be a fairly dif- ~ Were created for the Topopah Spring welded unit
fuse (r2 - 0.6) correlation of properties has been using linear coregionalization applied to titho-

hysal porosity models. The rationale for this
modified by the expectation operator to a relation- pnysat p y : I

o _ 5 approach is that although the correlation relation-
ship just short of one-to one; the computed r“value  ghin of thermal conductivity with porosity shown

for figure 69 is 0.90. As a matter of “expectation,” i figure 28(b) is based upon measuresitrix
porosity and hydraulic conductivity are generallyporosities, heat will be conducted within the actual
fairly strongly correlated. On a sample-specificYucca Mountain by rocks with markedly higher
(location-specific, in the case of the simulatedPorosities than were measured in the laboratory. As

models) basis, however, the relationship is not aguch, the conductivity of the lithophysae-bearing
intervals will be reduced by the presence of large

strong. void spaces that may be at least equal to the
0 amount of micro-scale matrix porosity. The pre-
g w x w x w I sumption in this study is that a densely welded tuff
c " 1 containing a total of 40-percent void space com-
2 S5F . prised of both small-scale matrix pores and large-
% - 1 scale lithophysal cavities will exhibit approxi-
3 - 1 mately the same thermal conduction behavior as a
c AJ .
8 - & . nonwelded tuff containing the same 40-percent
ke - 5 . total void space made up of émtparticle pores and
8 10 r=0.90 - intra-particle voids (e.g., “fthy” pumice clasts).
TI; L a Although there is unquestionably somror intro-
° L A duced by this currently unverified assumption, we
IS Lo | believe that the physics of heat conduction imply
2 - i that thermal conductivity modeled for the TSw
% 15 e R model unit in this manner more closely resembles
8 00 0.2 0.4 0.6 the true thermal conductivity than were we to

Porosity, as a fraction ignore the presence of the lithophysal cavities and

use only matrix porosity in the prediction.
Figure 69. Scatterplot of saturated hydraulic

conductivity and matrix porosity for the summary Figure 70, parts (a) thogh (d), present his-
E-type model of the TSw model unit (5-percent tograms and associated summary statistics of four
subsample). coregionalized thermal conductivity models. Fig-

ure 70(e) is an unbiased histogram of the true dis-
tribution of thermal conductivity, as inferred by
The effect of the expectation egtor on the applying the regression relationship of figure 28(b)
modal value of the flowing grid nodes is empha-to the systematic vertical distribution of porosity
sized graphically in comparing figures 68 and 69jdentified from drill holes SD-7, SD-9, and SD-12
In addition to the variance reduction in figure 69,(see discussion on page 43 regarding sampling and
the entire correlation “cloud” has been shifted ver{esting biases; also figs. 31 and 30). The histogram

tically downward a full 3 log-conductivity units, shown in figure 70(1) is that of the summarized E-

" ; . type thermal conductivity model.
whereas the porosities remain unchanged, varylngp y

between about 10 and 30 percent (0.10-0.30). The histograms of figure 70(a)—(d) indicate

Again, the magnitude of this modal shift is deter-that the coregionalized models of thermal conduc-
mined largely by the hydraulic conductivity value tivity are faithfully reproducing the statistical
assumed to represent the non-flowing grid nodes. nature of the systematically “sampled” thermal
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Figure 70. Histograms and summary statistics for four coregionalized models of thermal conductivity for
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TSw model unit.
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conductivity data. Clearly, it would be better if
there were measured thermal conductivity values
that directly address the issue of lithophysal cavi-
ties on the heat-carrying capabilities of the rocks at
Yucca Mountain [fig. 70(e)]. However, given the
mechanical limitations of laboratory experiments
that require small, intact test specimens, reproduc-
tion of the estimated thermal conductivity of the
entire Topopah Spring welded unit as described on
page 43 is probably the most reasonable approach
to materia properties modeling, pending comple-
tion of larger-scale in-situ thermal testing. It is
unclear, however, that these in-situ testing activities
will affect a sufficiently large volume of material
over the time-scales available for testing to extend
above and below the repository horizon to include
a meaningful volume of material containing the
large lithophysal cavities. Note that if our hypothe-
sis regarding the impact of lithophysal cavities is
correct, the simple distribution of measured ther-
mal conductivity values presented in figure 28 sig-
nificantly distorts the actua thermal conductivity
of the Paintbrush Group tuffs at Yucca Mountain.

As has been the case in previous sections
presenting the results of materia properties model-
ing, the histogram of the E-type summary model,
shown in figure 70(f), indicates strong truncation
of tail conductivity values from the univariate dis-
tribution. The figure aso shows the strong symme-
trization of the distribution of values typical of the
expectation operator; both high and low values
have been eliminated. The impact of the loss of
both high and low conductivity materials from the
numerical property models may have detrimental
effects on the results of numerical modeling of the
redistribution of heat from an actual repaository.

Figure 71 presents the cross-variable correla
tions of thermal conductivity with the underlying
simulated lithophysal porosity values used in the
coregionalization process for the same four realiza-
tions shown in figure 70. The strength of the corre-
lation for each realization is indicated on the
different parts of the figure, and they range from an
r? value of 0.71 to an r? of 0.78. These values are
markedly higher than the original r2 obtained from
the measured thermal conductivity data of 0.586
[see fig. 28(b)]. Reference to figure 28 strongly
suggests, however, that the low coefficient of deter-

mination obtained from the laboratory data may
have been strongly influenced by the four data
points corresponding to measured thermal conduc-
tivities of 2.0 W/m-K and higher (recalculation of
the coefficient of determination omitting the 4 sam-
ples shown in figure 28 that yielded measured ther-
mal conductivities of approximately 2.0 and higher
gives a revised r? of approximately 0.663). These
samples may not be representative of the bulk of
the Topopah Spring welded unit, as the larger
magjority of the laboratory data fall much closer to
the fitted regression line shown in figure 28(b).
Indeed, application of the prediction equation even
to porosity values less than 5 percent (0.05), results
in no estimated thermal conductivity values greater
than about 1.6 W/m-K (figs. 30, 70). Even among
the existing data, these samples appear to represent
outliers. Additionally, thereis alack of high poros-
ity-low thermal conductivity samples in general,
which might have served to strengthen the experi-
mentally observed correlation, simply from a com-
putational standpoint.

Figure 72 presents the cross variable correla-
tion of porosity with thermal conductivity for the
E-type model. The form of the relationship is cor-
rect, with higher porosity grid nodes corresponding
to lower thermal conductivity values. However, the
expectation operator has worked to obscure the fact
that the observed correlation of thermal conductiv-
ity with porosity is not one to one. The coefficient
of determination for the scatterplot shown in figure
72 is0.98, far higher than the observed r? value of
0.586.

Uncertainty Model

Figure 73 presents a globa summary of
uncertainty associated with the 100 stochastic sim-
ulations of lithophysal porosity, as measured by the
node-by-node standard deviations developed dur-
ing computation of the E-type lithophysal porosity
model. The average standard deviation is approxi-
mately 6.3 porosity percent, compared with a glo-
bal average porosity of just over 20 percent (0.205;
table 6; fig. 58). The distribution of standard devia-
tions is asymmetrical, with a maximum simulated
uncertainty of approximately 10 porosity percent.
The less-uncertain portion of the uncertainty distri-
bution exhibits a relatively progressive decrease in

114 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



(a

~

3.0 ‘ 2
¥ L ]
g 250 r2=0.76 B
= |- -
2 L ]
= r ]
= [ ]
S 15p -
=] L i
c L 4
o L B
O 10f .
[ r ]
£ r ]
5 r ]
< 05 —
= L ]

0.0L \ ‘ \ ‘ \ ]

0.0 0.2 0.4 0.6
Porosity, as a fraction
(€) =0 .
X a5 C ]
g 250 _ ]
£7r r°=0.78
2 L ]
= r ]
= [ ]
S 15 f -
=] L i
c L 4
o L B
O 10f .
< r ]
% r e ]
< 05 —
= L ]
0.0L \ ‘ \ ‘ \ ]
0.0 0.2 0.4 0.6

Porosity, as a fraction

(b) 50

2 r2=0.71
2.0

15

1.0

Thermal Conductivity, in W/m-K

0.5

| . | . |
0.2 0.4 0.6

0.0

O[T T T T[T T T T [T T T gl T T T [T I T T [TTTT

o

Porosity, as a fraction

(d) 30

=8 2=0.78
2.0

15

1.0

0.5

Thermal Conductivity, in W/m-K

0.0

O [T T T[T T T T[T T I LT T T T[T T T 11T

. .
0.2 0.4 0.6

o

Porosity, as a fraction

Figure 71. Scatterplots of modeled thermal conductivity in the TSw model unit as a function of
simulated lithophysal porosity (5-percent subsample). (a) Simulation 17; (b) simulation 19; (c) simulation

34; (d) simulation 78.

standard deviation to a minimum uncertainty of
between 1 and 2 porosity percent. Grid nodes
exhibiting this low degree of variation among the
different realizations of the lithophysal porosity
model are located close to conditioning sample
data.

A visua summary of the globa uncertainty
associated with the simulated models of matrix
porosity (excluding the effect of large lithophysal
cavities) is presented in figure 74. This histogram
shows the node-by-node standard deviations com-
puted across the suite of 100 stochastic models of

ated with the models of matrix porosity in the TSw
model unit is plus-eminus approximately 4.5
porosity percent (0.045). This erage standard
deviation value is smaller than the equivalent
uncertainty measure for lithophysal porosity (fig.
73), which is appropriatgiven the smaller range of
matrix porosity values compared to that for the
lithophysal porosity measure. The minimum uncer-
tainty associated with the matrix porosity models is
just over 1 percent, and the maximum uncertainty
is just under 14 porosity percent. The correspond-
ing values for the lithophysal porosity models are
0.01 and 0.10, respectively. The larger maximum

matrix porosity. The “average” uncertainty associ-uncertainty value (0.137, fig. 74) is somewhat sur-
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uncertainty value clearly lies in the spatial posi-

3.0 : N : N : N tions of various drill hole data with respect to the
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Figure 72. Scatterplot of thermal conductivity asa  Figure 74. Uncertainty associated with simulated

function of lithophysal porosity for the summary E-  models of matrix porosity for the TSw model unit.
type model of the TSw model unit (5-percent

subsample).

Global uncertainty associated with the core-
gionalized models of saturated hydraulic conduc-

0250 D B e o 0 tivity is presented in figure 75; the uncertainty
: anean 00630 estimates are again based on the node-by-node

0200 coe ofvar 01462 standard deviations computed during generation of
| wpper quartle 0.0689 the E-type hydraulic conductivity model. The glo-

0.150 o o oras bally typical or average uncertainty associated with

the simulated models of hydraulic conductivity is
plus-or-minus 2.4 log units (log;g m/sec), com-
pared with a global arage onductivity of —11.35
log units. The maximum observed uncertainty is
somewhat less than plus-or-minus 3 log units
o000 ill] L (2.8768). The actual uncertainty associated with
0000 0050 0100 0150 0200 0250 any particular location within the modeled domain
Standard Deviaton. ractional porostly unis is spatially variable, and is a function of the dis-
tance from the location congrkd to the nearest
Figure 73. Uncertainty associated with simulated set of constraining porosity values.
models of lithophysal porosity for the TSw model

Frequency

0.100

0.050

unit. A similar presentation of the global uncer-
tainty associated with the simulated models of ther-
prising, given the smaller overall range of variabil- ~ Mal conductivity is presented in histogram format

in figure 76, again expressed as the standard devia-

ity for matrix porosity. However, comparison of the i ; ) !
. . . g tions of the 100 stochastic coregionalized models.
statistical summaries associated with figures 73 . ;
The average standard deviation across all grid

and 74 indicates that the interquartile range for the nodes in the discretized model is 0.164 W/m-K,
standard deviations of matrix porosity is appropri-  \jth a maximum simulated uncertainty on the

ately smaller than that range for lithophysal poros-  order of 0.22 W/m-K. These values may be com-
ity, the explanation of the larger maximum  pared with the estimated average thermal conduc-
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Figure 75. Uncertainty associated with simulated
models of saturated hydraulic conductivity for the
TSw model unit.

tivity of the Topopah Spring welded interval of
about 1.2 W/m-K [fig. 59(e)]. However, the data
from which this unit-specific average thermal con-
ductivity was derived were the estimated conduc-
tivity values predicted wusing the observed
regression of thermal conductivity on porosity
shown in figure 28; the mean of the non-systemati-
cally sampled, spatialy biased measured thermal
conductivities was 1.77 W/m-K (table 9). Uncer-
tainty decreases smoothly and progressively to a
lower bound of approximately plus-or-minus 0.05
W/m-K for grid nodes located at shorter distances
from the locations of the best-conditioned litho-
physal porosity values.

Calico Hills—Prow Pass Model Unit

Porosity

Description

An overall perspective view of the expected
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Figure 76. Uncertainty associated with simulated
models of thermal conductivity for the TSw model
unit.

Because the Calico—Prow model unit is a
composite one, it is important to examine how this
modeling approach reproduces the separate identi-
ties of the Calico Hills Formation and the Prow
Pass Tuff. The most prominent materials properties
feature of the Prow Pass Tuff, as distinct from the
Calico Hills Formation, is where ash-flow unit 3 of
the Prow Pass Tuff is partially welded (Moyer and
Geslin, 1995). Markedly lower porosity values are
present locally in the lower half of the combined
CH-PP model unit as shown in plates 15 and 16,
and to a lesser extent in plate 17 [shown as green
colors in part (e) and green to bludars in part (g)
of each figure]. Note, however, that the degree of
welding and concomitant porosity reduction is
never as pronounced in the Prow Pass Tuff as it is
in the Topopah Spring and Tiva Canyon Tuffs.
According to the porosity model, the most-welded
part of the Prow Pass Tuff is restricted to the area
north of about Nevada state plane coordinate
750,000 ft north (plate 15).

porosity within the combined Calico Hills—Prow
Pass stratigraphic interval is presented in plates 1

through 5. More specific sectional profiles of the In contrast to the Prow Pass Tuff, the rocks
CH-PP model unit by itself are shown in plates 15¢f the Calico Hills Formation in the upper part of
16, and 17. Note that the solid black blocks in théhe CH-PP model unit are generally of quite high
right-hand side of plates 16 and 17 represent grigorosity, as befits nonwelded ash-flow deposits. An
nodes that were left unsimulated because the digxception to this involves the blue-shaded interval
tance from these nodes to the nearest drillhole the upper part of the cross section shown in plate
information exceeded 12,000 ft. 17. The spatial position of this region corresponds
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to drillhole WT-4. In fact, drillhole WT-4 contains
rhyolitic lava and breccia in the upper part of the
Calico Hills Formation (R. W. Spengler, U.S. Geo-
logical Survey, written communication, 1994; cited
in Clayton, 1996), in addition to the more prototyp-
ical ash-flow tuff lithology. Note that drillhole WT-
16, located some 6500 ft north-northeast of WT-4,
contains only rhyolitic lavas and was excluded
from this modeling effort as properly belonging to
an entirely different geologic terrane. Despite the
atypical lithology, however, the simulated porosity
model captured the low apparent porosity of these
flow rocks, as indicated in the drill hole logs of
Appendix B.

The uncertainty model [part (f) of each plate]
clearly indicates that uncertainty is relatively high
except in the vicinity of the several drill holes that
penetrate to this stratigraphic level. Uncertainty, as
expressed by alarger standard deviation of the 100
replicate stochastic simulations, is particularly high
in the southern half of the area, as shown in plate
15. Uncertainty is aso high along the western mar-
gin of the modeled domain (plate 16, 17); uncer-
tainty is even higher in the deeper portions of this
western area. Uncertainty also increases east of the
immediate repository region in the eastern half of
the region. Again uncertainty is greater in the
deeper part of the stratigraphic section. An interest-
ing feature of the uncertainty model shown in plate
16(f) is the green-colored region of low uncertainty
associated with drillhole WT-14. Hole WT-14 pen-
etrates only the upper part of the Calico Hills For-
mation, and extent of this hard, conditioning datais
clearly reflected in the abrupt transition from
green-shaded grid blocks to yellow and red colors
in the lower two-thirds of the composite profile.

Validation

Another set of four randomly selected simu-
lated porosity profiles has been extracted from the

simulated values closely approximate the associ-
ated measured porosity values, as does the line rep-
resenting the expectation of porosity over the full
suite of 100 realizations. As was also the case for
the Topopah Spring welded model unit, the simu-
lated profiles, which are discretized on 10-m (33-
ft) vertical spacings, simply cannot capture all of
the finer-scale variability represented in the 3-ft (1-
m) nominal sampling density in each drill hole.
Finer discretization of the model domain almost
unqguestionably would allow additional detail to be
modeled, particularly in the Calico Hills part of the
combined CH—PP unit where there are thin
reworked intervals between the several ash-flow
tuff main units (see Moyer and Geslin, 1995).

Note also that the porosity profiles in figure
77 illustrate a logistical fact of life that becomes
progressively worse in atteripg to model the
deeper volcanic units at Yucca Mountain: specifi-
cally the profiles of figure 77(c) and (d) indicate
that the density of conditioning information
becomes rather sparse below the level of the Calico
Hills Formation. The paucity of measured data
from the deeper units is one of the majeasons
why we elected tore¢at the generallponwelded
Calico Hills Formation and Prow Pass Tuff as a
single entity, lest modeling of the Prow Pass inter-
val be conditioned solely to a very limited number
of drill holes. In this manner, we are able to repro-
duce the overall statistical character of the general-
ized interval even though site-specific conditioning
information is lacking throughout much of the
modeled volume (see list of partial drillhole pene-
trations for the CH-PP model unit in table 4).

The most important feature to understand
from figure 77(c) and (d) is that although the E-
type model values (light dashed profile) are essen-
tially constant at approximately the mean/median
porosity of somewhat more than 30 percent for the
model unit as a whole [fig. 28)], theindividual

suite of porosity models for the Calico Hills—Prow simulated porosity profiles retain much of the het-
Pass combined stratigraphic unit and these are prerogeneous character of the Prow Pass Tuff as rep-
sented in figure 77(a) through (d). Also shown forresented in parts (a) and (b) of figure 77. Note that
comparison are traces representing the originalthough there is a fairly broad range of simulated
measured porosity data used to generate the simualues at each vertical position, the simulated val-
lations (heavy solid line) and the summarized Eues are not entirely random, figuratively bouncing
type model (lighter dashed line). As was the casacross the range of possible porosities from zero to
for the other model units discussed previously, thd 00 pe&cent. There is considerable spatial correla-
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Figure 77. Comparative porosity profiles extracted from simulated models of porosity in the CH-PP model
unit for grid nodes nearest drillholes (a) G-3, (b) UZ-14, (c) UZ-16, and (d) WT-17.

tion in the stratigraphically vertical direction as  unit are presented in figure 78, pa(&s thiough
required by the variogram of figure 42(a). Addi- (d). Comparison of the histograms and summary
tionally, there is continuity in the stratigraphically  statistics for the four randomly selected simulated
horizontal dimensions as well [figure 42(b)] that  models in the upper two rows of figure 78 with the
reflects property correlations “brought in” from corresponding histogram and summary statistics
geologically nearby drill holes. for the original measured porosity values [part (e)]
indicates that the simulated porosity models of this
Histograms representing the univariate statismodel unit are, indeed, functionally identical to the
tical character of the modeled CH-PP combinedeal world in terms of univariate statistical charac-
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ter. Notice that the relatively large number of  match the input modeled variogram description
“trimmed” data represents the fact that grid nodesery well at all. Variability in the vertical direction

constituting the model were not simulated unles$n the simulated models is much greater at any
conditioning data could be located within 12,000 ftgiven separation distance than called for by the the-
horizontally or 180 ft vertically (in stratigraphic gretical variogram. Note, however, it appears as
coordinates); see discussion of porosit_y v_ariografhough one could simply shift the input model by
phy for the CH-PP model unit beginning ong,qoyimately 0.3 normal-score units and match

page 56. Such unsimulated grid nodes wer e simulation variograms almost exactly. We ten-

assigned a missing-value code consisting of a Iargt%ltively attribute this systematic vertical offset of

negative integer, which is then ignored in comput- . o .
ing the histogram summary. output spatial continuity patterns with respect to

the input modeled variogram (the differences in

. - variance) to the phenomenon described in the
The histogram and summary Stat'St.'CS of thedescriptive sea@bn that presented the sample vario-

E-type model presented in part (f) of figure 78 .

stand in marked contrast to the rest of the illustrad™ams for the CH-PP model unit on page 56, spe-

tion. The distribution has been made effectivelyc'f'ca”y the *horizontal hole-effect” presumed to

symmetrical, and more than 70 percent of the mod?€ caused by use of (at least) two different sets of
eled porosity values fall between 30 and 35 percerﬂoros'ty data. Recall that the sample vertical vario-
(roughly mean plus-and-minus one standard devigdram of figure 42(a) never reached its sill value,

tion). Porosity values greater than 40 percent, mo&nd that a very long range third structure was
likely representing the extremely high porosityadded to the theoretical variogram model to force
pumice fall deposits known to exist in the Calico-the total sill to equal 1.0, as required for the

Prow interval (includes both iet-particle void sequential gaussian simulation algorithm.

space and intra-particle frothy pore space), are

almost wholly absent in the E-type model. Porosi- The variograms of the simulated porosity

ties of less than 25 percent, including a non-trivial, , ye|s for the stratigraphically horizontal dimen-
numb_er of mea;ured values of _Iess th_an 10—pe_rceg|ton of maximum spatial continuity, shown in fig-
porosity most likely representing thin very fine ure 80(b), indicate a markedly shorter range than

grained ashy or reworked layers, arissing from oo . . .
the summarized model as well. The reader i¥/35 implied by the input variogram provided to the

referred to the geobjic descriptions of Moyer and simulation algorithm. These variograms of the sim-

Geslin (1995) for detail regarding the various litho-Ulations computed at azimuth = 8till exhibit a

logic materials present in this stratigraphic intervallonger rangehowever, than do the equivalent vari-
ograms for azimuth = 9Q[fig. 80(c)], indicating

that anisotropy in the horizontal plane is not as

puted for the simulated modJIsEigure 79isfor ©€xtreme as had been modeled originally. Recall
the overall ensemble of simulations, whereasfigure ~ that table 15 indicated a stronger anisotropy ratio 1

80 is a comparison of variograms computed for the ~ (~0.27 for both nested structures 2 and 3 than had
four simulated porosity models used previously as  been inferred for any of the other units (typically
examples. Parts (a) of the figures show variograms  on the order of 0.4-0.5). Given that the third data
in the vertical direction, whereas parts (b) and (c)  point on the sample variogram of figure 80(b) is
arefor the stratigraphic horizontal. The directionof  matched quite closely by the four simulated mod-
maximum spatial continuity is azimuth = 0° els, it appears that the lower-variability points 4—6
[north—south; fig. 80(b)]. on the sample (data) variogram are anomalous, and
may in fact be related to the horizontal hole effect
The vertical variograms of the simulated evident in the vertical variograms discussed in the
porosity models shown in figure 80(a) do notpreceding paragraph. The east-west variograms
reproduce the input model in this direction quite
TSee also discussion of variograms in Appendix D. closely.

Figures 79 and 80 present variograms com
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Figure 78. Histograms of four individual simulations of porosity in the combined CH-PP model unit [(a)—
d)] compared to original porosity data [(e)] and E-type summarized model [(f)]. Associated statistical
summary shown for each histogram.

Bulk Density model of expected porosity. The prediction rela-

tionship is given by equation (41) on page 93.
Bulk density for the combined CH-PP model
unit was modeled directly from the summary
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Figure 79. Reproduction of input variograms for simulated porosity models of the combined CH-PP
model unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 0° (c) stratigraphic
horizontal, azimuth = 90°. Dashed line with error bars is average variogram with plus/minus 95-percent
confidence interval; heavy solid line is input variogram model.

Alteration Indicators Figure 81 is a presentation of alteration pro-
files corresponding approximately to four different
drill hole locations for four randomly selected sim-

tially variable, feature of the deeper part of the vol- u_Iatgd a_llte_ration models compared With the c_ondi-
tioning indicator flags that were provided as input

cgnlc section at.Yucca Mountan. n addmon to f[he to the simulation algorithm. The manner of presen-
simulated porosity models for the combined Calico  ta1i0n is somewhat tierent than the profiles of

Hills—Prow Pass model unit, we have also creategorosity presented previously. The widest set of
100 simulated models of (presumed zeolite) alterhorizontal bars correspond to the input indicator
ation in this stratigraphic interval. Although the flags; a dark bar indicates the presence of alteration
alteration models ere createdusing sequential in the relevant drill hole data, shorter bar extending

indicator simulation of a categorical variable (see®Nly one-quarter of the distance across the column
. . andlcates the presence of no alteration. Blank inter-
page 62), the resulting simulated models shoul

ble thei | Id val h | vals indicate no information. For the drill holes of
resemble their real-world equivalent when eva Yinterest, the alteration flags are available on a fairly

previously applied to the simulated models of &o this state is drill hole WT-18, for which the total
continuous variable (page 67). depth of the hole is indicated on the figure. The

Zeolitic dteration is a prominent, but spa-
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Figure 80. Variograms for simulated porosity models of the CH-PP model unit compared to input model
and original data. (a) Stratigraphic vertical; (b) stratigraphic horizontal, azimuth = 0°; (c) stratigraphic

horizontal, azimuth = 90°.

narrower sets of bars indicate the simulated pres-
ence (dark) or absence (white) of ateration at the
grid node nearest to the relevant drill hole.

In keeping with the analogy of actua rocks,
simulated rocks are either altered (I1(x) = 1) or not
dtered (I(x) = 0). In contrast to this binary logic,
the functioning of the expectation operator, which
produces the E-type model of ateration, yields a
value between zero and one that is interpreted as
the probability of alteration at the specific location.
Very large (or very small values) within this [0,1]
interval represent rocks almost certain to be atered
(unaltered), whereas values of approximately 0.5
are about equally likely to be altered as to be unal-

tered. Because of this probabilistic interpretation of
the E-type model in this case, we present these val-
ues as symbols connected by a dashed line at the
appropriate [0,1] location at the vertical position of
the actual grid nodes involved. Note that for pur-
poses of assigning secondary property values

within the CH—PP model unit based on coregional-
ization with porosity, we have elected to work with
the most likely (expected) rock type at each node.
Accordingly if the probability value is less than or
equal to 0.5, the simulated material was presumed
to be unaltered; if the probability of alteration was
greater than 0.5, alteration was assumed to be
present and the secondary property generated

accordingly.
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Figure 81. Comparative profiles of alteration indicators extracted from simulated models of alteration in
the CH—PP model unit for grid nodes nearest drillholes (a) WT-18, (b) SD-9, (c) SD-7, and (d) G-3.

Left- hand side of each diagram represents input data: wide bar indicates altered (flag=1), short bar
indicates unaltered (flag = 0); note intervals of no data. Right-hand side of each diagram represents four
simulated models; shaded bar indicates altered, unshaded indicates unaltered. E-type model curve
represents probability of alteration at the indicated depths across all 100 simulated alteration models and
is scaled from zero to one as indicated.
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The profiles of figure 81 are consistent with
what is generally known about zeolitic alteration at
the Yucca Mountain site. In the northern portion of
the site area, the entire vertical extent of the Calico
Hills Formation and Prow Pass Tuff typically is
atered except where the Prow Pass Tuff has been
partially welded and devitrified; drillholes WT-18
[fig. 81(a)] and SD-9 [fig. 81(b)] are examples. The
high-temperature-crystallization mineral assem-
blage is effectively stable at low temperatures,
whereas uncrystallized glass is inherently unstable
and will alter readily to zeolite mineralsin the pres-
ence of ground waters of the proper-composition.
The unit principaly affected by such partial weld-
ing and early crystallization is informally named
ash flow unit 3 of Moyer and Geslin (1995), and
the presence of thisinterval is clearly shown as the
approximately 100-ft (nominal) interval at strati-
graphic depths of about 500 ft in profiles (b) and
(c) [aswell as (d)]. In the southern (and southwest-
ern) portions of the site area, the rocks typicaly
have been preserved above the ground-water table
essentially since their formation. Thus, unaltered
vitric materials are preserved at the higher strati-

interpolated (and extrapolated) throughout those
layered volumes using an inverse-distusquared
algorithm. Uncertainty in the predicted mineral
content is not estimated, and all layers represent
vertically awraged mineral contés. Despite the
very significant differences in approach and model-
ing methodology, the results are quite similar in
that “altered” and “unaltered” rock types occur in
grossly interstratified vertical sequences. A more
detailed comparison of the two modeling efforts is
not yet available.

Figure 82 presents the simulated proportions
of unaltered and altered rock types at Yucca Moun-
tain for four randomly selected stochastializa-
tions of alteration indicator flags. Recall that the
proportions of actual rock types, as identified using
the differential separation between the RH and OD
core porosity data or the veatfilled vs total poros-
ity or bound-water fraction for the petrophysical
logs is 47.5-percent unaltered, 52.5-percent altered
(table 11) with a standard deviation of effectively
50 percent (0.499). More reasonably, given the
fairly wide spacing of the underlying drill holes,

graphic levels in addition to any welded—devitrified unaltered and altered rocks appear to be present in
rocks. Compare the preserved unaltered top of driloughly subequal proportions. Given this interpre-
hole SD-7 [profile (c)] with the even more exten-tation, it appears that the results for the four simu-
sive presence of unaltered tuff in the upper threglated models shown in figure 82 are quite
quarters of drill hole G-3 [profile (d)], which is reasonable. Out of four randomly selected simu-
located farther south than UZ-16. Even for drill-lated models, two are dominated by altered rocks
hole WT-18, for which there is no direct evidenceand two by unaltered. The differential between the
of alteration state below TD (total depth) attwo rock types is approximately correct at roughly
approximately a stratigraphic depth of 290 ft, therea difference of 5 percent. A reasonable conclusion
is a suggestion of a lower likelihood of alteration afis that we cannot distinguish the simulated alter-
a depth of about 450 ft, in contrast to the highedtion models from our observations of the real
(but still fairly uncertain) probability of alteration world, based only on relative proportions.
at stratigraphic depths of, say 700-800 ft.
Figure 83 presents a comparison of vario-

Note that an independent #&-dimensional grams from the four alteration simulations com-
model of alteration mineralogy for Yucca Moun- pared to both the input variogram model and the
tain has recently been developed by @ngpand original experimental variogram plbFigure 83(a)
others (1997i. This model was constructed using
an entirely different deterministic approach based
upon the presumption that thin lithostratigraphic
layers subject to preferentia ateration can beiden-
tified and projected across the model domain using
only sparse drillhole data. Abundances of alteration Los Alamos National Laboratory, Los Alamos, N.
(and other) minerals similar to those construed as Mex., 26 p.
“altered” rocks in the current study have been *Seealsodiscussion of variogramsin Appendix D.

chi pera, S.J., Carter-Krough, K., Vaniman, D.T.,
Bish, D.L., and Carey, JW., 1997, Preliminary
three-dimensional mineralogic model of Yucca
Mountain, Nevada: Yucca Mountain Site Character-
ization Project Deliverable Product No. SP321AM4,
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Figure 82. Histograms showing the relative proportions of four randomly selected alteration-flag
simulations. (a) Simulation no. 5, (b) no. 31, (c) no. 60, (d), no.87. Target proportions shown by horizontal

lines: 0.475 unaltered, 0.525 altered (table 11).

shows the spatial continuity pattern of the simu-
lated models in the vertical direction whereas fig-
ure 83(b) and (c) are the equivalent variograms in
the stratigraphic horizontal directions in the direc-
tion of maximum and intermediate continuity. Fig-
ure 84 continues the validation comparison for the
full suite of 100 simulations.

The first impression from figure 83 is that
the simulated model s exhibit a shorter range of cor-
relation than did the input model, although the

variogram more closely than the inferred model;
note especially figure 83(b), the third and fourth
experimental points. It would appr that points
five, six, and eight represent anomalously low vari-
ability. The interpretation is that there is more ver-
tical to horizontal anisotropy and less anisotropy in
the stratigraphic plane than we had originally
inferred. The somewhat shorter range of the simu-
lated models in the vertical direction of figure
83(a) is somewhat unexpected, as the original
experimental variogram [figure 43(a)] was quite

match in the stratigraphic horizontal east-westvell constrained by the close downhole sampling
direction is actually quite good. Again, as in sev-pattern. However, the pattern is consistent with
eral previous instances, the simulated variogramsbservations involving variograms for porosity in
appear to resemble the original experimental (datahe CH—PP unit [fig. 80(a)].
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Saturated Hydraulic Conductivity properties. In this study, we have generated full-
model coregionalized fields of hydraulic conduc-
Modeling of secondary properties, such as tivity from the individual simulated porosity mod-
saturated hydraulic conductivity, for the combined  els. These hydraulic conductivity fields thus exhibit
Calico Hills—Prow Pass model unit is complicatedthe desired statistical properties, such as reproduc-
by the existence of alteration phenomena thation of the histogram and spatial continuity pat-
change the gross character of those secondatgrns. The assumption here is that these
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Figure 84. Reproduction of input variograms for simulated alteration indicator models of the combined
CH-PP model unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135°; (c)
stratigraphic horizontal, azimuth = 45°. Dashed line with error bars is average variogram with plus/
minus 95-percent confidence interval; heavy solid line is input variogram model.

characteristics were produced in the rocks close to
the time of original deposition. The rocks were
then altered (zeolitized, for the most part), and the
ateration process is presumed to have imparted its
own characteristics to those rocks so affected. In
practice, this late-stage alteration has been mod-
eled using the dlteration-indicator approach
described on page 62 and the spatia correlation
parameters described on page 57. The E-type dter-
ation indicator model was then superimposed as a

template or “cookie cutter” onto the full-model

hydraulic conductivity model. If the rock at & par-he desired geostatistical attributes. We then allow

ticular grid node is expected to be unaltered, thghe models to be “altered”, and repeat the valida-
coregionalized hydraulic conductivity value wastjon exercise.

retained. If the rock at that grid node is expected to
be altered, the coregionalized conductivity value Figure 85, parts (a) through (d), presents his-
was discarded and replaced by a simulatetbgrams of four randomly selected full-model,

“zeolitic” hydraulic conductivity value drawn at
random from a gaussian distribution with the mean
and variance specified in table 8 (without no-flow
samples; fig. 26).

Statistical validation of the final altered-plus-
unaltered models of saturated hydraulic conductiv-
ity for the CH—PP model unit is complicated by the
composite nature of these models. Werdfme
present first validation statistics for the full-model
unaltered hydraulic conductivity fields to demon-
strate that these “pre-zeolitization” models exhibit
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unaltered hydraulic conductivity fields. The histo-  to their relative abundances in the field; the sam-
gram of the 76 available measured hydraulic con-  pling was biased with respect to rock type. Figure
ductivity data is shown in part (€) of the figure. 32 indicates that the proportions of altered and
Visually, the simulated full-field models appear to  unaltered rocks, as identified from the entire sys-
be reproducing the measured data quite closely.  tematically-sampled CH—PP porosity data set, are
The summary statistics associated with each indi-  about equal: 52.5 vs 47.5 percent. In contrast, the
vidual histogram aso indicate close agreement of  laboratory data set contains 134 values from
models with measurements. The slight differences  altered rocks, some 63.8 percent, whereas unal-
between models and data in the configuration of  tered samples number only 76, or 36.2 percent.
the lower-conductivity mode at approximately log  Simply combining the two sets of laboratory values
Ksat = —10.5 are attributed to the fact that the sanmwithout proper weighting over-accentuates the
ple size for the laboratory-measured values is quitfraction of low-conductivity altered materials. The
small, samples come in integer increments and thusmulated models, on the other hand, reproduce the
a single sample may exert a major influence on theientified proportions of altered and ureatdindi-
shape of specific parts of the histogram. cator flags, and thus presumably constitute a more
accurate representation of the real world rocks.

Parts (a) through (d) of figure 86 show histo-
grams of the same four simulated models after the The E-type model histogram presented in
“rocks” have been “altered”. Part () of thigure is  figure 86(f) is interesting as well. Rather than rep-
the composite histogram of all measured saturategsenting a trimodal population as might be
hydraulic conductivity values from the laboratory expected (nonwelded, weldedékd, and no-
data set, and part (f) of figure 86 is the histogram ofiow), the mode of no-flow values prominent in
the summarized, E-type hydraulic conductivity poth figures 85(a)—(e) and @j—(e) is completely
model. absent. Instead, the modes of high-conductivity
nonwelded values and of low-conductivity welded

Note that tlere are severahteresting effects Of altered values have merged into a single mode at
of the “alteration” process. First, compared to thdog Ksat= —9.0. Because altered rocks were repre-
unaltered models of figure 85, the “zeolitized” sented in all simulated models by the same
models of figure 86 exhibit a much larger number‘eéxpected-alteration” model, the centralization of
of no-flow values, here arbitrarily set equal tothis latter mode must represent the collapse of the
-14.0. Second, the modal peak of low-conductivitytwo major modes shown in the several other parts
values at about log Ksat = —10.5 is more prominen@f figure 85. The low-conductivity modal value in
as a result of the combined influence of the unalfigure 86(f) must therefore represent the combina-
tered model mode at this value and the very higtion of the randomly occurring no-flow node values
mode of this approximate value from theeadd Wwith the prominent unimodal histogram peak of the
sample data. The low-value mode in the unalteredltered-rock conductivity values.
simulations is attributed to the presence of partially
welded rocks in the Prow Pass portion of the com- Because the saturated hydraulic conductiv-

posite CH-PP stratigraphic interval, whereas thety values for the final, composite conductivity sim-
higher modal peak at log Ksat—7.3 is attributed jations are associated with the E-type alteration
to the highly porous and permeable nonweldeqags we are able to examine the corielabehav-
pumiceous materials also present in this interval. jor of porosity and hydraulic conductivity sepa-
rately for the two rock types, as indicated in figures

The major discrepancy between the magni87 and 88. Parts (a) and (c) of each figure show the
tude of the low-conductivity histogram mode for relationship for unaltered materials, whereas parts
the combined measured data and the equivaleflb) and (d) of eachigure are for the altered (pre-
part of the composite models is a direct consesumably zeolitized) grid nodes. These scatterplots
guence of the fact that the two rock types were nahould be compared with figures 23(b) and 25 on
sampled for laboratory measurement in proportiorpage 37 and page 39, respectively.

Modeling Results 129



(@)

(b)

200 CHPP Simulated vitric Ksat Values; Sim. 5 Number of Data 44108 200 CHPP Simulated vitric Ksat Values; Sim. 31 Number of Data 44108
' ] r number trimmed 1217 ’ i M number trimmed 1217
N mean -8.6905 | mean -8.6905
std. dev. 1.8213 i std. dev. 1.8213
i coef. of var undefined i coef. of var undefined
150 maximum -4.0027 .150_| maximum -4.0027
i upper quartile -7.4241 i upper quartile -7.4241
median -8.4088 median -8.4088
B ] lower quartile -10.0029 ] ] lower quartile -10.0029
3 7 minimum  -14.0000 oy 1 minimum  -14.0000
c — c -
2 100 g .100]
o o
o = o =
[ B - i
050_| .050_|
000 ; R W ‘ ‘ 000 ; b m ‘ ‘
-15.0 -11.0 -7.0 -3.0 1.0 -15.0 -11.0 -7.0 -3.0 1.0
(c) (d) . y _
CHPP Simulated vitric Ksat Values; Sim. 60 Number of Data 44108 200_CHPP Simulated vitric Ksat Values; Sim 87 Number of Data. 44108
.200_4 - . M number trimmed 1217
number trimmed 1217 B 8.6905
bl B mean -8.
E e ] std.dev. 1.8213
B Sid. dev. 1.52 1% coef. of var undefined
coef. of var undefined B X 4.0027
] ; .150_| maximum -4.
1504 maximum  -4.0027 upper quartile -7.4241
i upper quartile -7.4241 - median -8.4088
i median -8.4088 7 lower quartile -10.0029
] lower quartile -10.0029 > B m minimum_ -14.0000
Fy 7 minimum  -14.0000 e B :
c — [
S 100 ] 3 100
o o .
° B [
T ] 4
.050; 050
.000 ; b W ‘ ‘ -000 T T r T T T
15.0 1.0 70 3.0 10 -15.0 -11.0 -7.0 -3.0 1.0
log,,(Saturated Hydraulic Conductivity, in m/sec) log.(Saturated Hydraulic Conductivity, in m/sec)
(e) ()
0.200 CH-PP Vitric Ksat Data Number of Data 76 CH-PP Unaltered Ksat: E-type Model Number of Data 44108
’ ] M mean -8.6923 b M number trimmed 1217
7 std. dev. 1.8227 4 mean -8.6905
7 coef. of var undefined 0.300_| std. dev. 05778
: maximum -4.7959 B coef. of var undefined
0.150_| upper quartile -7.4242 i maximum  -4.9625
B median -8.4086 upper quartile -8.4419
lower quartile -10.0030 1 median -8.7163
7 minimum  -14.0000 B lower quartile -8.9575
oy N M & 0.200_] M minimum -13.7464
c — c
g 0.100_] ] b
=4 o
o - 9 n
[ B [ i
4 0.100_|
0.050_| |
0.000 ; = e ‘ 0.000 ; =T : : :
-15.0 -11.0 -7.0 -3.0 1.0 -15.0 -11.0 -7.0 -3.0 1.0

log,(Saturated Hydraulic Conductivity, in m/sec) log,.(Saturated Hydraulic Conductivity, in m/sec)

Figure 85. Histograms of four coregionalized models of saturated hydraulic conductivity corresponding to
the four porosity models presented in figure 77(a) through (d) compared to histograms of original
measured data [(e)] and E-type model [(f)].
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Figure 86. (a)—(d): Histograms of four coregionalized models of saturated hydraulic conductivity after
conductivity values representative of altered rock types have been inserted at the locations of probable
alteration; (e): histogram of combined unaltered and altered laboratory measurements from the CH-PP

unit; and (f): histogram of E-type model.
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Figure 87. Scatterplots of modeled saturated hydraulic conductivity as a function of simulated porosity for
the CH-PP model unit. (a) Simulation no. 5, unaltered rocks; (b) no. 5, altered rocks. (c) Simulation no. 41,
unaltered rocks; (d) no. 41, altered rocks.

The unatered modeled values do, indeed, Correlation between porosity and altered
exhibit a definite positive correlation with porosity,  hydraulic conductivity values in the simulated
as did the unaltered laboratory sample values. I models is essentially non-existent. ARl values
general, the strength of the relationship is some-  ere less than 0.01, which is appropriate given that

. . 2 _
what higher than that of the original (target 1 = ey were produced using a gaussian random-num-
0.60); however, this can be attributed largely tothe 0 "o narator. The correlation of altered conductiv-

exclusion of no-flow values from the diagram of ity with porosity in figure 25(d) was 0.42, but

figure 25(a) and (c), and the inclusion of those no- S L .
flgw simL(JIz)ited V(a|l),leS in the scatterplots of figures examination of this figure and of figure 25(b) sug-

87 and 88. Clearly dealing with samples that exhib- gests that the highﬂrl2 value can be attributed to
ited no measurable flow in the laboratory compli- inclusion of a few high-conductivity samples that
cates modeling, and it is possible to “drive” Were misclassified on the basis of the RH vs OD
statistical summaries of either data or models ifirying values. An alteration mechanism that pro-
almost any direction desired throughffeient duces recrystallized mineral phases in pore throats
treatment of these non-numeric quantities. without meaningfully changing the total pore vol-
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Figure 88. Scatterplots of modeled saturated hydraulic conductivity as a function of simulated porosity for
the CH-PP model unit. (a) Simulation no. 60, unaltered rocks; (b) no. 60, altered rocks. (c) Simulation no.

87, unaltered rocks; (d) no. 87, altered rocks.

ume is expected to destroy the correlation of poros-
ity and conductivity.

Figure 89 shows the correlation of porosity
and saturated hydraulic conductivity modelsfor the
expected-value type models. The two different
populations corresponding to the unaltered and
atered rock types are quite apparent in the figure.
Also, as has been the case for the other coregional-
ized E-type summary models, the strength of the
correlation relationship is far greater than justified
by the observed data [fig. 23(b), fig. 25]. Notably
missing from figure 89 are the no-flow samples
from the laboratory data. As described previously,
these simulated values are randomly distributed

throughout the individual models, and as such have
been averaged out of existence in the summary
model.

Uncertainty Model

A global summary of uncertainty associated
with the simulated models of porosity within the
CH-PP composite model unit is presented in figure
90 as a histogram of node-by-node standard devia-
tions computed during generation of the E-type
summary porosity model. The expected uncertainty
associated with porosity prediction, disregarding
location of the modeled values with respect to con-
ditioning data, is approximately 7 porositgrpent.
The maximum observed uncenbi is about 10
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Figure 89. Scatterplot of saturated hydraulic
conductivity and porosity for the summary E-type
models of the CH-PP model unit (5-percent
subsample).

porosity percent, and the observed minimum stan-
dard deviation is just over 1 porosity percent. The
univariate distribution of these uncertainty valuesis
strongly skewed, with a long low-uncertainty tail
representing the values that are strongly influenced
by local conditioning drillhole data.

Figure 91 presents corresponding histograms
of standard deviations of log values of saturated
hydraulic conductivity. Part (@) of figure 91 is the
most relevant measure of uncertainty, as this histo-
gram was computed during generation of the com-
posite unaltered/altered E-type model. Part (b) of
the figure shows the distribution of uncertainty
measures for the underlying full-field spatially cor-
related values of unatered hydraulic conductivity,
prior to application of the alteration template. This

CH-PP E-type Porosity StdDev. Number of Data 44108

number trimmed 1217
M mean 0.0698
std. dev. 0.0117
coef. of var 0.1671
maximum 0.1073
upper quartile 0.0779
median 0.0712

lower quartile 0.0632
N minimum 0.0110

0.040_] L
0.000 o e B B

T T } I —
0.000 0.050 0.100 0.150 0.200 0.250

Frequency

Standard Deviation, fractional porosity units

Figure 90. Uncertainty associated with simulated
models of porosity for the CH—-PP model unit.

global summary of uncertainty associated with the
simulated models of hydraulic conductivity indi-
catesthat variability of between one and two orders

of magnitude is observed among the suite of sto-
chastic simulations at the “average” grid location.
Furthermore, with the exception of a very few grid
nodes, the best-constrained Ksat values are uncer-
tain by about an order of magnitude (one log unit).
Although an order of magnitude is quite a bit of
geologic umertanty adjacent to measured data
from a drill hole, this uncertainty overall is less
than that associated with the “typical” predicted
Ksat value within the PTn model unit; compare to
figure 57. Note however, that the best-constrained
predictions of Ksat in the PTn model unit were
uncertain by only about 0.3 log units, even though
the global uncertainty associated with the some-
what more heterogeneous PTn interval is higher.
We attribute this somewhat contradictory observa-
tion to the much finer-scale discretization of the
PTn model grid (2 m vertically, vs 10 m).
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Figure 91. Uncertainty associated with simulated models of saturated hydraulic conductivity for the CH-
PP model unit. (a) Final composite models; (b) full-domain unaltered model prior to merging with
“zeolitic” alteration model.
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SUMMARY AND DISCUSSION

The simulated numerical rock properties
models presented in the preceding section of this
report appear to be reasonabl e discretized represen-
tations containing much of what is known about
the actual distribution of material properties at
Yucca Mountain. The primary, conditionally simu-
lated porosity models for the three major modeling
units have been demonstrated to (1) reproduce the
measured conditioning porosity measurements at
the grid nodes closest to the physical location of
the severa drillholes in an appropriate manner, (2)
to reproduce quite closely the statistical character
of the ensemble of conditioning porosity values,
and (3) to reproduce approximately the same spa-
tial correlation structure that is observed (and has
been modeled) using the raw drillhole porosity
data. To this extent, the replicate simulated models
are statistically indistinguishable from what is
known about the actual rocks at Yucca Mountain.
Because the only objective difference among the
members of a given suite of smulationsis the ran-
dom number seed used to define the sequential
simulation path through the discretized domain and
initiate the stochastic generation of porosity values,
we conclude that the individual simulations are
equally praobable, given our current state of knowl-
edge of the Yucca Mountain site. The secondary
coregionalized material property models of thermal
and hydraulic conductivity appear to reproduce
closely the statistical character of the actual mea-
surements of these undersampled physical proper-
ties, athough these individua models do not
reproduce exactly the measured values of these
properties at the locations of those data. This limi-
tation is inherent in our decision to represent these
secondary property fields using coregionalization
rather than a more data-intensive cokriging/cosim-
ulation approach.

The several suites of simulated material
properties models have been summarized through
the preparation of expected-vaue-type models,
computed as the arithmetic average of the simu-
lated values at corresponding grid nodes across the
entire set of replicate models. This process, which

resulting univariate and bivariate statistical charac-
ter of the E-type models no longer directly resem-
bles the statistics of the data ensemble. Variability
within the summary-type models is much
decreased, compared with the vhiiiay of the
data themselves, and values within the tails of the
data distribution are truncated. To the extent that
such “extreme” values are important in further
numerical modeling of physical processes antici-
pated to occur at the Yucca Mountain site, the
inferred consequences of those physical processes
modeled using the E-type models may be signifi-
cantly in error. Specifically, rocks characterized by
material properties from the tails of the overall
population may constitute a relatively small frac-
tion of the total volume of a flow-and-transport
model. However, if the tail values are spatially con-
nected, those rocks may form very significant con-
duits or barriers to ground-water flow. Even if
rocks with extreme property values are not strongly
interconnnected, flow (and transport) will be
focused through local regions of higher than aver-
age hydraulic conductivity with results that are not
necessarily predictable simply from volumetric
proportions. This latter topic takes on issues
involved in the upscaling of rock properties mea-
sured on a small scale to “represent” much larger
volumes within a flow-and-transport model. The
scaling issue is complex (McKenna and Rautman,
1996) and resolution of the problem is quite
beyond the scope of this report. Note however, that
connectivity of extreme values probably is less sig-
nificant for a diffusive process, such as heat con-
vection, than it is for the advective processes
involving ground water.

The individual simulated property models

and the summary E-type representations provide a
rigorous and quantitave descripbbn of geologic
heterogeneity, the inherent variability of rock prop-
erties within a complex volcanic accumulation
caused by both large-scale and small-scale hetero-
geneity in the physical conditions that effected the
formation, emplacement, and subsequent alteration
of these earth materials. The material properties at
Yucca Mountain are heterogeneous and do vary
spatially. Because each individual simulated prop-

results in the “most likely” property value given the erty model is consistent with what is known about
surrounding conditioning data, does continue tdhe Yucca Mountain site, these models collectively
reproduce measured data at data locations, but tipeovide a quantitative description of our knowl-

Summary and Discussion 137



edge-based uncertainty regarding the likelihood of
encountering specific rock property values at spe-
cific locations within the modeled domain. In simi-
lar manner to the material properties themselves,
our uncertainty aso is spatialy variable. Thus,
knowledge is demonstrated to be heterogeneous as
well.

Issues and Concerns Identified Through
Modeling

Construction of the simulated and summa-
rized rock properties models described in this
report involved the compilation, evaluation, and
use of afairly broad assemblage of laboratory and
field data acquired over many years and through a
number of different measurement techniques. Inev-
itably, not all pieces of information used in this
large-scale synthetic effort are directly comparable,
and some data may be partialy incompatible with
others. We enumerate in this section a number of
the more significant of these data issues and the
resulting concerns regarding the usefulness of
these modelsin Yucca Mountain project activities.

Data Concerns

Use of Different Porosity Measurements

The integrated use of porosity data of differ-
ent types and vintages as the underlying basis for
the primary porosity models alows construction of
a coherent, unified model for the entire Yucca
Mountain site area, and at the same time, poses a
number of difficulties. First, the volume of physical
substance interrogated by core sampling and labo-
ratory measurement is quite different than the vol-
ume examined through the use of downhole
geophysical methods. Although the physical vol-
ume of rock involved in a laboratory porosity
determination is only a few tens of cubic centime-
ters compared to many tens of thousands of cubic
centimeters for the downhole petrophysica mea
surement, the porosity profiles produced using geo-
physics are observed to be much more variable
than those created using only the core measure-
ments. One might reasonably have expected the
variance of two sets of measurements to be
inversely proportiona to the relative sample vol-
umes.

The effect of these differences between
porosity as measured by core sampling and through
geophysics are identified in the variograms of fig-
ures 36 and 42. The (stratigraphically) vertical var-
iograms in these figures considered only porosity
data of a singletype when comparing pairs of sam-
ples. For the TSw matrix porosity computation, a
drillhole such as SD-9 contains only core-derived
matrix porosity data, whereas a drillhole from the
outlying parts of the site, such as WT-18, contains
only petrophysically derived water-filled porosity
data as asurrogate for the true matrix porosity. The
average squared differences between pairs of like
values is clearly demonstrated to be smaller that
the average squared differences between pairs of
unlike measurements, as indicated by the markedly
different apparent sill values shown in figure 36.
The horizontal variograms include comparisons of
core—petrophysical pairs as well as comparisons of
core-to-core and petrophysics-to-petrophysics;
increased variance is the result, approximating the
univariate variance of the entire data set.

Additionally, we are confronted with the dif-
ferences between one gertara of petrophysically
derived porosity and another, as well as the differ-
ences between two different computational meth-
ods involving differences in the type of input
geophysical response from difent logging tools
used in the calculations. That the different genera-
tions (“older,” “modern”) of petrophysical porosity
data are not exactly equivalent is clearly indicated
by figures 12 and 13. Although changes of in-situ
rock conditions over the time separating the differ-
ent borehole logging runs are certainly a logical
explanation for some of the scatter exhibited in
these crossplots of what should be overlapping data
sets, the point is well taken that integration of
diverse data is more difficult if the data are not pre-
cisely comparable to one another.

One of the results of the use of “mixed”
porosity data in the modeling process is that some
changes in the resulting material property models
may be artifacts, rather than true changes in geol-
ogy. Such artifacts may be identified in the simu-
lated porosity models by the presence of vertical
“striping,” particularly if the stripe occurs at a
number of grid nodes in the vicinity of a particular
drill hole. “Single-point” anomalies of any type are
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aways suspect in geology. Striping may be most
noticeable in the summary E-type models, for
which the associated change in material property
expectation of necessity has been generated in a
substantial number of the underlying stochastic
realizations. Note that uncertainty in predicted
material properties associated with such systematic
biases cannot be addressed through geostatistical
simulation, as presented in this report. Variability
among individual ssimulated models will be low in
the vicinity of the involved drill hole, decreasing
theoretically to zero at the hole location itself.

Sampling and Testing Biases

Evaluation of the compiled database of mate-
rial properties clearly indicates that the objective of

properties is made worse by the fact that heat con-
duction through earth materials is a function of
large-scale, bulk porosity combined with the occur-
rence of a locally quite large proportion of that
“bulk” porosity as centimetr- to decimeter-sized
lithophysal cavities that simply cannot be sampled
and tested in the laboratory.

Systematic biases also exist in the hydraulic
conductivity data set, although in this case, there is
much more “statistical mass” available as partial
compensation. Some of the modern drill holes
were sampled quite systematically for laboratory
hydraulic conductivity testing (UZ-16, for exam-
ple), whereas the effort for other such holes is
much more biased toward the higher-conductivity
units. Compare, for example, the hydraulic conduc-

“systematic” sampling, as described in Studytivity profiles published by Engstrom and Rautman
8.3.1.4.3.1 of the Site Characterization Plan (DOE¢1996; their figure 10) for drillhole SD-9 with the
1988), has not been achieved acrosrfit work  equivalent profile for diihole SD-7 (Rautman and
areas on the Yucca Mountain Project. A lack ofEngstrom, 1996a; their figure 9). Although a thick-
systematic (‘representative”) sampling (and testness-weighted correction to thenivariate fre-
ing) for material properties is particularly signifi- quency distribution of hydraulic conductivity could
cant for geostatistical modeling using simulationhave been performed in parallel with the correction
in that characteristics of the data ensen{pd&d:  for thermal conductivity, we did not undertake such
histogram) are used to extend our knowledge 04 correction for this study in light of the order-of-

property heterogeneity into regions where direcinagnitude larger number of hydraulic measure-
measurements are absent. If the statistical charactgrents (400-600 vs. 50).

of the data ensemble is distorted by preferential
sampling related to external criteria, those distor- Although modeling of saturated hydraulic
tions can be propagated into the individual stochassonductivity was not complicated by an issue
tic models and any subsequent numerical procesfirectly comparable to the physical impossibility of
modeling using those models as input. performing laboratory tests on thermal conductiv-
ity specimens containing decimeter-scale litho-
Modeling of thermal properties clearly is the physal  porosity, a significant additional
most significantly affected by systematic biases ircomplicating factor involves the issue of the “non-
the underlying laboratory data. As shown in twodetect” flow measurements. Figure 23 clearly indi-
pairs of figures, 28 & 30 and 16(b) & 29, the labo-cates that a very large framt (more than 35 per-
ratory thermal conductivity measurements are notent) of the laboratory hydraulic testing yielded no
particularly representative of the overall thermalmeasurable flow. Although simulation of hydraulic
conductivity of the welded Topopah Spring Tuff. conductivity models that exhibit the proper, unit-
We have endeavored to compensate at least papecific, fraction of non-flowing grid nodes is rela-
tially for the systematic selection of the lower-tively straightforward, the summary of a suite of
porosity—higker-thermal-conductivity materials for such stochastic models into some reasonable model
laboratory testing by generating simulated (coreof “representative” or “expected” hydraulic con-
gionalized) models that reflect a thickness-ductivity is not so direct. Mathematically, the
weighted univariate frequency distribution (fig. 30) alphabetic stringno-flow, cannot be averaged with
derived using the observed regression relationshipimulated values given in meters per second. How-
[fig. 28(b)] between lithophysal porosity and ther-ever, omitting a full third of one’s knowledge of the
mal conductivity. The situation involving thermal Yucca Mountain site cannot lead to a “representa-
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tive” hydraulic conductivity value by almost any porosity have been less than successful. A sum-
definition. Attempting to substitute a very low mary of this evidence is presented in Appendix C,
numeric value for the non-flowing grid nodes is,in the form of a porosity cross section (fig. C-2, in
arguably, the most “honest” method of dealing withstratigraphic coordinates) from north to south
this issue. However, unlike the results of this subacross the entire site-scale model domain, in which
stitution on a numerical process model computecbrupt, major changes in porosity are demonstrated
for an individual simulation, computation of a to occur at vertical positions that have nothing to
physical process model for an E-type propertydo with the “breaks” between named stratigraphic
model averaging arbitrarily small hydraulic con-zones. Moreover, it is unclear in some locations
ductivities with conductivities typical of the flow- that “units” of consistent character can be traced
ing laboratory test specimens can be driven iracross the modeled area, nor should this sort of
virtually any desired direction through (in)judi- “layer-cake” stratigraphy be expected within a
cious selection of that arbétry value. Spatial con- complex volcanic accumulation that has been
tinuity analysis of the vertical distribution of no- affected by numerous post-depositional alteration
flow hydraulic conductivity values indicated that processes.

although such no-flow values are distributed effec-

tively at random for a model with grid spacings Additional information bearing on the pres-
such as this site-scale modeling effort, there is sufence or absence of true stratigraphic control of
ficient spatial correlation that a model involving lithophysal porosity is presented in the individual
random non-flowing grid nodes may not be approdrillhole porosity plots of Appendix B. The results
priate for more detailed numerical modeling of thediscussed in Appendix C are perhaps the principal
site. (see discussion beginning on page 112). reason this study adopted the approach of treating
porosity as an attribute to be modeled within
larger-scale geologic “units,” rather than as a strati-
graphically controlled entity in and of itself.

Construction of the simulated material prop-«contacts” between Major Rock Units
erties for this study has identified a modest number

of “interpretive” type issues that are highlighted by

) One of the fundamenta assumptions under-
the results of the modeling process. A number Ofying the rock properties modeling conducted as

these are discussed in a subsequent section of trﬂgrt of this study was described on page6 as
Summary and Discussion. However, there are also . 01ving the “separation of the geologic column

several issues that have been identified during daﬁa‘to sewral discrete gelogic units, each of which

C(_)mpilation and model generaFion that aré morgs more internally ‘homogeneous’ in some manner
directly related to data used as input in this mOdeIfhan subdivisions based on other criteria.” Indeed,

INg process. the convention of using stratigraphic coordinates
Lithophysal Zones and Rock-Property Units also described on page 6 and in more detail in the
section beginning on page 11 is dependent upon
The presence of laterally extensive intervalsour ability to define unit-bounding contacts and to
of lithophysal cavity development is a prominentproject those contacts reliably into regions where a
visual feature of the welded tuffs at Yucca Moun-drill hole did not penetrate the boundary of a par-
tain, even to the untrained eye. As these intervalgicular unit. However, examination of two-dimen-
which contain individual lithophysae varying in sional cross sections extracted from the three-
size from a centimeter or less to cavities the bettadtimensional models while still in stratigraphic
part of a meter across, clearly persist both laterallgoordinates indicates some local material-property
and vertically for large distances, it is evident thaanomalies that suggest that the contacts of these
this type of alteration phenomenon will affect themajor stratigraphic units may not always have been
distribution of rock material properties. However, picked in a consistent manner—at least with
attempts to map formally named lithophysal zonesespect to changes in material properties. An alter-
to bodies of rock exhibiting consistently higher native explanation of these same anomalies is that

Issues Involving Geologic Interpretations as
Input
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the boundaries of bodies of similar material proper-
ties do not correspond to even the more major
lithostratigraphic subdivisions. This is a disturbing
possibility that calls into question the utility of
these subdivisions in modeling the performance of
the Yucca Mountain site.

This issue of lithostratigraphic and material-
property contacts is most easily addressed by con-
sidering what is perhaps the most pronounced
material-property distinction at Yucca Mountain:
that between welded and nonwelded materials. As
described previously (see figs. 3, 4), we elected to

part (g) of each figure, for which the color scale has
been adjusted to highlight what may otherwise be
fairly subtle changes in porosity. The entire center
section of the top of figure 6(g) is shaded deep pur-
ple, corresponding to the lowest possible porosity
values, whereas the outer extremities of this same
profile are characterized by relativelight-blue-
coded porosity values. That this change in material
properties is an artifact, rather than part of the (het-
erogeneous) geology of Yucca Mountain is sug-
gested more strongly by figures 7 and 8, which are
at right angles to that of figure 6. The former two
cross sections contain a total of three very localized

aggregate densely welded rock types into a “TSwvdark-purple property “anomalies” that indicate
model unit” of uniformly low porosity, and to densely welded-type porosity values within this
aggregate both nonwelded and more variablgenerally nonwelded modeling unit. A similar
porous rocks into an overlying “PTn unit” and an“excursion” of very low porosity values into the
underlying “CH—-PP model unit.” These latter two base of the PTn model unit is also indicated in the
subdivisions are efféiwely “homogeneus in their center of figure 8(g), as the small dark-purple mass
inhomogeneity,” as they both include material ofrising between two downward-convex bulges of
generally high, but locally quite variable, porosity. red- and yellow-coded higher porosity. Reference
to the individual drillhole porosity profiles of
In keeping with the concept of “homoge- Appendix B also suggests either that the moder-
neous inhomogeneity,” the top of the PTn modehtely/nonwelded-to-densely-welded boundary
unit has been taken as the boundary between theetween PTn and TSw has not been picked consis-
Tpcpv2 (crystal-poor moderately welded) ortently across drill holes (Clayton, 1996), or that the
Tpcpvl (partially to nonwelded) lithostratigraphic moderately/nonwelded to densely welded distinc-
unit and the overlying densely welded (vitric ortion has little or nothing to do with porosity. Figure
devitrified) neighbor. In a similar manner, the top15(g) illustrates this same phenomenon at the top
of the CH-PP model unit has been presumed to baf the Calico Hills—-Prow Pass “nonwelded” unit.
the boundary between the Tptpv2 or Tpcpvl lithosHere, the upper contact of the CH-PP unit is
tratigraphic unit and its overlying densely weldedmarked by yellow- to green-coded porosities on the
(here, vitric) neighbor, Tptpv3. Thus, the moreleft-hand (west) side of the figure and by dark-pur-
nonwelded and/or more variably welded materialple-coded porosity values on the amight.
would be assigned to the PTn or CH-PP model
units, leaving essentially only densely welded Although the modeling conducted as part of
materials within a “homogeneous homogeneousthis study could have been performed using modi-
TSw model unit. A part of our reasoning was alsdied upper (and/or lower) contacts pickededtly
that such a fundamental change in rock type shouldsing the indicated changes in porosity as the crite-
be easy to identify with or without continuous core,rion, we have elected to continue with the formal
leading to a more consistent subdivision of the rockithostratigraphic boundaries as defined by Clayton
columnacross cored and non-cored drillholes. (1996). Although re-picking contacts on the basis
of porosity would have ensured properly “homoge-
However, examination of figures 6 through neous” modeling units, we would be unable to
8, which are profiles of the PTn model unit shornback-transform the completed rock-property mod-
of distractions such as fault offsets, clearly indi-els from stratigraphic to real-world coordinates
cates local occurrences of very low porosity—prebecause there would be no framework geologic
sumably densely welded tuff within this unit, model available (Clayton and others, 1997) from
principally near the top contact. The presence o#hich to extract the required structtcontour and
these out-of-ciracter materials is most evident in thickness information. The point of this modeling
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exercise is not simply to produce “nice” appearingooth above and below. Although there are some
stratigraphic models, but rather it is to distributequestions as to the consistency of “picking” for
material properties realistically within a numericalthese outer limits to the TSw model unit (see dis-
representation of the real Yucca Mountain thatussion above), there are other observations that
includes faults, stratigraphic thinning and pinch-may be made for these well-known marker inter-
outs, and other less-than-ideal features of the actusals that appear to be real features of the rocks at
site. Yucca Mountain and not mere artifacts to be
argued over by stratigraphers.

We note that to some extent, the actual
impact of these imperfections in picking contacts For example, consider the lower (“basal’)
and including minor low-porosity rocks in a high- yitrophyre of the Topopah Spring Tuff, a unit that
porosity unit (and vice-versa) is negligible, t0 thepas peen identified previously (Ortiz and others,
extent that what is missed on one side of a contagiggs; see table 1) as sufficiently distinctive to war-
is included on the other side thereof. The physiclant jts own separate thermal/mechanical identity.
dimensions of these misclassification errors (ifapundant evidence exists from much of the Yucca
indeed they are truly misclassifications) are on thgountain site that characterizes the lower Topopah
order of about 10 meters or less (10-30 ft). For situgpring vitrophyre as an extremely low-porosity,
ations involving the Topopah Spring welded inter-p|ack glassy rock some 10 m or more in thickness.
val, which is nominally some 300 m (1000 ft) Ground-water flow through this unit would be
thick, the physical mis-positioning of the numeri- anticipated to be almost entirely through microf-
cal model is a few percent of the thickness at mostactyres and larger fractures because “matrix” con-
Although consistency is a virtue to be valued, theyyctivity is nearly non-existent in rocks of 2-5
most serious consequences of such mis-pickefercent porosity (see fig. 27 and associated discus-
contacts would occur at the top of the PTn modesjon on page 38). Because this unit is typically at or
unit where there is no equivalily modeled overly- near the water table within the local repository
ing unit to take up the discrepancy. The Tiva Canregion, saturations are generally quite high, and
yon welded thermal/mechanical unit (table 1) washere has been concern that the thermal pulse from
not included in this material properties modelingthe repository might alter the metastable glassy
exercise for reasons discussed on page 9. HOWeVehaterial to low-permeability but mechanically
if subsequent process-modeling activities argncompetent clays or zeolites that might form a
unaware of the inconsistencies just described, {ermeability rrier beneath the repftsy
would be possible to assume “welded” = low(knauss, 1987; Whitbeck and Glassley, 1995,
porosity for the entire TCw thermal/mechanicaliggg).
unit, whereas the unit locally would include materi-
als of 20—-40-percent porosity in its lower part (for

example, drillholes G-4, WT-17; Appendix B). Although this material-property modeling

effort does not include a stratigraphic subdivision

separately identifiable as thermal/mechanical unit

TSw3 (table 1), we have succeeded in producing a

unit of lower-than-typical Topopah Spring welded

porosity at the base of the TSw model unit (as
ddefined in this study). This low-porosity “vitro-
phyre” is shown to advantage in figure 9(g) as the
dark-purple-coded pixels near the base of these

Interpretive Observations
Topopah Spring Vitrophyres

The two vitrophyre units (zones Tptrvl an
Tptpv3) of the Topopah Spring Tuff form distinc-
tive low-porosity, glassy marker units in many out-
crops of this formation of the Paintbrush Group. _ o
The “outer” limits of these units were also selected Whitbeck, M., and Glassley, W.E., 1995, Preliminary
as the boundaries of the TSw model unit because bounds on the water composition and secondary

. - . mineral development that may influence the near-
they bound relatively uniformly low-porosity field environment; Yucca Mountain Site Character-
densely welded tuff and were anticipated to be ization Project milestone MOL 205, Lawrence Liver-
readily distinguishable from the less-welded rocks  more National Laboratory, Livermore, Calif.
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two-dimensional  stratigraphic-coordinate cross
sections. However, as suggested by part (€) of fig-
ures 9 through 11, in which the poraosity coding fol-
lows a linear gradation from low to high, the
absolute magnitude of the porosity throughout
much of the presumed lower Topopah vitrophyre is
significantly higher than the less-than-five-percent
anticipated vitrophyre-like vaues. In fact, exami-
nation of the individua drillhole porosity plots
contained in Appendix B confirms that the porosity
values used to condition the simulations in lower-
most part of the TSw model unit do not indicate the

presence of a uniformly low-porosity “vitrophyre”

rock-propertyunit.

Figure C-2 of Appendix C provides a conve-
nient summary of lower vitrophyre character from
the northern part of the model area to the south.
Some drill holes (e.g., NRG-7, SD-9, SD-12, SD-
7) appear to meet the prototypical low-porosity
external expectation at this stratigraphic level.
However, for holes such as WT-1 and WT-17 (and
others in Appendix B), the porosity of the lower
vitrophyreinterval is clearly different and not com-
patible with a straightforward interpretation of low-
porosity glass. Note that figures 9 through 11(e)
suggest that the vitrophyre, as a continuous, low-
porosity glassy unit, does not extend throughout
the site area. If vitrophyre, asin glassy material, is
in fact present in the indicated higher-porosity
regions, the character, and alteration propensity
under hydrothermal conditions, may be quite dif-
ferent from that heretofore understood.

the insulating qualities of the upper Topopah
Spring, above the level of the potential repository,
may be greater than indicated by straightforward
application of measured thermal conductivity val-
ues obtained for core samples taken from this same
interval. Second, and in some ways counteracting
the first effect, is the observation that the thickness-
porosity-weighted histogram of predicted thermal
conductivity values (fig. 30) indicates that the
Topopah Spring welded interval as awhole may be
more conductive thermally than indicated (again)
by straightforward application of measured thermal
conductivity values obtained from core samples.

What does appear to be clear, is that it may
be very important to identify and properly consider
local geologic heterogeneiiy the thermal proper-
ties of the site during modeling of waste-isolation
performance. Examination of figures 9 through
11(e) and (g) suggests that lithophysa porosity
(and, by extension, bulk-rock thermal conductivity)
is quite variable over relatively short distances in
the immediate vicinity of the potential repository.
Theinsulating effect of the lower lithophysae-bear-
ing interval below the proposed repository horizon
isalso problematic, given that the physical effect of
even small, centimeter-scale lithophysal cavitiesis
unknown from actual laboratory testing. A fina
imponderable at this time regarding thermal con-
ductivity involves the influence in the vicinity of
the potential repository of the various proportions
of the thickness-porosity-weighted predicted high
thermal conductivity values shown in the histo-
gram of figure 30. Many of the highest thermal

Existence of Other-Than-Expected Thermal
Conductivity in the TSw Model Unit

conductivity values in the “representative” distribu-
tion of values are unquestionably associated with
the lower-porosity lower portion of the TSw model
unit. What does appear likely is that bulk-rock ther-
mal conductivities on the order of 2.0 W/m-K are
quite unlikely given the modeled distribution of
lithophysal (total) porosities in the mountain.

That the existing thermal conductivity mea-
surements from the Yucca Mountain site are spa
tially and lithologically biased appears quite clear
(see Thermal Conductivitypeginning on page 40).
What is not so clear is the actual impact of these
biased measurements on the real heat-transfer
behavior of the site. Comparison of the histograms
of measured and predicted therma conductivity
presented as figures 28(a) and 30 in this report sug-
gests, however, that it will be other than as
expected for two reasons. First, the existence of
high-lithophysal-porosity intervals in the upper
portion of the Topopah Spring Tuff suggests that

Alteration in the PTn Model Unit and its Effect
on Secondary Properties

The individual porosity profiles presented on
a drillhole-by-drillhole basis in Appendix B, and in
particular, the relative behavior of the two main
porosity traces, suggests that there is a non-negligi-
ble fraction of the upper Paintbrush nonwelded
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interval that exhibits significant hydrous-phase  clay “cap” overlying an actual repository might
dteration. Although the ateration indicators devel-  significantly change  post-waste-emplacement
oped in this study are not specific as to mineral  hydrology by sealing fractures and diverting infil-
phase, montmorillonitic clays have been described  trating ground water away from the cooling waste.
from the welded-to-nonwelded transition near the  Note that the additional thermal “insulation” pro-
base of the Tiva Canyon Tuff (Buesch and others,  vided by the very-high-porosity upper lithophysae-
1996). A number of iron-stained and oxidized hori-  bearing interval within the TSw model unit—and
zonsare presentvithin the nonwelded to “bedded” which has not been well characterized by labora-
(reworked) tuffs within the PTn stratigraphic inter- tory measurements of thermal conductivity—may
val as well, both in core and on outcrop. interact with in unpredictable ways with the
loosely held structural water identified within the
Regardless of the specific identity(ies) of thePTn stratigraphic interval.
alteration minerals present within the PTn model
unit, the simple existence of alteration raises th&SUMMARY AND CONCLUSIONS
question of whether straightforward coregionaliza-
tion of hydraulic conductivity to simulated porosity This work has successfully used data from a
is an appropriate modeling technique for this partliverse set of site-characteriiamm measurements
of the geologic section. We conclude that it wouldto provide the first known areally extensive, site-
be preferable to develop a two-part @pomaliza- scale, fully thee-dimensional model of material
tion strategy for modeling hydraulic conductivity properties at the Yucca Mountain site. We have
in the PTn model unit, similar to that developed forsuccessfully generated discretized numerical mod-
and applied in the modeling of the combined Calels of several important hydrologic and thermal
ico Hills-Prow Pass model unit. The methodologyproperties for three distinctly different major rock
for modeling altered and unaltered materials sepainits at Yucca Mountain. The models have been
rately is quite straightforward, and the number ofconstructed using geostatistical simulation meth-
drill holes containing data from the PTn combinedods conditioned to drillhole measurements of
with the relatively thin nature of this model unit porosity, with the result that the individual stochas-
suggest that the modeling exercise should be quitic models are spatially correlated and essentially
feasible. indistinguishable statistically from the set of mea-
sured values. These simulated models of porosity
A second, more speculative, interpretation tohave been provided as input to a linear coregional-
be drawn from our conclusion of hydrous-phasézation algorithm, which has been used to generate
alteration in the PTn model unit is that—subject tosimulated models of secondary material properties,
more explicit modeling, such as proposed in theuch as hydraulic and thermal conductivity. These
preceding paragraph—there may existgmgicant  secondary property models ateaspatially corre-
reservoir(s) of loosely bound structural waterlated and are close statistical replicates of the set of
within this stratigraphic interval in the immediate measured secondary material properties. Cross-
vicinity of the potential repository. To the extentvariable correlations exist, and the strength of these
that the majority of tuffaceous material lying correldions is approximately that described by the
between the devitrified lowermost Tiva Canyonsample correlan coefficients.
welded tuff and the uppermost devitrified Topopah
Spring welded interval is vitric, mobilization of Sets of 100 individual simulations for each
this loosely held structural water in associationmaterial property in each different geologic unit
with elevated temperatures by the thermal pulse diave been summarized in an single “expected-
a constructed repository might allow the alteratiorvalue” type model for each property, together with
of metastable glass to more widespread clays @ quantitéive deschption of geologic uncertainty
zeolites in a similar manner to that proposed elseassociated with each material property. Although
where (Whitbeck and Glassley, 1996) for the lowethese summary models may represent the most-
vitrophyre of the Topopah Spring Tuff. Although likely values expected within the geologically het-
quite speculative at this time, the formation of aerogeneous model domain, the statistical character
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of these interrelated summary models is markedly
different from the statistical character of the input
measured values. Overal variance is much reduced
in the summary materia property models com-
pared with the input stochastic simulations, and the
range of the expected values modelsis significantly
smaller than that observed in the measured data.
Concomitantly, the cross-property correlations are
much stronger, and may approximate a one-to-one
(perfect correlation) relationship.

This work has also identified a number of
differences among the data from different sources
that complicate modeling and the interpretation of
the output models. Rock properties measured by
one technique may be moderately but systemati-
cally biased with respect to measurements of the
same property by another technique. Additionaly,
external factors have led to the existence of spa
tially and lithologically biased data sets that may
not fairly represent the overall material property

distributions on a thickness-weighted basis. Evi-
dence presented using downhole geophysical mea-
surements suggests that laboratory testing of
thermal conductivity of core samples may not
accurately represent the thermal conductivity of the
in-situ bulk rocks because larger-than-core-scale
lithologic features cannot be sampled and tested.

The final sets of simulated and summarized
models indicate that the distribution of major
hydrologic and thermal properties at the Yucca
Mountain site are heterogeneous, both vertically
and laterally, and that geologically based heteroge-
neity exists on several scales. These models pro-
vide useful insights regarding the spatial variability
of rock properties on the site scale. Furthermore,
they provide the basis for quantitative estimates of
the spatially variable geologic uncertainty, that
which results from less-than-exhaustive site char-
acterization, associated with these models.
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Table A-17: Data tracking numbers for data used to model rock material properties

Tracking Number I\(l?é Title of Technical Data Information Form

(GS960708312132.001 Q Qualified geophysical logs (as listed on the qualification checklists) collected
at 26 boreholes; and water content, poroisty and saturation computations
derived from logs of USW H-6, USW WT-1, USW WT-2, UE-25 WT#4, UE-
25 WT#6, USW WT-7, USW WT-10, USW WT-11, UE-25 WT#12, UE-25
WT#13, UE-25 WT#14, UE-25 WT#15, UE-25 WT#17, and UE-25 WT#18

(GS960708312132.002 NQ Non-quaified geophysical logs (as identified on the qualification checklists),
and stratigraphy, lithology, mineralogy, fracture characteristics, and water lev-
els collected from 26 boreholes; and water content, poroisty and saturation
computations derived from geophysical logs of USW H-1, USW H-3, USW H-
4, USW H-5, USW G-1 USW G-2, USW G-3/GU-3, USW G-4, and UE-25
P#1

(GS950608312231.007 Q  Physical properties and water content of core from borehole USW NRG-6

(S951108312231.010 Q Physical properties and water content from borehole USW NRG-7/7A

(GS951108312231.009 Q  Physical properties, water content, and water potentia for borehole USW SD-
7

(GS960808312231.004 Q  Physical properties, water content, and water potential for samples from lower
depths in boreholes USW SD-12 and USW SD-7

(GS950408312231.004 Q  Physical properties and water potentials of core from borehole USW SD-9

(GS950608312231.006 Q  Water permeability of core from SD-9

(GS960808312231.002 Q Relative humidity calculated porosity measurements on samples from bore-
hole USW SD-9 used for saturated hydraulic conductivity

(GS950308312231.002 Q Laboratory measurements of bulk density, porosity, and water content for
USW SD-12

(S951108312231.011 Q Physical properties, water content, and water potential for borehole USW UZ-
Ta

(GS950308312231.005 Q Physical properties and water potentials of core from borehole USW UZ-14

(GS940508312231.006 Q Coreanalysisof bulk density, porosity, particle density, and in situ saturation
for borehole UE-25 UZ#16

(GS960808312231.005 Q  Water permeability and relative humidity calculated porosity for on samples
from boreholes USW SD-7, USW SD-9, USW SD-12 and USW UZ-14

(S930108312231.006 Q USW UZ-N53 coreanalysis: bulk density, porosity, particle density, and in situ
saturation for core dried in 105°C oven

(GS960808312231.001 Q  Water permeability and relative humidity calculated porosity from boreholes
USW UZ-N27 and UE-25 UZ#16

(S940108312231.002 Q  Coreanalysisof bulk density, porosity, particle density, and in situ saturation
for seventeen neutron boreholes: Data for core dried in RH oven and 105°C
oven for USW UZ-N31, UZ-N32, UZ-N33, UZ-N34, UZ-N35, UZ-N38, UZ-
N58, UZ-N59, UE25 UZN#63 and USW UZ-N64; datafor coredried in
105°C only for USW UZ-N11, UZ-N15, UZ-N16, UZ-N17, UZ-N27, UZ-
N36, and UZ-N37

(GS940408312231.004 Q Coreanalysisof bulk density, porosity, particle density, and in situ saturation
for three neutron holes USW UZ-N57, UZ-N61, and UZ-N62
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Table A-17: Data tracking numbers for data used to model rock material properties (Continued)

Tracking Number I\(l?é Title of Technical Data Information Form
(GS920508312231.012 Q USW UZ-N54 and USW UZ-N55 core analysis: bulk density, porosity, parti-
cle density, and in situ saturation for core dried in 105°C oven
TMUSWNRG600097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWNRG7A0097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWSD7000097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWSD9000097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWSD1200097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWWT2000097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWWT10-0097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUE25WT120097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWG20000097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUE25UZ400097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUE25UZ500097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWUZ7A00097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUSWUZ1400097.001 Q  Output datafrom synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUE25UZ160097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
TMUE250NC10097.001 Q  Output data from synthesis of borehole and surface geophysical studies at
Yucca Mountain, Nevada and vicinity
SNL03042594001.002 Q Average grain density for thermal properties test samples from boreholes
UE25 NRG4, UE25 NRG-5, and USW NRG-6
SNL03042594001.003 Q  Average grain density for thermal properties test samples from borehole USW
NRG-7/7A
SNL02030193001.014 Q  Mechanical properties data (grain density, porosity, unconfined strength, elas-
tic properties & indirect tensile strength) for drillhole UE25 NRG-4 samples
from depth 378.1 to 695.8 ft
SNL02030193001.017 Q  Mechanical properties data (tensile strength, average grain density & porosity)

for drillhole USW NRG-7/7A samples from depth 18.0 to 495.0 ft
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Table A-17: Data tracking numbers for data used to model rock material properties (Continued)

Tracking Number I\(l?é Title of Technical Data Information Form

SNL02030193001.018 Q Mechanica properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-7/7A
samples from depth 344.4 ft

SNL02030193001.019 Q  Mechanical properties data (grain density, porosity, unconfined strength, con-
fined strength, elastic properties and indirect tensile strength) for drillhole
USW NRG7/7A samples from depth 507.4 to 881.0 ft

SNL02030193001.020 Q Mechanicd properties data (ultrasonic velocities, static elastic properties,
unconfined strength, triaxial strength, dry bulk density & porosity) for drill-
hole USW NRG-7/7A samples from depth 554.7 to 1450.1 ft

SNL02030193001.021 Q Mechanica properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-7/7A
samples from depth 345.0 to 1408.6 ft

SNL02030193001.022 Q Mechanica properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-6 samples
from depth 5.7 to 1092.3 ft

SNLO1A05059301.005 Q  Laboratory therma conductivity data for boreholes UE25 NRG-4, NRG-5,
USW NRG-6 and NRG-7/7A, dated 01/19/96

SNL02030193001.009 Q Mechanica properties data (tensile strength, average grain density & porosity

for drillhole UE25 NRG-5 samples from depth 781.0 to 991.9 ft
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Introduction Note that although it is convenient to maintain a
thought pattern that expresses stratigraphic depths
This appendix contains downholeplotsof all  and elevations as possessing measurement units
porosity data used in generation of the hydrologic  (“... a stratigraphic depth of 25@eet’...”) these

and thermal property models described in this  stratigraphic dimensions trubre dimasionless.
report. The data are presented by drillhole, first in

true coordinates for the drillhole as a whole and _ _
then for each of the three model unitsin both true  Table B-1: Scaling constants, C, for nominal

and stratigraphic coordinates, Note that all drill-  thicknesses of model units
holes are referred to using a number composed of a Scaling
simple “series” designator, a hyphen, and a num- Model Unit Constant
ber. Prefixes such as USW and UE-25 are omitted, c
and the drillhole plots are organized quasi-alpha= — 200
betically, with the shallow neutron series last.

TSw 1000
Stratigraphic Coordinates CH-PP 800

As described on page 12, sample depHs,

associated with measured properties data reported  The completed property models, which con-
by the original principal investigator were con-sist of an implicit structured array of simulated val-
verted to stratigraphic depthZ;, using the for- yes tied to the input grid specifications of table 3,
mula: were back-transformed from stratigraphic eleva-
, _ UnitTop —Depth (42) tions to real-world Nevada state-plane coordinates,
UnitThickness ' using the equations provided for such conversions

where UnitTop is the depth in the borehole corre- Py Deutsch and Journel (1992, p. 21). Because this

sponding to the top of the specific model unit, andFonversion produces values of stratigraphic eleva-
where: tion, Z’, an additional step was required to account

L _ _ for the relevant structure contour and isopach infor-
UnitThickness = UnitBottom—UnitTop. (43)  mation for the appropriate model unit, as extracted
Note thatUnitTop and UnitBottom were projected from the 3-D geologic framework model (Clayton
if necessary above or below the physical extent oind others, 1997), effectively:
the hole using information obtained from the three-
dimensional geologic framework model of Clayton .,
and others (1997). If requiretnitTop and Unit- Z Osopach + StructureTop. (45)
Bottom were also adjusted to account for post- c
depostional erosion or for omission of part of a uniffhe result is elevation above sea level. Nevada
by normal faulting using regional thickness trendsstate-plane Eastings and Northings were added at
extracted from the 3-D framework model. the same time based on the grid-specification infor-

mation given in table 3. Downhole deviation of the

Note also that the stratigraphic depthsborehole from vertical was not considered in this
defined by equation (42) are rescaled and normabktudy.
ized to an arbitrary value corresponding to a nomi-
nal or prototypical thickness of the model unitUnit Contacts
across the entire model domain. The value€ of
for equation (42) are given in table B-1. Three sets of rock-unit contacts are shown in
Stratigraphic depths were then converted to stratthe figures of this appendix, as indicated in the
graphic elevations’ ’Z prior to input to the geo_ explanation (f|g B'l) Formation'level contacts

TrueElevation =

statistical algorithms, as: (e.g., Topopah Spring Tuff) and the contacts of the
. ' informal lithostratigraphic subdivisions of Buesch
Z"=C-Z. (44)  and others (1996) (e.g., crystal-poor middle nonli-
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thophysal zone) were taken from a November 1996
digital revision of the tables of Yucca Mountain
Stratigraphic Compendium (Clayton, 1996). Note
that certain of these latter contacts were revised
from the origina issue of Clayton (1996), dated
September, and the information presented in these
appendix figures suggests that there remain certain
inconsistencies and probable defects in the vertical
positions of these informal units. Although aesthet-
ically displeasing, the vast mgjority of these uncer-
tainties and/or inconsistencies are irrelevant to the
modeling activities described in this report because

whether these apparent porosity-lithostratigraphic
unit mismatches were caused by the application of
inconsistent criteria in describing the lithostrati-
graphic units or because of location-specific alter-
ation that have increased or decreased the porosity
of specific intervals. In all cases, the borehole
depths of these few critical boundaries were
selected to be consistent with the same boundary in
the three-dimensional geologic framework model
of Clayton and others (1997) because of the need to
use structure-contour and isopach information
from this model in the conversion to and from

of the “major rock unit” approach used in this stratigraphic coordinates.
study.

The boundaries of the three modeling units,
PTn, TSw, and CH-PP, have been taken by defini-
tion to coincide with the boundaries of selected
lithostratigraphic “contacts” that on paper define
the breaks between welded and nonwelded litho-
somes, as defined in table A-2. Note that because
the full nominal sequence of lithostratigraphic
units defined by Buesch and othes (1996) is not
present in all locations, the specific units described
on either side of the major rock unit boundaries
varies by drillhole.

Explanation

Table B-2: Listing of lithostratigraphic units Contact, formation-level

typically defining modeling-unit contacts
[Unit abbreviations after Buesch and others (1996) and/or
Moyer and Gedlin (1995)]

Contact, sub-formation-level
lithostratigraphic unit

Contact, rock-properties

top of top of top of base of -r=r= deli it
PTn TSw  CH-PP  CH-PP N modefing uni
Above  Tpcpln  Tptrvd  Tptpln Tcp Y
Tpcpv3  Tptrv2z  Tptpv3 Tcpbt Total Matrix or Water-
Tocpv2  Tptvi  Tptpv2 Tcb . filled Porosity Data
Tpcpvl Tptrn Tptpvl . Core Porosity,
Below bt4 btl o 105°C-oven dried
Tpy Tac Core Porosity,
bt3 RH-oven dried

Eigure B-1. Explanation for drillhole porosity data

In some cases, the figures presented in th|glots in Appendix B

appendix indicate that the most prominent chang
in porosity from low (welded) to high (nonwelded)
is not as expected from the nominal descriptions of
Buesch and others. At the time these data were
“frozen” for modeling purposes, it was unclear
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Drillhole G-1
True Coordinates

Drillhole G-1 is one of the earliest core holes 0 T
drilled at Yucca Mountain and the hole provides -
partial penetration of the PTn model unit and full
penetration of the TSw and CH-PP units. Porosity | Pah Canyon
data from the G-1 drillhole consist principally of Tuff
petrophysical porosity values from the older set of i
geophysical data, although a few older (NQ) core
data are available for the TSw model unit. i
We have selected only petrophysical porosity 500 —
values for use in modeling.
Topopah
7 Spring
Tuff
~.g)_’ 1000 —
£
= i
(o
8] |
a
1500 —
Calico Hills
- -1 Formation
B 1 Prow Pass
Tuff
2000 — —
1111 Iﬁl 1 I ) | I 11

00 02 04 06
Porosity, fraction

Figure B-2. Porosity data in true coordinates from
drillhole G-1 for the entire drill hole through the top
of the Bullfrog Tuff.
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Depth, in feet

Figure B-3. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole G-1.
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True Coordinates Stratigraphic Coordinates
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Figure B-4. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole G-1.
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Depth, in feet

Figure B-5. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
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Drillhole G-2 (older data)

Drillhole G-2 is dso one of the earliest holes
drilled at Yucca Mountain; it is also the northern-
most of the deep drillholes. The drillhole provides
nearly full penetration of all three material proper-
ties model units. Some older core data is avail-
able, but this information has not been included in
the modeling described in this report.

Petrophysically derived porosity data
include values from both older and modern data
sets. We have used sdlected intervals from both
vintages of petrophysical data as follows. PTn

model unit—no modern logs, use older values; 1000
TSw model unit—poor spatial distribution of valid

older data, use modern values except insert older

data 768-789 ft true depth (no modern values);

CH-PP model unit—use older data asréhis only

partial modern coverage.

True Coordinates

0

Pah Can

500

| Topopah
7 Spring
| Tuff
§>_’ 1500 —
£ 7
<
o
) ]
(&)
2000 —
| calico Hills
-1 Formation
2500 —
| Prow Pass
3000 —| Tuff

04 0.6
Porosity, fraction

Figure B-6. Porosity data from the older set of
petrophysical logs for the entire G-2 drillhole.

Compare with f

igure B-10.
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Figure B-7. Porosity data from the older set of petrophysical logs in real-world and in stratigraphic
coordinates for the PTn model unit in drillhole G-2.

Appendix B: Drillhole Porosity Data, Drillhole G-2 (older data) 163



True Coordinates Stratigraphic Coordinates

700 1T Igl TTTT | I&I | T | T |
 Tpbt2: <>) © A Tptry ' ' )
———— e E—
800 ' Tptrvl
: . 100 —
Tptrn : -
900 —
. 200 —
1000 : S
Tptpul: i 300 _
1100 - |
. 400 —
] E=
3 - 5
§ 1200 — a 7
7 (&)
c B
= : . < —
< Tptmn: =3 500
Q_ : : - S
) _ 2
A 1300 1 § i
. &N
. 600 —
1400 —
Tptpll:
' - 700 —
1500 —
. 800 —
1600 : =
Tptpln
3 Tptpv3
C = Tptpv2
1700 =5 Tptpvl 900 ]
..\ Tpbt1. |
-Tac < . ; ;
1800 1111 I A T\j 111 I 11 1000 I 1 I
00 02 04 06 00 02 04 06
Porosity, fraction Porosity, fraction

Figure B-8. Porosity data from the older set of petrophysical logs in real-world and in stratigraphic
coordinates for the TSw model unit in drillhole G-2.
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Figure B-9. Porosity data from the older set of petrophysical logs for the combined CH-PP model
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Drillhole G-2 (modern data)
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Figure B-10. Porosity data from the modern set
of petrophysical logs for the entire G-2 drillhole.
Compare with figure B-6.

166 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Depth, in feet

Figure B-11. Porosity data from the modern set of petrophysical logs in real-world and in
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Figure B-12. Porosity data from the modern set of petrophysical logs for the combined CH-PP
model unit in the G-2 drillhole.
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Drillhole “G-3”

Drillhole “G-3" actually consists of two sep-
arate drillholes, both located on the same drillpad,
one for the unsaturated zone and one for the inter-
val below the static water level. The interval mod-
eled as part of this report consists solely of the
unsaturated portion of the hole, and thus the data
are actually from drillhole GU-3

Petrophysical porosity datare available
only from the older set of downhole geophysical
logs, and these include principally total (or litho-
physal) porosity values. Accordingly we have
inserted a relatively systematically collected set of
older (NQ) core porosity values to represent
matrix porosity in the intervals from approximatley
500-675 and 775-1100 ft true depth that appear to
be lithophysae-bearing, as indicated by the total
porosity petrophysicakace. We havelso substi-
tuted core values for matrix porosity in the lower
vitrophyre unit of the TSw model unit from
approximately 119-1270 ft true depth.
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Figure B-13. Porosity data in true coordinates
from drillhole G-3 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-14. Porosity data in real-world and stratigraphic coordinates for the PTn model unit for
drillhole G-3.
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Figure B-15. Porosity data in real-world and stratigraphic coordinates for the TSw model unit in

drillhole G-3.
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Figure B-16. Porosity data in real-world and in stratigraphic coordinates for the CH-PP model unit
from drillhole G-3.
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Drillhole G-4
True Coordinates

Drillhole G-4 is the newest of the pr(-}SIte 0 llll|||||||lll|l|_|_iva
characterization cored drillholes and is unquestion- - Canyon
ably the most systematically sampled of that set. = | Tuff
Petrophysically derived porosity data are from the —— —
older set of downhole geophysical logs.

We have used the petrophysical porosity val- |
ues throughout the hole, except that core porosity .
measurements have been substituted for matrix
porosity in the inferred lithophysae-bearing inter- 500 u
vals from 400-680 and from 770-1310 ft true |
depth.
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Figure B-17. Porosity data in true coordinates
from drillhole G-4 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-18. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole G-4.
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Figure B-19. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole G-4.
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Figure B-20. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole G-4.
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Drillhole H-1

Drillhole H-1 is a non-cored hydrologic hole
for which the available petrophysically derived
porosity value belong to the older set of geophysi-
cal data. Notethat there are some abrupt shiftsin
the indicated porosity data within the PTn model
unit (particularly noticeablein figure B-22). These
values were not used in modeling the PTn unit.
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Figure B-21. Porosity data in true coordinates
from drillhole H-1 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-22. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole H-1.
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Depth, in feet

Figure B-23. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole H-1.
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Figure B-24. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model in drillhole H-1.
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Drillhole H-3
True Coordinates

Drillhole H-3 is an uncored hydrologic test 0
hole located near the southern end of Yucca Moun- . : :
tain. Porosity data are based on downhole geo- = j j S
physical logs of the older suite.
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Figure B-25. Porosity data in true coordinates
from drillhole H-3 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-26. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole H-3.
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Figure B-27. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole H-3.
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Figure B-28. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole H-3.
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Drillhole H-4

Drillhole H-4 is an uncored hydrologic test
hole. The available porosity values are petrophysi-
cally based and are derived from the older set of
downhole geophysical logs.
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Figure B-29. Porosity data in true coordinates
from drillhole H-4 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-30. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole H-4.

186 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Depth, in feet

200

300

400

500

600

700

800

900

1000

1100

1200

1300

True Coordinates

Stratigraphic Coordinates

P,I 1 1 | | I S | | I S | ) I I | | I I | | I I | | I S | | I S | L1 1

00 02 04 06

Porosity, fraction

100
200
300
400
=
o
[¢] L
o
Qo
S 500
g
=)
5 _
n
600 —
700
800
900
1000
0.0

02 04 06
Porosity, fraction

Figure B-31. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drill

hole H-4.
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Figure B-32. Porosity data in real world and in stratigraphic coordinates for the combined CH-PP
model unit in in drillhole H-4.
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Drillhole H-5
True Coordinates

Drillhole H-5 is an uncored hydrologic test 0
hole located in the northern portion of the immedi-
ated repository block. The available porosity data
are based on petrophysical calculations using data
from the older set of downhole geophysical logs.
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Figure B-33. Porosity data in true coordinates
from drillhole H-5 for the entire drill hole through
the top of the Bullfrog Tuff.
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Figure B-34. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole H-5.
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Figure B-35. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole H-5.
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Figure B-36. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole H-5.
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Drillhole H-6

Drillhole H-6 is an uncored hydrologic test
hole located to the west of the immediate reposi-
tory block on the downthrown side of the Solitario
Canyon fault.
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Figure B-37. Porosity data in true coordinates
from drillhole H-6 for the entire drill hole through

the top of the Bullfrog Tuff.
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Figure B-38. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole H-6.
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Figure B-39. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole H-6.
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Figure B-40. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole H-6.
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Drillhole NRG-4

True Coordinates
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able from the NRG-4 drillhole, and the geophysical
logs were run only for a portion of the drillhole
through the stratigraphic interval through which = .
the Exploratory Studies Facility North Ramp
decline was anticipated the pass. The data are
usable essentidly only for the PTn model unit. The
approximately 200 ft of data from the TSw model
unit were not used because of structural complica- 200 =
tionsinvolved in projecting the lower contact of the
Topopah Spring welded interval required to make

the stratigraphic-coordinate transformation. % , .
Tiva Cdnyon Tuff
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Figure B-41. Porosity data in true coordinates
from drillhole NRG-4 for the entire drill hole.
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Figure B-42. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole NRG-4.
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Drillhole NRG-5

Only petrophysical porosity values are avail-
able for the NRG-5 drillhole, and the geophysical
logs were run only through the portion of the
Topopah Spring Tuff through which the ESF North
Ramp decline was anticipated to pass at the time
the hole was drilled. In fact, the North Ramp
passed the vicinity of hole NRG-5 at a redesigned
depth of approximately 500 ft.
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Figure B-43. Porosity data in true coordinates
from drillhole NRG-5 for the entire drill hole.

Appendix B: Drillhole Porosity Data, Drillhole NRG-5

199



True Coordinates Stratigraphic Coordinates

300 T TTT | TTTT | TTTT | T I/ T | T | T |
T w0l -
500 — : : - _ _ _
L : : - 200 - . . L
600 — ﬁ T _ _ _
i i 300 : : C
700 = I i
— < N -
< n
-o¢ . L 400 — -
. | <
f c
% C ] 5 I i
$ 800 - S 5
c [ ¢ i 8 <
;— :i i o 500 _g) —
= L/ - £ (
8 900 — © L ]
- . 2 {
- 1 I i
Lo 4 s - -
| i & 00
Z 2
1000 —= — s
. - - 7
. . ;
L i $
i Ef i 700 | —
1100 (- — f
Y ] L -
L= i f
<
— g - }
- - 800 - —
1200 +— = — S
— > -
n {( i -/ e
5 !
I i S
1300 [ 2 . 900 1=/ N
_& - [
= - L\ ]
1400 L1 11 I L1l I L1l I L1 1 I 1 I 1 I
00 02 04 06 00 02 04 06
Porosity, fraction Porosity, fraction

Figure B-44. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole NRG-5.
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Drillhole NRG-6

Both petrophysical porosity values and core
measurements are available for the NRG-6 drill
hole. The hole begins in the unmodeled welded
interval of the Tiva Canyon Tuff and provides a
complete penetration of the PTn model unit and a
nearly complete section of the TSw unit. Agree-
ment of the geophysical- and laboratory-deter-
mined porosity data is quite good, with the
anticipated exception of the lithophysae-bearing
intervals.

Two of the three contacts required for the
stratigraphic-coordinate transformation are present
in the drill hole. The lower contact of the TSw
model unit was projected using the three-dimen-
sional geologic framework model (Clayton and
others, 1997). The upper contact of the PTn model
unit appears low, assigning rocks of nearly 20 per-
cent porosity to the overlying Tiva Canyon welded
interval.
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Figure B-45. Porosity data in true coordinates

from drillhole NRG-6 for the entire drill hole.
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Figure B-46. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole NRG-6.
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Figure B-47. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole

NRG-6.
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Drillhole NRG-7

Both petrophysical and laboratory-deter-
mined porosity data are available for the NRG-7
drillhole, providing full sections of both the PTn
and TSw modeling units. Agreement of the core
and geophysically computed porosity values is
quite good for the upper part of the hole, again with
the exception of the lithophysal intervals for which
agreement is not expected. However, the petro-
physical porosity data and the core measurements
diverge markedly below a actua depth of approxi-
mately 1200 ft. The core values have been used for
matrix porosity throughout the hole

All the required contacts are present in the
core from the hole. The upper contact of the PTn
model unit appears low, with rocks of 20-percent

porosity assigned to the overlying “welded” inter-

val.
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Figure B-48. Porosity data in true coordinates
from drillhole NRG-7 for the entire drill hole.
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Figure B-49. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole NRG-7
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Figure B-50. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole NRG-7.
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Drillhole SD-7

Drillhole SD-7 is one of six recent site-char-
acterization drillhole that islocated within the main
repository block at Yucca Mountain, dightly to the
west of the Ghost Dance fault. The drillhole con-
tains a full suite of modern geophysical logs for
which total and water-filled porosities have been
calculated, and the hole was cored from top to bot-
tom producing a full suite of both RH and 105°C-
dried porosity measurements.
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Figure B-51. Porosity data in true coordinates
from drillhole SD-7 for the entire drill hole through

the top of the Bullfrog Tuff.
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Figure B-52. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole SD-7.
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Figure B-53. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
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Figure B-54. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole SD-7.
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Drillhole SD-9

Drillhole SD-9 is one of six site characteriza-
tion drillholes and islocated within the main repos-
itory block at Yucca Mountain, slightly to the west
of the Ghost Dance fault. The drillhole contains a
full suite of modern geophysica logs for which
total and water-filled porosity values have been cal-
culated. The hole was cored from top to bottom,
and there is a full suite of both RH- and 105°C-
dried laboratory porosity measurements.
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Figure B-55. Porosity data in true coordinates
from drillhole SD-9 for the entire drillhole.
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Figure B-56. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole SD-9.
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Figure B-57. Porosity data in real-world and in stratigraphic coordinates for th TSw model unit in
drillhole SD-9.
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Figure B-58. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole SD-9
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Drillhole SD-12

Drillhole SD-12 is one of six deep site-char-
acterization drillholes and is located wihtin the
main repository block at Yucca Mountain, slightly
to the west of the Ghost Dance fault. The drillhole
provides a compl ete suite of modern petrophysical
logs, from which total and water-filled porosity
values have been calculated. The hole was cored
from top to bottom, and there are a full suite of
both RH- and 105°C-dried porosity measurements.
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Figure B-59. Porosity data in true coordinates
from drillhole SD-12 for the entire drillhole through

the top of the Bullfrog Tuff
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Figure B-60. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole SD-12.

216 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



300

400

500

600

700

800

900

Depth, in feet

1000

1100

1200

1300

1400

True Coordinates

L ;’ : i
- Tptrn A
I Tptrl i
t
- E Tptpul -
i ]
L & ' C
. Tptmn |
- ‘—? _
= ]
— " . -
i = ]

| — -
= Tptpll:
= N
L 4
| g Tptpin
K ]
& . TPtpv3 ]
e N Tptpv2
- Tptpvl |
Tac | % ]

00 02 04 06

Figure B-61. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole SD-12.
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Figure B-62. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole SD-12.
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Drillhole UZ-7A

Drillhole UZ-7A is a special-purpose site
characterization drill hole that was started in the
hanging wall of the Ghost Dance fault and drilled
to intersect the fault at depth. The hole contains a
full suite of modern petrophysical logs from which
total and water-filled porosity values have been cal-
culated. Although core recovery was locally quite
poor, the hole was cored from top to bottom, and
there are a full suite of both RH- and 105°C-dried
laboratory porosity measurements.

Depth, in feet

500

1000 — —

1500 — —

2000 [~ —

2500IIII|IIII|IIII|II

True Coordinates
OIIIIIIIIIIIIIIIII

00 02 04 06
Porosity, fraction

Tiva
JCanyon
Tuff

Topopah
Spring
Tuff

Figure B-63. Porosity data in true coordinates
from drillhole UZ-7A for the entire drillhole.
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Figure B-64. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZ-7A.
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Figure B-65. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole UZ-7A.

700

800 - f -

T Tptrvi 100

00 02 04 06
Porosity, fraction

Stratigraphic Coordinates

Tptrv.

200

300

400 -

<

o

() _

a

o

S 500 —

o

k=

2 i
600 — _ -
700 - : .
800 - : -
900 : : o
100 1 I 1 I 1 I

00 02 04 06
Porosity, fraction

Appendix B: Drillhole Porosity Data, Drillhole UZ-7A

221



Drillhole UZ-14

Drillhole UZ-14 is one of six deep site char-
acterization drillholes at Yucca Mountain. The
hole is located immediately to the northwest of the
main repository block. The hole provides a com-
plete suite of modern petrophysica logs, from
which total and water-filled porosity values have
been calculated. The hole was cored from top to
bottom, and there are a full suite of both RH- and
105°C-dried laboratory porosity measurements,
with the exception of the very lowermost portion of
the hole for which only petrophysical porosity data
are available.

True Coordinates

0 FF!-_I=!=|=|_-!=!=|TI_I_I_I—|_|_|'
| &% © | Pah
| g | Canyon
' o Tuff
Ot
500 — °%% —
' Topopah
r 71Spring
| o Tuff
1000 — ¢ —
D e ’
) | gl
£ -
= ;
e
A L
1500 |- 8- & pet —{ calico Hil
£ Formatiol
¥
Prow Pas
- < Tuff
2000 — —
;‘%
2500 1111 I 1111 I ) | I 11

00 02 04 06
Porosity, fraction

Figure B-66. Porosity dat in true coordinates from
drillhole UZ-14 for the entire drillhole.
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Figure B-67. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZ-14.
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Figure B-68. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole UZ-14.
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Figure B-69. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole UZ-14.
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Drillhole UzZ-16
True Coordinates

Drillhole UZ-16 is one of six deep site char- 0
acterization drillholes at Yucca Mountain. The
hole is located to the southeast of the main reposi-
tory block, and it provides a full suite of modern
geophysical logs from which total and water-filled
petrophysical porosity values have been calculated.
The hole was cored from top to bottom, and there
are afull suite of both RH- and 105°C-dried labora-
tory porosity measurements. 500
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Figure B-70. Porosity data in true coordinates for
drillhole UZ-16 for the entire drillhole.
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Figure B-71. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole UZ-16.
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Figure B-72. Poroisty data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole UZ-16.
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Figure B-73. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole UZ-16.
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Drillhole WT-1

Drillhole WT-1 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. The lower part of the Calico
Hills Formation and the entire Prow Pass Tuff are
missing at this location because of a fault. Strati-
graphic coordinates for the CH-PP model unit are
based upon the infieed true thickness of this inter-
val reconstructed from regional thickness trends.
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Figure B-74. Porosity data in true coordinates
from drillhole WT-1.
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Figure B-75. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole WT-1.
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Figure B-76. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-1.

232 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



Depth, in feet

Figure B-77. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP
model unit in drillhole WT-1. The lower part of the Calico Hills Formation and the entire Prow Pass
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Drillhole WT-2 (Older Data)

Drillhole WT-2 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole has been relogged as part of site
characterization at Yucca Mountain, and there is
aso a full suite of modern geophysica informa
tion. These data have been converted to values of
total and water-filled porosity.
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Figure B-78. Porosity data in true coordinates
from drillhole WT-2 for the entire drillhole down to
the top of the Bullfrog Tuff using the older
petrophysical data.
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Figure B-79. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-2, computed from the older series of petrophysical logs.
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Figure B-80. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-2, computed from the older series of petrophysical logs.
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Figure B-81. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model
unit in drillhole WT-2, computed from the older series of petrophysical logs.
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Drillhole WT-2 (Modern Data)

Drillhole WT-2 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the hole has been rel-
ogged as part of site characterization at Yucca
Mountain, and there is a full suite of modern geo-
physical information in addition to the older suite
of logs that were obtained shortly after drilling.
These data have been converted to values of total
and water-filled porosity.
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Figure B-82. Porosity data in true coordinates
from drillhole WT-2 for the entire drillhole down to
the top of the Bullfrog Tuff using the modern
petrophysical data.
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drillhole WT-2, computed from the modern series of petrophysical logs.
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Figure B-84. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole
WT-2, computed using the modern series of petrophysical logs.
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Figure B-85. Porosity data in real-world and is stratigraphic coordinates for the combined CH—PP model
unit in drillhole WT-2, computed from the modern series of petrophysical logs.
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Drillhole WT-3

Drillhole WT-3 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-86. Porosity data in true coordinates

from drillhole WT-3 for the entire drillh

ole.
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Figure B-87. Porosity data in real-world and in stratigraphc coordinates for the PTn model unit in
drillhole WT-3.
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Figure B-88. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-3.
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Drillhole WT-4

Drillhole WT-4 is one of an older series of T C di
holes drilled to obtain hydrologic information prin- rue Coordinates

. . 0 rTTT rTTT 11T T
cipally from the saturated zone at Yucca Mountain. ! ! !
The hole was not cored, and the geophysical logs 1.
belong the older suite of petrophysical data. These E';r?y on
data have been converted to values of total and | Tuff
water-filled porosity.
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Figure B-89. Porosity data in true coordinates
from drillhole ST-4 for the entire drill hole.
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Figure B-90. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-4.
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Figure B-91. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-4.
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Figure B-92. Porosity data in real-world and in stratigraphci coordinates for the combined CH-PP model
unit in drillhole WT-4.
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Drillhole WT-6

True Coordinates

Drillhole WT-6 is one of an older series of 0
IIIIIIIIIIIIIIIII

holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and

water-filled porosity. I é ] ;g;r)%;;ah
|
Tuff

The Topopah Spring tuff is anomaloudy thin
in the vicinty of the WT-6 drill hole, and virtually
the entire thickness of the Calico Hills Formation
that was penetrated in this drillhole consists of rhy-
olitic lavas rather than of pyroclastic rocks.
Because the rocks in WT-6 are distinctly atypical
of the majority of the volcanic units in the Yucca
Mountain area, these data were not used in model-
ing rock material properties in this study. Indeed,
the nature of the rocks changes profoundly
between drillholes G-2 and WT-6, and this discon-
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Figure B-93. Porosity data in true coordinates
from drillhole WT-6 for the entire drillhole.
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Drillhole WT-7
True Coordinates

Drillhole WT-7 is one of an older series of 0
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-94. Porosity data in true coordinates
from drillhole WT-7 for the entire drillhole.
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Figure B-95. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhole

WT-7.
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Figure B-96. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole
WT-7.
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Figure B-97. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP

model unit in drillhole WT-7
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Drillhole WT-10 (Older Data)

True Coordinates

Drillhole WT-10 is one of an older series of 0
IIIIIIIIIIIIIIIII

holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is aso a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-

ity.
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Figure B-98. Porosity data in true coordinates
from drillhole WT-10 for the entire drillhole.
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Figure B-99. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhole

WT-10.
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Figure B-100. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-10.
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Drillhole WT-10 (Modern Data)

Drillhole WT-10 is one of an older series of True Coordinates
holes drilled to obtain hydrologic information prin- O prrrrprr T
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is aso a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-

ity.
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Figure B-101. Porosity data in true coordinates
from drillhole WT-10 for the entire drillhole using
petrophysical data from the modern data set.
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Figure B-102. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-10 using petrophysical data from the modern data set.
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Figure B-103. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-10 using petrophysical data from the modern data set.
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Drillhole WT-11

Drillhole WT-11 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. These data have been converted to values of
total and water-filled porosity.

True Coordinates

OIIIIIIIIIIIIIIIII

<
i
3

§
= -
R

500

1000

Depth, in feet

1500 — —

2000IIII|IIII|IIII|II
00 02 04 06

Porosity, fraction

1 Tiva

Canyon
Tuff

Topopah
Spring
Tuff

| Calico Hills

Formation

Prow Pass
Tuff

Figure B-104. Porosity data in true coordinates
from drillhole WT-11 for the entire drillhole.
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Figure B-105. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole WT-11.
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Figure B-106. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-11.
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Figure B-107. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model

unit in drillhole WT-11.
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Drillhole WT-12 (Older Data)

Drillhole WT-12 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is aso a full suite of
modern geophysical data. The older data have been
used in the rock properties modeling effort in order
to provide greater consistency with other WT-
holes for which only older data are available.
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Figure B-108. Porosity data in true coordinates
from drillhole WT-12 for the entire drillhole.
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Figure B-109. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole WT-12.
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Appendix B: Drillhole Porosity Data, Drillhole WT-12 (Older Data)
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Figure B-110. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-12.
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Figure B-111. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model

unit in drillhole WT-12.
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Drillhole WT-12 (Modern Data)

Drillhole WT-12 is one of an older series of .
holes drilled to obtain hydrologic information prin- 0 True Coordinates
cipally from the saturated zone at Yucca Mountain. C IR
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is aso a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-
ity. The modern data were not used in the rock
properties modeling activity.
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Figure B-112. Porosity data in true coordinates
from drillhole WT-12 for the entire drillhole using
petrophysical data from the modern data set.
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Figure B-113. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhol
WT-12 using petrophysical data from the modern data set.
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Figure B-114. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-12 using petrophysical data from the modern data set.
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Figure B-115. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model
unit in drillhole WT-12 using petrophysical data from the modern data set.
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Drillhole WT-13

Drillhole WT-13 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. These data have been converted to values of
total and water-filled porosity.
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Figure B-116. Porosity data in true coordinates
from drillhole WT-13 for the entire drillhole.
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Figure B-117. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit from

drillhole WT-13.
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Figure B-118. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model
unit in drillhole WT-13.
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Drillhole WT-14

Drillhole WT-14 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Appendix B: Drillhole Porosity Data, Drillhole WT-14

Figure B-119. Porosity data in true coordinates
from drillhole WT-14 for the entire drillhole.

275



True Coordinates Stratigraphic Coordinates

100 rTTT | rTTT | 11T | T //G' T | T | T |
200 — : —
— . 100 —
300 —
. 200 —
400 — .
. 300 —
500 —
. 400 —
600 — S
% ] )
ko ] a I
c - 2
= _ < —
E: 700 i % 500
o i 2
o ] < 1
800 = N
. 600 —
900 —
- 700 —
1000 — -
- 800 —
1100 —
. 900 —
1200 —
| Tac - \: : ] : i
1300 _I 111 | L1 ? 11l | | I_ 1000 | |
00 02 04 06 00 02 04 06
Porosity, fraction Porosity, fraction

Figure B-120. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-14.
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Figure B-121. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model

unit in drillhole WT-14.

Appendix B: Drillhole Porosity Data, Drillhole WT-14

277



Drillhole WT-15

Drillhole WT-15 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-122. Porosity data in true coordinates
from drillhole WT-15 for the entire drillhole.
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Figure B-123. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-15.
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Figure B-124. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-15.
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Drillhole WT-16

Drillhole WT-16 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-125. Porosity data in true coordinates
from drillhole WT-16 for the entire drillhole.
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Figure B-126. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-16.
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Figure B-127. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-16.
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Figure B-128. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model
unit in drillhole WT-16.
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Drillhole WT-17

Drillhole WT-17 is one of an older series of T C di
holes drilled to obtain hydrologic information prin- rue Coordinates

. . 0 rTTT rTTT 11T T
cipally from the saturated zone at Yucca Mountain. . . .
The hole was not cored, and the geophysical logs - 1.
belong the older suite of petrophysical data. These E';r?y on
data have been converted to values of total and Tuff
water-filled porosity.
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Figure B-129. Porosity data in true coordinates
from drillhole WT-17 for the entire drillhole.
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Figure B-130. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-17.
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Figure B-131. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-17.
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Figure B-132. Porosity data in real-world and in stratigraphic coordinates for the combined CH-PP model
unit in drillhole WT-17.
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Drillhole WT-18

Drillhole WT-18 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipaly from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-133. Porosity data in true coordinates
from drillhole WT-18 for the entire drillhole.
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Figure B-134. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole WT-18.
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Figure B-135. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole WT-18.
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Figure B-136. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole WT-18.
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The UZN Series of Drillholes

Drillholes with a prefix of “UZN-"are part
of a series of neutron holes drilled to monitor near-
surface moisture contents as a function of precipi-
tation In general, the holes are quite shallow, typi-
cally less than 50 ft. However, a limited number of
neutron holes wre drilled to deflis of approxi-
mately 250 ft, and these provide important infor-
mation from the PTn and TSw model units. Only
laboratory core measurements are available for
these holes
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Figure B-137. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-11.
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Figure B-138. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-31. Note: stratigraphic coordinates for samples of the TSw model unit not shown because
there are so few values; however, these data were used in modeling.
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Figure B-139. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-32. Note: stratigraphic coordinates for samples of the TSw model unit not shown because
there are so few values; however, these data were used in modeling.
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drillhole UZN-33.
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Figure B-141. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-34.
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Figure B-142. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
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drillhole UZN-37. Note: stratigraphic coordinates for samples of the TSw model unit not shown because

there are so few values; however, these data were used in modeling.
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Figure B-143. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-38.
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Figure B-144. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
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drillhole UZN-53. Note: stratigraphic coordinates for samples of the TSw model unit not shown because

there are so few values; however, these data were used in modeling.
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Figure B-145. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-54. Note: stratigraphic coordinates for samples of the TSw model unit not shown because
there are so few values; however, these data were used in modeling.

302 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada



True Coordinates Stratigraphic Coordinates

100 TT I TTTT I T T7TT I TT 0 I
7 20 — —
120 — - .
i 40 — —
140 — i ]
Tpcpln 60 _
i < R i

b4 o

B - g -
£ Qo B 7
< ’ :;%' 100 —
2 180 — < - -
- Tpcpvl = - .
120 —
200 — i )
i } 140 — —
L pr : _ L |
- o1 - B N
Tpbt3 § i 7
220 — — 160 — |
 Tpbt2 ‘<\ ] I |
@ L i
Tptrv3 B 7
i } 180 — —
240 [ Tptrv2 N i )
Fe™ . Tptrvl : :

L1 l |- |T|ntrn l L1 l

00 02 04 06 ? 00 02 04 06

Porosity, fraction Porosity, fraction

Figure B-146. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in
drillhole UZN-55. Note: stratigraphic coordinates for samples of the TSw model unit not shown because
there are so few values; however, these data were used in modeling.

Appendix B: Drillhole Porosity Data, The UZN Series of Drillholes 303



True Coordinates Stratigraphic Coordinates

0 TN G I T I T I
Tptrvi
100 — 100 —
200 — — 200 — —
300 — — 300 — —
400 — — 400 — —
- 1 £
5 : 5
g ] 8 | |
c B . L
- — | ] c | ]
< 500 I ] % 500
- - 5
a I ] I i 1
- ] &3
600 — — 600 — —
700 — — 700 — —
800 — — 800 — —
900 — — 900 — —
1000 1111 | ) | | 1111 | 11 1000 1 | 1 | 1 |
00 02 04 06 00 02 04 06
Porosity, fraction Porosity, fraction

Figure B-147. Porosity data in real world and in stratigraphic coordinates for the TSw model unit in
drillhole UZN-57.
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Figure B-148. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in

drillhole UZN-58.
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Figure B-149. Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in
drillhole UZN-59.
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Figure B-150. Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in

drillhole UZN-61.
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Introduction

One of the very distinctive features of the
Paintbrush Group ash-flow tuff depositsisthe pres-
ence of major lithophysal zones in both the Tiva
Canyon and the Topopah Spring Tuffs (Lipman and
others, 1966). Lithophysae are mesoscopic cavities
that are formed by the escape of trapped air and
volcanic gasses and the exsolution of volatiles still
contained in the mass of hot glassy shards during
cooling and crystallization of an emplaced ash-
flow deposit (Ross and Smith, 1961; Cas and
Wright, 1987). If the interna pressure of gas
exceeds the lithostatic pressure of the overlying
deposits, the trapped gas will inflate actual cavities

ducive to the formation of lithophysae may have
occurred multiple times at a given location within
the deposit. Cas and Wright (p. 84) ma&ference

to broken lithophysae, which they interpret as evi-
dence of additional flowage of a mostly solidified
volcanic deposit after formation of the lithophysal
cavities.

Given that lithophysae are -early-formed
lithologic features formed within an evolving and
cooling ash-flow deposit, and that the requisite
conditions for their formation may apar anddis-
appear and reappear again at any particular loca-
tion within that deposit, it is evident that
lithophysae represent a type of early alteration, and

(“bubbles”) that may vary in size from a few milli- are not truly a primary stratigraphic feature of vol-
meters to nearly a meter in diameter. The marginsanic rocks. Because an ash-flow tuff is typically a
of such cavities are typically highly altered by theroughly tabular body with the “horizontal” dimen-
magmatic gasses, and the cavities may be lined lsions many times the “vertical,” it is also apparent
fibrous crystal aggregates indicating vapor-phas¢éhat the pressure—temperatur®-T1) gradients
mineralization into open spaces. Buesch and othessithin such a deposit will be mostly vertical, with
(1996; p. 12) present a detailed summary of theegions of roughly equivalent pressure and temper-
occurrence of lithophysal zones at Yucca Moun-ature aigned subparallel to the horizontal dimen-
tain. sions. It seems likely that lithophysal zones
generaly would be stratiform in nature, although

It is clear that the formation of lithophysal not necessarily stratabound by primary deposi-
cavities requires a delicate balance between thgonal surfaces on the finer scale.
pressure of the inflating gas phase and that of the
overlying material within what may be a still-accu- It is this alteration nature of lithophysae that
mulating pyroclastic deposit, combined with theleads us to treat “lithophysal porosity” as a mate-
rate of cooling and accompanying increase irrial-property attribute, and not as a means of strati-
mechanical strength of the deposit. In addition taraphically subdividing a rock mass into a number
the prototypical spherically shaped lithophysalof layer-cake geological units. Figure C-2 presents
cavity, lithophysae may be more elliptical in form, porosity cross section from drillhole WT-18 on the
almost invariably with the long axis of the ellipse north, through the repository block to drillhole
located roughly in the plane of flattening and weld-WT-12 on the south (see fig. C-1 for locations).
ing of pumice clasts and relict shard structuresEach drillhole is represented by two curves: the
These ellipsoidal lithophysae agar to represent total or lithophysal porosity curve from downhole
partially flattened (or incompletely inflated) gas petrophysical measurements (shown in red), and a
pockets. Indeed, our experience at Yucca Mountaimatrix or waterdifled porosity curve developed
indicates that there is virtually a continuum offrom either laboratory core measurements or
shapes between spheres, ellipsoids, flattened justownhole petrophysical measurements if there are
open partings, and solid veinlets of vapor-phas@o core data (shown in blue). In each case, the data
minerals surrounded by an altered border. Somare portrayed in stratigraphic-depth coordinates,
exposures and drill holes at Yucca Mountainscaled between zero and 1000 nominal feet. The
clearly indicate a bimodal distribution of sizes,contacts and correlations shown by the lighter
with both mesoscopic (millimeters to a few centi-weight linesare the formalithostratigraphic unit
meters) and megascopic (decimeter-plus) lithoboundaries obtained from the YMP Stratigraphic
physal cavities qavernous lithophysae of Buesch Compendium (Clayton, 1996) and based on the cri-
and others, 1996), suggesting that conditions corteria of Buesch and others (1996).
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Figure C-1. Index map showing location and
identity of holes used in creating the porosity cross
section of Yucca Mountain.

Casua examination of figure C-2 indicates
that there are intervals within each drill hole for
which the two curves plot very close together or are
virtually coincident, and intervals for which there
is a distinct separation of the two types of data
Furthermore, it is relatively apparent that the inter-
val correlated across the top half of the cross sec-
tion (indicated as Tptrl and Tptpul on the figure,
using nomenclature of Buesch and others, 1996)
generally exhibits greater and more obviously con-
tinuous separation of the two porosity curves than
doestheinterval correlated across the lower half of
the figure (zone Tptpll). Indeed, the lower litho-
physal zone in severa drill holes appears to lack
meaningful lithophysal porosity, as that term is
defined in this report, with the lithophysal porosity
dataessentially plotting on top of the matrix/water-
filled porosity data.

Note also, the heavy dotted correlation line
that marks the boundary between the crystal-poor
lower member of the Topopah Spring Tuff and the
overlying crysta-rich member. This contact pre-

sumably is a true “stratigraphic” contact, originat-
ing from a change in the composition of the magm?Or ¢

being erupted from high-silica rhyolite to lewsil-

ica quartz latite in a compositionally zoned magm

a

chamber (Lipman and others, 1966). In the vicinity
of drillholes NRG-7, SD-9, and SD-12, the-T
conditions conducive to formation of lithophysal

gas voids extended above this “depositional” con-
tact, whereas at the other drillhole locations, they
apparently did not.

In addition to the boundaries of the formally
named lithophysal zones shown on figure C-2, we
have indicated our interpretation of lithophysae-
bearing intervals for which the increase in porosity
is large enough to cause marked separation of the
matrix and lithophysal porosity curves. These
intervals are indicated by a heavy green bar on the
left-hand side of a drill hole porosity plot. These
interpreted intervals do not necessarily include all
rocks that contain small lithophysae and/or “litho-
physal-style alteration” typically expressed in core
as small circular to elliptical spots of white vapor-
phase alteration minerals. They simply reflect sep-
arations between the matrix and lithophysal poros-
ity curves that are, in our opinion, large enough to
suggest the presence of significant lithophysae.

Description of the Cross Section

Drillhole WT-18 — (Note: no core for this
hole) The anticipated lithophysae-bearing intervals
in drill hole WT-18 shown in figure C-2 asinferred
from separation of the matrix and lithophysa
porosity indicators from petrophysics correspond
fairly closely to the formally named lithophysal
zones. We classify the very bottom of the Tptpll
zone (beginning at a depth of ~900 nominal feet) as
potentially nonlithophysal because of the fairly
abrupt decrease in the blue matrix porosity curve at
this depth. Such shifts in matrix porosity can be
characteristic of lithophysa intervals because of
more intense vapor-phase ateration of the rock
matrix; see for example the lower lithophysal inter-
val of drillhole WT-1 and the shift in matrix poros-
ity in WT-18. Note aso that in drillhole WT-18,
apparent lithophysae extend almost through the
entire lower portion of the formation in marked
contrast to the remaining holes shown on the fig-
ure.

Drillhole NRG-7 — (Note: partia core only
his hole) Our inferred lithophysae-bearing
intervals correspond quite closely to the formally
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named lithophysal zones; note that the upper litho-
physae-bearing interval has been subdivided for-
mally into crystal-rich and crystal-poor intervals.
The top of the upper lithophysal interval is quite
well defined by an abrupt increase in the amount of
separation between the two petrophysical porosity
curves. Note aso, the shift of the matrix porosity
curve toward higher values at this contact, presum-
ably reflecting more intense vapor-phase alteration
of the rock matrix exclusive of actual lithophysae.
The middle nonlithophysal zone, formally identi-
fied between stratigraphic depths of 400 and 500
nominal feet, is marked by several separations of
the two geophysical traces essentially equa to
those observed in the upper and lower lithophysal
zones. Although Buesch and others (1996)

describe the occurrence of a “lithophysae-bearing

Drillhole SD-12 — (Cored hole) Our
inferred lithophysae-bearing interval in the upper
part of drillhole SD-12 corresponds almost exactly
to the formally named Tptrl and Tptpul zones. It
appears that the lower lithophysae-bearing interval
below a stratigraphic depth of about 480 nominal ft
may be less continuous than the formally named
lower lithophysal zone might imply. Similar to
drillhole SD-9, the impression is one of alternating
significant lithophysae-bearing intervals separated
by intervals of less-significant large number of
lithophysal cavities, potentially on the order of 10
nominal feet. This impression is confirmed by the
detailed geologic log of Rautman and Engstrom
(1996b).

Drillhole WT-2 — (Note: no core for this

subzone of the middle nonlithophysal zone,” it ishol€) The apparent lithophysae-bearing intervalsin
unclear what effedhis subdivision has on the rock this hole seem to coincide fairly closely with the
material properties through this middle part of theformally named lithophysal zones. We would
Topopah Spring Tuff in this drill hole. The litho- extend the interpretation of the top of the upper
physal porosity curve indicates that porositiedithophysal interval to a stratigraphic depth of
equal and exceed 20 percent in about half of thapproximately 100 nominal ft in order to coincide
“nonlithophysal” zone, a porosity fraction that With the prominent increase in both the matrix and

qualifies most of the lower lithophysal zone (Tpt-lithophysal porosity curves at this depth. The

pll).

Drillhole SD-9 — (Cored hole) Our inter-
preted lithophysae-bearing intervals are definitely
less extensive verticaly than the formally named
lithophysal zones. Note that Engstrom and Raut-
man (1996) describe afairly pronounced change in
character of the Tptpul zone at a depth of about 676

extent of the lower lithophysal interval appears to
be somewhat less than the formally described
depth of about 780 ft (in stratigraphic coordinates),
as the two porosity curves merge at a depth of
about 750 ft. Note, however, that both curves
decrease again at the formal contact.

Drillhole SD-7 — (Cored hole) A fairly

strong argument can be made for drillhole SD-7
that the intervals of significant lithophysae devel-

some 354 nominal feet. Above this depth, lithophy- ~ opment extend for quite some distance above and
sae are described as most open, whereas below this ~ below the formally named lithophysal zones. The
depth lithophysae are described as “closed.” Th@ublished detailed geologic log for this hole (Raut-
lower lithophysal zone in this drillhole appears as anan and Engstrom, 1996a) clearly indicates that
sequence of alternating lithophysae-bearing antithophysae associated with the upper lithophysal
non-lithophysae bearing intervals in the geologidnterval extend to a stratigraphic depth of about 330
log of Engstrom and Rautman; however, the existft (true depth: 682.5 ft). The published log also
ence of extensive intervals of lost or rubblized cordndicates a sharp change in the lithophysal charac-
through this interval makes interpretation difficult. ter of the rock associated with the lower lithophy-
Isolated large lithophysal cavities are described is@e-bearing interval at a depth of 803.3 ft, which
the Tptpll zone from downhole video images. Thiscorresponds to the sharp separation of the two
interpretation is consistent with the erratic shortoorosity curves at a stratigraphic depth of about
intervals of curve separation that typifies the geo464 nominal ft. The extent of the lower lithophy-

physical data traces below about 600 ft in stratisae-bearing interval in hole SD-7 is less clearly
graphic coordinates. indicated in the geologic log; however, the charac-

ft, which corresponds to the base of the upper
green bar in figure C-2 at a stratigraphic depth of
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ter of the petrophysical traces suggests the pres-
ence of unidentified large cavities to a stratigraphic
depth of nearly 780 nominal ft.

conditions for development of lithophysal cavities
at a number of different times. In effect, we are
most likely dealing with a composite cooling unit,
that cooled overall from magmatic temperatures to
ambient conditions as a package, but within which
the separate individual ash-flow deposits near (?)
their feather edges retained enough separate char-
acter to produce multiple lithophysal intervals

Drillhole WT-1 — (Note: no core for this
hole) Without core or detailed downhole video
descriptions, there is little that can be said regard-
ing this particular drillhole. However, our choices

of the depths for what we infer are the lithophysae-
bearing intervals are strongly influenced by the dis-
tinct breaks in the character of the matrix porosity
curve. Note that these inferred higher-matrix-
porosity/vapor-phase alteration intervals extend
above and below the forma limits of the Tptpul
zone, yet coincide fairly closely with the same lim-
its of the Tptpll zone.

Drillhole WT-17 — (Note: no core for this
hole) Something is clearly amiss with the formal
zonation of drillhole WT-17. In addition, it is not
clear that the hole can be subdivided into two rela-
tively discrete lithophysal zones, upper and lower.
The formally named upper lithophysal zone, that
part of the drill hole between 301 and 335 ft (strati-

within the Topopah Spring Tuff as a whole.

Drillhole WT-12 — (Note: no core for this
hole) The southernmost drill hole plotted on the
cross section of figure C-2 indicates a continuation
of what should be, by now, a familiar pattern of
separations between the matrix and lithophysal
porosity curves. We infer a relatively massive
upper lithophysae-bearing interval that extends
above the top of the formaly named upper litho-
physa zone (Tptpul), and we have attempted to
interpret a number of thinner, less-well developed
lithophysae-bearing intervals within what is for-
mally described as the lower lithophysal zone (Tpt-
pll). The previously described pattern of higher
matrix porosities associated with the inferred litho-

graphic depths of 79-130 nominal ft), while physae-bearing intervalsisweakly developed at the
marked by separation of the lithophysal and matriop and base of the formal middle nonlithophysal
porosity curves, does not really exhibit the “anom-—gne.

alous” separation and ragged character of the other

drill holes on the cross section. In contrast, theConcluding Remarks

“middle nonlithophysal zone” identified between

stratigraphic depths of 130 and 417 nominal feet ~ Our examination of the material properties
(true depth: 335-526 ft) is marked by much greateflata, specifically for porosity, from the available
separation between the two petrophysical porositglrill holes at Yucca Mountain clearly indicates that
curves and exhibits much of the character of antervals of markedly higher “lithophysal” porosity
lithophysae-bearing interval in, for example, drill- compared to the “matrix” porosity at a given depth,
hole SD-7 or WT-18. Only a part of the purportedand which are therefore infed to represent inter-
“lower lithophysal zone” between stratigraphic vals of significant lithophysal cavity development,
depths of 417-576 ft (true depth 526—632 ft) exhibare not restricted to the formally named lithophysal
its separation of the two porosity curves, and th@ones identified by Clayton (1996, andemces
anomalously thick “lower nonlithophysal zone” therein). Furthermore, not all formally named
from 632 to 874 ft in the real world (576—938 ft in lithophysal zones exhibit any particularly pro-
stratigraphic coordinates) contains at least threBounced evidence of “lithophysal porosity,” identi-

and possibly as many as five lithophysae-bearindjable by systematic separation of the petrophysical
intervals. total porosity curve and the “matrix porosity” data

consisting of either core measurements or “water-
What appears to be happening is that to thélled” porosity computed from petrophysics.
south of the Yucca Mountain area, which is the
more distal portion of the Topopah Spring Tuff out- For purposes of constructing simulated mod-
flow sheet, deposition by a modestly large numbegls of porosity, per se, we have elected to abandon
of separate pyroclastic flows produced favorablghe use of such qualitatively and apparently ambig-
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uously defined terms as “lithophysal zones,” and to
work directly with the underlying material proper-
ties measurements. Assuming that the petrophysi-
cal logs and the computed porosity data developed
by Nelson (1996) and Thompson and Rael (1996)
have any validity as quantitee measures of the
pore space present in the rock mass surrounding a
drill hole, it appears that the so-calléthdstrati-
graphic zonation of the Topopah Spring Tuff devel-
oped by Buesch and others is of limited value in
assisting material properties modeling. Although
the majority of the formally named lithophysal
zones do exhibit higher porosities than the majority
of the formally named nonlithophysal zones, the
drillhole plots shown in figure C-2 clearly demon-
strate that high porosity zones occur outside of the
supposed lithophysal zones and that intervals of
porosity typical of the nonlithophysal matrix are
extensive within these same zones.

It appears that the mismatches between the
lithostratigraphic designation and the actual poros-
ity of the rock mass are much more common in the
lower part of the Topopah Spring Tuff than in the
upper part. This observation is consistent with the
interpretation that lithophysae-bearing intervals are
formed by inflation of gas “bubbles” and “pockets”
within a cooling pyroclastic flow deposit under
conditions when the pressure of the contained and
escaping gas slightly exceeds the lithostatic pres-
sure of the overlying deposit existing at one partic-
ular time. If the major outflow-sheet deposit of the
caldera eruptive sequence continues to accumulate,
it is highly likely that multiple lithophysal zones
may form and be partially to completely collapsed
and destroyed as time proceeds. It is thus very
likely that mesoscopic evidence of one-time
inflated lithophysal cavities may coexist with low-
porosity, re-flattened welded tuff.
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Explanation for figure C-2

Lithophysal porosity from total
porosity petrophysical data

Matrix porosity from core or
"water-filled porosity"
petrophysical data

Interpreted extent of meaningful
lithophysal porosity, based solely
on separation of "lithophysal"
Fnd "matrix" porosity data

Contact between crystal-poor
and crystal rich members
of the Topopah Spring Tuff

Contacts of named zonal
\ units of the Topopah Spring

Tuff from stratigraphic

compendium (Clayton, 1996)

(Note: this page and the oversize plate that follows are single sided.)
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Figure C-2. Porosity cross section through Yucca Mountain from north to south. See separate explanation.
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Motivation

During technical review of this report con-
siderable attention was directed to the fact that
reproduction of the input-model variograms by the
ensembles of simulated models appeared less than
exact; see for example figures 52, 53, 61, 62, 65,
66, 79, 80, 83, and 84. As has been discussed in the
text associated with these figures, as well asin the
earlier descriptive sections of the report, the analy-
sis of spatia correlation structure is frequently dif-
ficult for any number of reasons, and slavish
reproduction of an input variogram is not necessar-
ily the goal of geostatistical modeling.

For example, an experimenta variogram is
based upon a particular (finite) set of sample values
at a given set of physical locations. Had the same
number of samples been measured at dightly dif-
ferent locations, it is amost certain that the experi-
mental variogram computed for these hypothetical
dternative samples would be different in detail.
Also, as noted on page 90, some of the variograms
from the simulated porosity realizations do resem-
ble the original sample variograms more closely
than they do the modeled interpretation of those
sample variogram. Nevertheless, spurred by the
apparently consistent differences between the vari-
ograms of the simulated models and the input
model variogram, we have pursued an investigation
into the potential causes of these differences, as
described in this appendix.

Influence of the Normal-Score
Transformation

It turns out that the standastsim imple-
mentation of the sequential Gaussian simulation
algorithm (Deutsch and Journel, 1992) will per-
form the translation (in both directions) automati-
cally. The difficulty with this process is that in so
doing, the normal-score values themselves are dis-
carded after the back-transformation. The vario-
grams of the simulated models included in the
body of this report wre, in fact, calculated in nor-
mal-score space, but as part of later post-process-
ing. This post-processing used a second
transformation step [a geral univariate transfor-
mation algorithm,TRans (Deutsch and Journel,
1992)] tied to the original normal-score transform
table computed by progranscore (Deutsch and
Journel, 1992¥rom the raw input porosity data.
This re-conver®n to normal score space prior to
computing the check variograms induces “noise”
in the normal-score values, noise that appears in
the variograms as higher variability for a given sep-
aration distance.

The explanation of this induced noise is as
follows. The standard-normal distribution of mean
= zero and variance = 1 is monotonicallgrieas-
ing when graphed in cumuiee distribution func-
tion format; see figure D-1. However, a large set of
sample data measured with finite precision, such as
the porosity data used in this study, are not neces-
sarily continuously monotonically increasing in the
same manner, in that there inevitablye muliple
values of, say, 11.3-percent peity (0.113). This
problem will increase in severity as the number of
sample data increase. Because the standard normal
function does not allow such “identical” values, the
transformation programnécore) breaks “tied”

conducied I inormel-score space” after ransforiPU Values in an arbitary random maner, which
mation from the original porosity space by a quan_rgsuilts ina Iegltlm.ate bwiique standargl—normally
tile-preserving transform, such as that illustrated in |str|butgd cumuldve functon for use in generat-
figure 45. The modeled’variograms then used ag]g a simulated model._ Unfortunately, once the

' interim normal score simulated values atis-

input to the sequential Gaussian simulation ProCess rded upon back-transformation, any reconversion
thus describe the spatial continuity of normal-scor y

values. and indeed the simulation algorithm actu?o normal score space will result in the identical
' 9 spatial distribution of normal-score values only

ally generates a set of spdlacorrelated normal under extremely fortuitous conditions—function-

scores. These simulated random numbers are u'%flly never
mately back-transformed using the same quantile- "’ '
preserving inverse transform such that the output

; Figures D-2 through D-3 present the results
numbers represent porosity values.

of an experiment in which we have re-simulated
the four specific simulations of lithophysal poros-
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Figure D-1. (a) A standard-normal distribution in cumulative-distribution function format demonstrating the
continuously monotonic increasing nature of this function. (b) A “real” porosity distribution in cumulative-
distribution function format illustrating the effect of multiple “identical” (finite-precision) measurements,

ity shown in the validation diagrams of figures 58—ulation number 34 of lithophysal porosity in the
62. Figure D-2 is identical to figure 62 of the text, TSw model unit. Case 1 involves doubling the size
and it represents the results of the multiple-transef the kriging matrix used during the estimation of
formation procedure described above. Figure D-3he local expectation of the spatially distributed
shows the same variograms, only in this case thgrobability density function. In this case, the size
variograms plotted represent the normal-score valef the kriging matrix was increased from 12 to 24
ues generated directly by programsim (using the values. The minimum number of measured data
same random number seed) applied to directly tealues was kept at 2, and the estimation process
the normal-score transformed porosity data themwould allow no more than 8 previously simulated
selves. No back-transformation and re-transformagrid nodes—double the previous value. The search
tion is required under these circumstances. Figureriteria also used a maximum of 12 data nodes.
D-3 clearly indicates that the input model vario-Case 2 involved the maximum search distance used
gram is reproduced much more closely for the unto search for nearby data. In this case the search
back-transformed normal-score values. The depadistance was more than doubled to a maximum of
ture of the simulated values from the model showr80,000 ft. The search was kept isotropic in the
in part (a) of figure D-3 is attributed to the fact thatstratigraphically horizontal plane, and a constant
the vertical search during the simulation processertical-to-horizontal anisotropy ratio was main-
was restricted to a small fraction of the total verti-tained as well.

cal separation. Note, however, that the match

between the four simulations and the input vario- Figure D-4 clearly indicates that the effect of

gram model is much improved over that shown irt!sing a larger kriging matrix and more data (or data
part (a) of figure D-2. plus previously simulated nodes) is the more sig-

nificant in improving the match of the simulated

Other Influences models to the input variogram. That increasing the
search radius did not appear to improve variogram

Figure D-4 presents the results of two addireproduction is most likely attributable to the fact
tional experiments involving re-simulation of sim- as the simulation proceeded, the maximum number
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to input model and original data where simulated values have been re-transformed from porosity to
standard-normal space prior to calculation of variogram. (a) Stratigraphic vertical; (b) stratigraphic

horizontal, azimuth = 0°; (c) stratigraphic horizontal, azimuth = 90°. Original search limits shown; identical

to figure 62; compare to figure D-3.

of data allowed could be located quite nearby, thus
defeating the other benefits of the increased search
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(c) stratigraphic horizontal, azimuth = 90°. Original search limits shown; compare to figure D-2

Summary Remarks

Because of the sequence in which the various
suites of simulated models were generated and
post-processed, it would appear that the poor repro-
duction of the input variogram, as described in the
body of this report, is an artifact related to post-
processing, and does not represent a problem with
the simulations themselves. Specificaly, the trans-
formation of the measured porosity data to normal-
score space and back-transformation of the simu-
lated values for each simulation was conducted
within an internally consistent framework. As dem-
onstrated by figure D-3, the directly generated nor-
mal-score porosity values for a selected subset of

the total simulations described in this report repro-
duce their input variogram models quite closely
once freed of the confounding influence of multi-
ple transformation steps. We believe that this
increased exactitude is a general phenomenon, and
that had the interim normal-score porosity values
been retained, the variograms of the simulated
models could be demonstrated to reproduce their
input spatial continuity models as well. Because
there isno way short of rerunning all smulationsto
recreate these interim values, we do not believe that
the increased certainty of statistical validation war-
rants the required effort and delay.
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