
THE
INTERNATIONAL

INTRAVAL
PROJECT

TO STUDY VALIDATION OF GEOSPHERE
TRANSPORT MODELS FOR PERFORMANCE ASSESSMENT

OF NUCLEAR WASTE DISPOSAL

PHASE 1, TEST CASES 10, 11 and 12

Flow and Tracer Experiments
in Unsaturated Tuff and Soil

APPENDICES

The Coordinating Group of the INTRAVAL Project
Swedish Nuclear Power Inspectorate (SKI)

NUCLEAR ENERGY AGENCY
ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

NEA SKi



THE
INTERNATIONAL

INTRAVAL
PROJ ECT

TO STUDY VALIDATION OF GEOSPHERE
TRANSPORT MODELS FOR PERFORMANCE ASSESSMENT

OF NUCLEAR WASTE DISPOSAL

PHASE 1, TEST CASES 10, 11 and 12

Flow and Tracer Experiments
in Unsaturated Tuff and Soil

APPENDICES

The Coordinating Group of the INTRAVAL Project
Swedish Nuclear Power Inspectorate (SKI)

NUCLEAR ENERGY AGENCY
ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

NEA SKi



Table of contents

Appeni Title

Al Prototype evaluation of the effects of wet and dry drilling fluids on the in situ
hydrologic conditions of tuffaceous rocks in support of exploratory shaft
hydrologic testing

A2 Summary drilling report for the wet versus dry drilling experiment
A3 Yucca Mountain project wet and dry drilling rock core densities, water contents

and Lithium Bromide analysis WBS 1.2.3.3.6.1
A4 Yucca Mountain Project wet and dry drilling comparison of porosity

determination methods WBS 1.2.3.3.6.1
A5 Preliminary results of permeability tests performed for the YMP wet and dry

drilling project WBS # 1.2.3.3.6.1
A6 Summary of variography and spatial variability analyses
A7 Rock temperature measurements during borehole drilling
A8 Example data sets

B 1 Validation studies for assessing unsaturated flow and transport through fractured
rock

B2 Two-phase flow simulations in a heated tuff drillcore
B3 Large block modeling exercise

Cl INTRAVAL experiments at the Las Cruces Trench Site
C2 High-resolution modeling of strip source infiltration: three-dimensional synthetic

experiment analogous to Las Cruces Trench experiment
C3 Stochastic modelling of the first Las Cruces Trench experiment
C4 Two-dimensional flow and transport predictions for the Las Cruces Trench

experiment 2
C5 Application of the VAM2D code to the second Las Cruces Trench experiment
C6 Data analysis and deterministic modelling of the Las Cruces Trench infiltration

experiments
C7 Flow and transport simulations of the second Las Cruces Trench experiment
C8 Tests of UNSAT2 and TRACR3D codes using Las Cruces Trench data

DI Variations of hydrological parameters of tuff and soil



APPENDIX Al

Prototype evaluation of the effects of wet and dry drilling fluids
on the in situ hydrologic conditions of tuffaceous rocks

in support of exploratory shaft hydrologic testing

A1:1



NNWSI PROJECT

UNITED STATES GEOLOGICAL SURVEY

DENVER, COLORADO

USGS DETAILED TEST PLAN

PROTOTYPE EVALUATION OF THE EFFECTS OF WET AND DRY
DRILLING FLUIDS ON THE IN SITU HYDROLOGIC CONDITIONS OF

TUFFACEOUS ROCKS IN SUPPORT OF EXPLORATORY SHAFT HYDROLOGIC TESTING

WBS 1.2.6.9.4.2.1

Principal Investigator - Alan L. Flint

Co-Investigator - Dwight T. Hoxie
Michael P. Chornack

MPJŽ~.1 ILJ _/ __/_S_ _ L 1t ; ;_
Principal Investigator Date Co-inv stigator
Alan L. FlInt Dwight T. Hoxle

Date .

Date

k\_" 9_ r %,l '<' jI -)~TE

Co-Investigator Date
Michael P. Chornack

a§Z, 9C 'S) ?z&
Technical Reviewes
Robert C. Trautz V

Chief, B.anch of WSI
Larry R. Hayes

Date

A1:2



Table of contents
Page

1.0 INTRODUCTION 5
1.1 Purpose 5
1.2 Scope 6
1.3 Objectives 6
1.4 Rationale 7

2.0 DESCRIPTION OF WORK 7
2.1 Field Data Acquisition 8
2.1.1 Drilling and Sampling 8
2.1.2 Borehole Logging 11
2.1.3 Borehole Instrumentation 13
2.2 Laboratory Analysis 13
2.2.1 Analysis of Core Samples for Ambient Conditions 13
2.2.2 Experimental Analysis of Core 14
2.2.3 Interpretation of Logs 14
2.3 Synthesis and Analysis of Field and Laboratory Data 14
2.4 Hydrologic Modeling 14
2.5 Experimental Parameters 17
2.6 Operational and Measurement Equipment 18
2.6.1 Calibration Requirements 18
2.7 Field Operation 18
2.8 Related Analysis and Experiments 18

3.0 QA LEVEL 18

4.0 OPERATIONS 19
4.1 Sequence of Activities 19
4.2 Technical Procedures 20
4.3 Changes in Experimental Procedures 20
4.4 Management 20

5.0 DATA ACQUISITION SYSTEM 21

6.0 PERSONNEL QUALIFICATIONS 21

7.0 NONCONFORMANCE ACTIONS 21

8.0 DOCUMENTATION 21

9.0 SAFETY 23

10.0 REPORTS 23
10.1 Preliminary Reports 23
10.1.1 Field Operation 23
10.1.2 Laboratory Analysis 23

Al :3



10.1.3 Hydrologic Model Calibration
10.1.4 Field Instrumentation

10.2 Final Reports

11.0 DEFINITIONS

12.0 REFERENCES

Page
23
24

24

24

25

Figures

Figure

2.1-1 LAYOUT OF BOREHOLES
2.1-2 MANPOWER ORGANIZATION CHART

Tables

9
22

Table

2.1-1 COLLECTION AND TESTING OF CORE SAMPLES 12

Al :4



Rev. 2

1.0 INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) project
was established to evaluate Yucca Mountain, Nevada, as a potential
site for the storage of high-level radioactive waste In a mined
geologic repository. To better characterize the geology and hydrology
of the Yucca Mountain site, an Exploratory Shaft Facility (ESF) will
be constructed at Yucca Mountain. Hydrologic tests, many requiring
Instrumented boreholes, will be conducted In the ESF. Some of these
ESF hydrologic tests require that the In situ hydrologic conditions of
the rock be preserved to Insure that experimental results reflect the
In situ conditions at Yucca Mountain. The type of drilling fluid used
during the drilling of boreholes could directly Influence the In situ
hydrologic conditions prevailing In the tuffaceous rocks surrounding
the boreholes (KwIckils and Hoxle, written commun., 1987). The In
situ hydrologic conditions within core samples collected from the
boreholes could also be Influenced by the drilling fluids. Dry
drilling, using air as the drilling fluid, may be an effective way to
minimize changes in the In situ hydrologic conditions of the
tuffaceous rock.

1.1 PURPOSE

The purpose of this prototype test Is to determine how air and
water, when used as drilling fluids In tuffaceous rock, affect the In
situ hydrologic conditions of the surrounding rock matrix and core
samples taken from the boreholes. The effects that any
drilling-Induced changes In the In situ hydrologic conditions have on
geophysical logs and borehole Instrumentation will also be tested.

Data from this test will be used to calibrate and validate a set
of numerical hydrologic models that will be constructed to simulate
and predict quantitatively both short-term and long-term results of
the test. A set of models will be required because of the differing
hydrologic properties of the tuff units In which the test Is being
conducted as well as to allow for different physical process and
system geometries associated with each borehole or borehole pair. All
hydrologic modeling will be performed using the computer code TOUGH
(Pruess, 1987), which allows for simultaneous flow and storage of
liquid-water, air, water-vapor, and heat In hydrogeologic systems.
These hydrologic models are Intended to be transferable to similar
tests and situations In the ESF. This will allow for the proper
siting of experiments which require minimally disturbed In situ
hydrologic properties. The test will also determine whether air or
water can or should be used as the drilling fluid for boreholes used
in the unsaturated-zone hydrologic ESF tests.

This prototype test will be conducted In the G-Tunnel Underground
Facility (GTUF). Tuffaceous rocks exposed In this portion of G-Tunnel
have matrix properties and fracture densities similar to those of tne
tuffs that the ESF will penetrate at Yucca Mountain. The results from
the G-Tunnel prototype test and the hydrologic models should,
therefore, be useful In predicting how the two different drilling
fluids would effect the rocks In the ESF.
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1.2 SCOPE

This prototype test Is designed to be conducted In the GTUF and
the U.S. Geological Survey (USGS) Unsaturated Zone Testing Laboratory.
Hydrologic modeling will be conducted by the USGS. The Detailed Test
Plan activities Include the preparation, execution, and documentation
of the work. Work will Include sample collection, sample testing,
data analysis, and hydrologic modeling.

The activities which will be conducted In the GTUF Include:
1) borehole coring by wet and dry methods
2) core sample collection
3) borehole geophysical and TV camera logging
4) borehole Instrumentation and data collection

The laboratory activities will Include measurements of:
1) imbibition,
2) bulk-density,
3) grain-density,
4) porosity,
5) volumetric water-content,
6) water potential,
7) thermal conductivity,
8) moisture retention curves,
9) relative permeability curves,
10) saturated hydraulic conductivities and
11) analysis and Interpretation of laboratory test data

and borehole Instrumentation measurements

The hydrologic modeling activities will Include:
1) model design
2) model calibration
3) model validation

1.3 OBJECTIVES

The objectives of this test are as follows:
(a) Measure the rock matrix and hydrologic properties of core

samples collected from wet and dry drilled boreholes.
(b) Determine the amount of Imbibition of water, from wet

driliing fluid, Into the rock matrix and the extent of the
movement of wet drilling fluid along fractures which
Intersect the borehole.

(c) Determine the effect of drilling fiulds on borehole
Instrumentation and borehole geophysical logs.

(d) Compare the results obtained from wet and dry drilled
boreholes to determine how the drilling fluids effect the
ambient hydrologic conditions of the formation.

(e) Provide empirical data that can be used to calibrate and
validate the hydrologic models.

(f) Evaluate quantitatively the expected limits of uncertainties
of hydrologic-model predictions based on statistical
characterization of the Input hydrologic-property dataset.
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(g) Use the results from the hydrologic models to assess the
transfer value to the drilling and coring of boreholes to be
used In the ESF for tests which must have minimally
disturbed In situ hydrologic properties.

1.4 RATIONALE

The effects of drilling fluids on the In situ hydrologic
conditions of the formation In the unsaturated zone at Yucca Mountain
must be known before any boreholes are drilled In the ESF. Alteration
of In situ hydrologic conditions of the rock matrix surrounding
boreholes could have a significant Impact on hydrologic experiments
performed in or near boreholes, Instrumentation installed in
boreholes, and geophysical logging. To minimize the possibility of
contaminating an area where an unsaturated zone hydrologic tests is to
be conducted, the extent of drilling fluid penetration In the rock
matrix and fractures must be accurately estimated. This can be
accomplished In part by providing data to be used In structuring
appropriate unsaturated-zone hydrologic models.

2.0 DESCRIPTION OF WORK

This prototype test entails a sequence of field, laboratory, and
hydrologic-modeling activities. The field activities require the
coring of two pairs of horizontal boreholes In the G-Tunnel
Underground Facility (GTUF). One pair of boreholes will be drilled
Into a fractured, welded tuft, and the second pair will be drilled
Into a nonwelded tuff. Of each pair of boreholes, one will be cored
using a dry method (air) and the second will be cored using a wet
method (water). After each borehole Is cored to Its total depth, It
will be logged using television (TV) and standard geophysical
techniques. Following completion of the logging, sets of moisture,
temperature, and air-pressure sensors will be Installed at selected
locations within each borehole. These sensors will be located within
each borehole In order (1) to monitor the change with time of
environmental conditions near each borehole and (2) to establish
ambient background moisture and temperature conditions appropriate to
each tuft unit.

Laboratory activities consist of the measurement of rock-sample
properties and of experiments performed on these rock samples.
Laboratory measurements of In situ water-saturation and
moisture-potential conditions will be made on samples taken from
selected Intervals of the core recovered from each borehole. In
addition, the material and hydrologic properties of these samples will
be measured. A sufficient number of samples from each borehole will
be analyzed to estimate statistical parameters and to develop
appropriate statistical characterization for the hydrologic properties
of each of the two tuft units penetrated by the boreholes. A sequence
of Imbibitlon and moisture-release experiments also will be performed
on selected core samples. This full suite of laboratory data are
required in order to analyze and interpret the test results as well as
to construct numerical hydrologic models to simulate the test results.
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Numerical hydrologic models will be used to simulate
quantitatively both the ambient background hydrologic conditions In
the tuff units penetrated by the boreholes as well as the effects of
disturbance and recovery due to the coring of the boreholes.
Consequently, the models will be designed to predict the simultaneous
storage and flow of liquid water, water vapor, pore gas, and heat
within the near-field environment of each borehole. The models will
also be designed to simulate cross-hole effects between each pair of
wet- and dry-cored boreholes should such effects be observed. The
laboratory material-property and hydrologic-property data are
requisite Input data for the models. The models will be calibrated
with respect to the rock-matrix properties by using the measured
in situ saturation and molsture-potentlai data and the results of the
laboratory Imbibition and moisture release experiments. Observed
fracture properties In the fractured welded tuff unit together with
the amounts and rates of water lost to the fractures during the
wet-coring operations In this unit will be used to calibrate the
models with respect to the fracture hydrologic properties. The models
will have been validated If their predictions of the test results
agree with the observed results to within acceptable limits of error.
An analysis of expected model accuracy will be performed using the
statistical distribution functions developed from the laboratory
measurements and analysis of the core-sample hydrologic-property data.

2.1 Fleld Data Acquisition

The prototype test will be conducted In two areas of the GTUF.
One pair of boreholes will be drilled In the U12g.12 Drift Extension,
where the nonwelded Tunnel Bed 5 member of the Belted Range Tuff Is
exposed. The other pair will be located In either the Laser Drift or
the Experiment Drift, where the fractured, moderately to densely
welded Grouse Canyon Member of the Belted Range Tuff Is exposed.
These areas were chosen to provide a wide range of data which can be
used In the hydrologic models and will be most readily transferable to
the ESF site at Yucca Mountain.

2.1.1 Driliing and Sampling

The exact configuration of the paired boreholes will be determined by
the Principal Investigator or his representative prior to the start of
drilling. The two boreholes In each pair will be approximately 10
feet apart and wili be centered on a level line which Is approximately
5 feet above the Invert (Figure 2.1-1). The boreholes will be
approximately 30 feet In length. The boreholes will be continuously
cored and will be approximately 3.790 inches In diameter (HQ3). The
core samples obtained from the boreholes will have an outside diameter
of approximately 2.4 Inches.

Each pair of boreholes will consist of a dry-cored and a
wet-cored borehole. Air will be the circulating fluid used to drill
the dry-cored borehole. The air-coring technology developed In the
Los Alamos National Laboratory (LANL) Prototype Air-Coring test (WBS
1.2.6.9.4.6.1.A) will be used for the dry-cored boreholes. The
wet-cored boreholes will use straight water as the circulating fluid.
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Standard underground drilling procedures will be followed during the
drilling of these boreholes. A lithium tracer will be added to the
water during the drilling of the wet-cored boreholes.

The four boreholes will be drilled In the following order: 1)
the dry-cored borehole In the U12g.12 Drift Extension (nonwelded
tuff), 2) the dry-cored borehole In the welded, fractured Grouse
Canyon Member, 3) the wet-cored borehole In the U12g.12 Drift
Extension, and 4) the wet-cored borehole In the welded, fractured
Grouse Canyon Member.

Drilling data, penetration rates, and drilling fluid data will
be collected and recorded In accordance with the LANL Prototype
Air-Coring test during the drilling of the dry-cored boreholes. Both
dry-cored boreholes will be drilled to total depth, sampled, logged,
and Instrumented before the wet-cored boreholes are drilled. Drilling
data, penetration rates, and drilling fluId balance measurements will
be collected and recorded while drilling the wet-cored boreholes.

When a borehole Is completed to total depth, the drillIng rig can
be moved to the location of the next borehole to be drilled. Drilling
can be started on the next borehole while the previously completed
borehole Is being logged and Instrumented.

Core samples will be collected from the boreholes using a lexan
liner Inner-sleeve In the core barrel or a spilt core barrel. The
core samples will be processed In accordance with NNWSI Technical
Procedure NWM-USGS-HP-12, R3. Core samples will tentatively be
collected and tested as shown In Table 2.1-1

Results from the laboratory testing of core samples will provide
empirical data to be used In hydrologic modeling. The hydrologic data
obtained from the core samples can also be used to determine how the
different drilling fluids have affected the hydrologic conditions of
the rock matrix.

2.1.2 Borehole Logging

When a borehole has been completed to total depth, a suite of
downhole logs will be run In the borehole. A neutron moisture meter,
which measures volumetric water content of the surrounding rock, will
be run In the borehole at the end and beginning of each drilling shift
or whenever the borehole Is accessible. By doing this, the change In
the volumetric water-content of the surrounding rock matrix can be
monitored throughout the drilling operation. This will provide data
on how the rock matrix equilibrates after drilling has stopped. The
results obtained from the laboratory analysis of samples and the first
neutron logs can be used to calibrate the neutron moisture meter.

A down-hole TV camera will be used to visually Inspect the
borehole for fractures and other rock-property features. This log can
be used to determine possible areas of drilling fluid loss to
fractures and the rock matrix. The TV camera log will be used to help
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Table 2.1-1. Collection and Testing of Core Samples

Test Sample Frequency'

PorosityF 15 samples at 2 ft spacing
Bulk Density* 15 samples at 2 ft spacing

Grain Density* 15 samples at 2 ft spacing
Volumetric Water-Content* 15 samples at 2 ft spacing

Ambient Moisture Potential* 15 samples at 2 ft spacing

Moisture Retention Curves** 6 samples at 5 ft spacing
Relative Permeability Curves** 6 samples at 5 ft spacing

Saturated Hydraulic Conductivities** 6 samples at 5 ft spacing

Thermal Conductivity 3 samples at 10 ft spacing

Prototype Rubble-Coring TestO** 1 sample at 2 ft spacing

(All remaining core samples will be processed In accordance with
NWM-USGS-HP-12, R2 for additional testing)

* Same sample is used for all five tests
** Same sample Is used for all three tests
*"' Sample will be collected to support Prototype Rubble-Coring test

(WBS 1.2.6.9.4.2.14).
1 Number of samples and sampling frequency are approximations and

may change due to borehole conditions
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locate the borehole Instrument stations. A caliper log will also be
run In the borehole to determine the rugosity of the borehole to help
select Packer seats for the Installation of the borehole Instrument
packages.

2.1.3 Borehole Instrumentation

The borehole Instrumentation package will be emplaced In the
borehole at the completion of all borehole logging activities. The
design and emplacement of the borehole Instruments will be In
accordance with the Prototype Drill Hole Instrumentation test (WBS
1.2.6.9.4.2.2). Data taken from the caliper, neutron moisture meter,
and TV camera togs will be used to determine the exact location of the
Instruments and Inflatable packers In the borehole. Each borehole
will have three Instrument stations which are isolated by the
Inflatable packers. The Instruments will remain In the borehole until
the Instrument readings Indicate that the Isolated areas of the
borehole have equilibrated or the Pt directs that the Instrumentation
be removed from the borehole.

Each Instrument station will consist of a pressure transducer, a
thermal sensor, and a thermocouple psychrometer. A Campbell
Scientific CR-7 data logger will be used to monitor and record
Instrument output. One data logger will be required for each pair of
boreholes.

2.2 Laboratory Analysis

There are specific laboratory analysis of core required for the
hydrologic models (Table 2.1-1). The boreholes will, however, be
continuously cored providing many extra samples. These additional
core samples will be analyzed as needed to fill In any missing
information that may arise during the hydrologic modeling or
interpretation of borehole Instrumentation data. Although It Is
unlikely that all of the test mentions In Table 2.1-1 will be run on
all the cores, It is expect that at least one core from each foot of
borehole will be tested for volumetric water content, porosity and
bulk density.

2.2.1 Analysis of Core Samples for Ambient Conditions

Core samples collected to determine ambient water conditions will
be analyzed In the USGS UZ Hydrology Laboratory. Water potentials
will be measured using thermocouple psychrometer and tenslometer
methods currently being developed under USGS-SIP-3343G-02, RO. Those
cores will then be oven dried to determine gravimetric water content.
Once the ambient conditions are known those same samples will be
analyzed to determine particle density, bulk density and porosity.
Volumetric water content and percent saturation will be calculated
from these data.
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2.2.2 ExperImental Analysis of Core

The USGS UZ Hydrology Laboratory will conduct several
experimental analyses on core samples. Imbibitlon experiments,
similar to that of Peters et al. (1987) and Handy (1959), will be
conducted to provide basic data for comparisons between laboratory
samples and geophysical logs and borehole Instrumentation data for
both the welded and nonwelded units. Moisture retention
characteristic curves will be measure to provide Information for the
hydrologic models *as well as determining the accuracy of the water
potential water content measurement take from cores at ambient
conditions. Contract laboratories will be use to determine saturated
and unsaturated hydraulic conductivities using centrifuge techniques.
Although thermal conductivities and heat capacities are needed for the
hydrologic models, previous reports (Lappin and Nimick, 1985) provided
sufficient data for Initial modeling efforts. If thermal conductivity
and heat capacity are found to be to sensitive In the hydrologic
modeling, then core samples will be tested by contract laboratories to
give site specific values.

2.2.3 Interpretation of Logs

Caliper logs and TV logs are straightforward and will be used to
help locate the borehole Instrumentation package. These logs will also
provide data as to fracture or fault locations within the units. The
neutron moisture-meter log will need to be field calibrated. Although
neutron calibration data exists for welded and nonwelded tuff (Blout
et al., 1988) core data will be used to help determine the proper
application of those calibrations.

2.3 Synthesis and Analysis of Field and Laboratory Data

The data generated from field and laboratory analysis will be
evaluated to determine the hydrologic nature of the two units. This
analysis will Include an examination of ambient conditions and changes
that occurred as a result of using the different drilling fluids.
Although both air and water will effect the In situ conditions, It
will be assumed that changes In the measured conditions In the
boreholes will be In the direction of the actual Initial conditions.
It Is expected that dry-cored boreholes will become wetter with time
as water returns to the system and the wet-cored borehole will dry
with time as the excess water moves away from the boreholes or dries
from the fractures. It Is the rate of change over time, differences
between the wet- and dry-cored boreholes, and the final values at the
end of the experiment that will provide the most Information about the
actual ambient conditions.

2.4 Hydrologic Modeling

An Important aspect of this experiment Is the acquisition of
sufficient empirical data to construct appropriate numerical
hydrologic models In order to simulate and Interpret the test results.
The purpose of the hydrologic modeling is to Improve understanding of
the test results and to demonstrate the capability of simulating
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hydrologic processes occurring at the scale of the test. This latter
exercise provides an opportunity to validate the hydrologic models
through direct comparison of model predictions with the empirical data
collected during the test. Successful model validation under these
test conditions will Increase the credibility of applying hydrologic
models to analogous problems during site-characterization as well as
to the hydrologic tests to be performed within the ESF.

In order that this experiment provide adequate data to accomplish
the hydrologic modeling, the following data are to be/collected from
core samples, borehole logging, and the drilling operations:

1. Rock matrix porosities, ambient saturations, ambient matric
potentials, moisture retention functions, relative
permeability functions, saturated hydraulic conductivities,
and thermal conductivities.

2. Approximate fracture densities, orientations, and apertures
within the boreholes.

3. A quantitative determination of fluid losses to the
formation during coring.

The rock-matrix hydrologic properties are to be measured on a
sufficient number of Independent samples so that the statistical
properties as well as any systematic spatial variation of any of these
properties within or between the boreholes can be determined. It Is
estimated that approximately 15 to 20 samples per borehole will be
required for statistical characterization for the modeling efforts.
However, a complete suite of properties may not be needed for each
sample, depending on the Inherent homogeneity of the units from which
the samples are taken. The statistical data will be used to assess
model accuracy and validity. The occurrence of observed systematic
variation of hydrologic properties within or between the boreholes
will permit the effects of rock heterogeneities and spatial
correlations to be evaluated by the hydrologic model.

The boreholes cored by using air as a drilliing fluid will be used
In the modeling (1) to assess the expected short-term effects of heat
and airflow on the Immediate borehole environment and (2) to provide a
long-term control against which to compare the expected changing
moisture conditions In those boreholes cored by using water as the
drilling fluid. It Is expected that each pair of boreholes will
remain hydrologically Isolated from each other throughout the duration
of the test. However, In case continuous fractures systems exist
between the locations selected for the wet or dry cored boreholes, the
dry-cored boreholes will be drilled first. This will allow the dry
hole to reach equilibrium after the effects of drilling so that
ambient conditions within the welded and nonwelded units can be
determined.

The pair of boreholes within the fractured welded unit present
specific problems because of the likely presence of fracture systems
that may act as conduits for fluid movement. Not only may a large
quantity of fluid be lost to fractures during drilling operations, but
the fluid may be easily transmitted within the fractures over
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distances equal to or greater than the separation between the pair of
boreholes. Consequently, the wet borehole should be located to
minimize the possibility of Ilquld-water Invasion of the dry borehole
during or following drilling of the wet borehole. Direct air
communication between the wet and dry boreholes by fractures or
fracture systems may be detected by the Instruments within the dry
borehole. Such communication may be Indicated either by an
air-pressure front or humidity pulse moving past the dry borehole as a
result of drilling the wet borehole. Air-flow communication probably
would be the results of a continuous fracture system being Intersected
by the two boreholes. Quantitative measurement of air flow
communication would provide Indirect estimates of the fracture
transmissive properties. It Is Important, therefore, that a
Instrument station In each borehole In the welded unit be Installed In
a fracture zone oriented to favor the detection of fracture
communication between the wet and dry boreholes.

Although the matrix hydrologic properties for both the welded and
nonwelded unit can be measured or estimated in the laboratory, such
will not be the case for the fracture systems encountered In the
welded tuff unit. The hydrologic properties of the fractures will
have to be Inferred from the empirical fracture data, which Include
fracture apertures, densities, orientations, and the measured
quantities of drilling fluid lost to these fractures during the
drilling operations. To model the fractured welded tuff unit, the
fractures and the rock-matrix will be treated as separate
hydrogeologic systems. Because the modeling of fluid movement In
complex fracture systems remains poorly developed, the fracture system
will be treated as an equivalent porous medium whose hydrologic
properties, In general, will reflect a large saturated hydraulic
conductivity coupled with a low capacity for fluid storage. The
remaining fracture hydrologic properties will have to be estimated
from the data obtained early In the test; that Is, these test data
will be used to calibrate the hydrologic model for subsequent
application to the system. The model will be calibrated with respect
to the rock-matrix hydrologic properties for both the welded and
nonwelded units by using the hydrologic simulator to replicate the
results of a set of Imbibition and moisture release experiments to be
performed In the laboratory on core samples recovered from the
boreholes. Field validation of the model will be achieved If It
predicts to within acceptable limits of uncertainty the change with
time of the moisture conditions within the near environment of the
boreholes during the duration of the test as recorded by the
monitoring Instruments Installed within the borehole.

The statistical data accumulated for the rock-matrix
hydrologic-property data set and estimated for the fracture properties
will be used as Input data to assess quantitatively the accuracy of
model predictions. These assessments will be performed both for the
steady-state situation as presumably monitored by the dry-cored
boreholes as well as for the transient effects observed In the
wet-cored boreholes. These modeling efforts will provide a prototype
test for applying hydrologic models both to nonwelded and to fractured
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welded tuft units under steady-state and transient conditions as well
as to test methods for assessing model accuracy and, hence, validity.

It is expected that the construction calibration, and validation
of at least two and perhaps four distinct hydrologic models will be
required as part of the overall hydrologic modeling program for the
test. A minimum of two Independent models will be needed for the
borehole pairs In the nonwelded tuft and the fractured welded tuff.
If no cross-hole effects between the wet-cored and the dry-cored
boreholes of a given pair of boreholes are observed during the test,
then each borehole and Its environment will be regarded as an Isolated
hydrologic system that will be modeled separately. If cross-hole
effects occur, then the borehole pair In which these effects are
observed together with the enclosing and Intervening rock unit will be
regarded as a single, complex hydrologic system. Consequently, the
geometry and boundary conditions for the hydrologic models will depend
on both the Immediate and long-term responses observed In the
boreholes. Initially, In order to simplify system geometry,
preliminary model construction and calibration will be performed under
the assumption that each member of a pair of boreholes Is an
independent system; The validity of this Initially simplifying
assumption will depend on the mechanism and rate of propagation of
possible cross-hole effects. The occurrence of and the need to
Include cross-hole effects In a model will complicate the system
configuration and process but would clearly enhance the credibility of
the model following successful model validation. In ail cases of
model construction, the calculation efficiency and the numerical
accuracy of the model predictions will be optimized with respect to
the governing hydrologic processes, system complexity, and the
Inherent error bounds and uncertainties of the Input
hydrologic-property data set.

It Is planned to use the numerical simulator TOUGH (Pruess, 1987)
to perform all of the hydrologic modeling tasks. This computer code
Is capable of treating the storage and flow of liquid water, water
vapor, gas, and heat In three-dimensional systems of arbitrary
geometry. The details of code Implementation for this experiment will
depend on drilling fluid flux measurements, on the system geometry as
Inferred from the borehole locations In G-Tunnel and the borehole
logging operations, and on the locations of the Instrument stations
within the boreholes.

2.5 Experimental Parameters

This test Is dependent upon the successful development and
Implementation of air-coring techniques for horizontal boreholes In an
underground environment. The volume of air used while dry-coring will
be closely monitored and recorded In accordance with the LANL
Prototype Air-Coring test (WBS 1.2.6.9.4.6.1.A). The volume of water
used while wet-coring will also be closely monitored and recorded.
The volume and concentrations of any tracers added to the drilling
fluids will be recorded.

The core samples collected for laboratory testing must be
processed In accordance with technical procedure NWM-USGS-HP-12, R3.
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Procedures detailing how tests are to be conducted must be strictly
adhered to at all times.

Borehole geophysical logging will be conducted according to USGS
technical procedures, manufacturer's procedures, developed Industry
standards, or contractor's procedures.

2.6 Operational and Measurement Equipment

All equipment needed to collect, process, and test samples for
this prototype test are described In the technical procedures which
are being used as guidelines for conducting this test. Drilling
equipment which has been modified for underground air coring will be
developed by LANL In the Prototype Air-Coring test. All other
materials used In this test are commercially available.

2.6.1 Since the prototype test have been classified as Quality
Assurance (OA) Level III, calibration requirements listed In Chapter
12 of the Quality Assurance Manual (NNWSI-USGS-QMP-12.O1, Ri) do not
apply. Guidelines listed In Chapter 12 apply only to OA Level I and
11 activities. instead, acceptable Industry standards or procedures
will be adopted and used to calibrate prototype test Instrumentation.

2.7 Field Operations

Field operations for this test will be conducted In two areas of
the GTUF, the U12g.12 Drift Extension and either the Laser Drift or
the Experiment Drift. The boreholes will be cored, samples, logged,
and Instrumented. The Instruments will be monitored for an
appropriate length of time. At the conclusion of this prototype test,
these boreholes will be made available to other investigators for
their use.

2.8 Related Analysis and Experiments

Sample testing will be conducted In the laboratory by the USGS or
their contractors. Table 2.1-1 lists the types of samples that will
be collected and the tests that will be conducted with them. Analysis
of the borehole logs will be conducted by the USGS. Interpretation
of the data from the borehole Instrumentation will be conducted by the
USGS.

Statistical analysis of the data from the sample testing and
borehole logging will be conducted by the USGS to determine if the two
types of drilling fluids used while coring cause statistically
significant differences In the hydrologic properties of the formation
In regions of fractures and unfractured rock.

3.0 QA LEVEL

This work has been approved as Quality Assurance (QA) Level Ill
In accordance with NNWSI-USGS-QMP-3.02, RI.
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4.0 OPERATIONS

4.1 Sequence of Activities

Activities planned for FY 88 are as follows:

Field Data Acquisition
a) Develop dry-coring technology
b) Core and sample horizontal boreholes In the GTUF
c) Log completed horizontal boreholes
d) Instrument horizontal boreholes
e) Monitor borehole Instrumentation for an appropriate

length of time
f) Prepare preliminary report on field operations

Laboratory Analysis
a) Analyze core samples from horizontal boreholes for

ambient conditions
b) Conduct Imbibitlon and moisture release experiments

on core samples from horizontal boreholes
e) Provide data for the calibration of the hydrologic models
d) Analyze and Interpret the results of the borehole logs
e) Analyze and Interpret the results collected by the

borehole Instrumentation
f) Synthesize and analyze the field and laboratory data
g) Provide data for the validation of the hydrologic models
h) Prepare preliminary report on laboratory analysis
I) Prepare preliminary report on borehole Instrumentation
J) Prepare final report on Influence of wet and dry drilling

fluids on the ambient conditions

Hydrologic Modeling
a) Use Initial laboratory data to calibrate the hydrologic

models.
b) Prepare report on the calibration of the hydrologic models.
c) Use laboratory data, logging data, and borehole

Instrumentation data to validate the hydrologic models.
d) Prepare final report on the validation of the hydrologic

models and their transfer value.

Prerequisites
a) Dry-coring technology must be developed before the test can

begin. The dust-collection system for the underground
dry-coring must be developed.

b) All materials for processing core samples must be available.
The USGS field laboratory trailer must be located near the
G-Tunnel portal and must be fully operational.

c) Monitoring, sampling, and logging personnel must be available
whenever drilling operations begin.

d) Borehole Instrumentation and data logging equipment must be
available before drilling operations begin.

e) Laboratory personnel must be available to conduct the tests
on the core samples.

f) Necessary laboratory equipment must be available for testing
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the core samples.

Postrequ 19 Ites

The prototype test will be completed when:

a) The boreholes have been completed to total depth and all
associated borehole logging has been completed.

b) Core samples have been tested In the laboratory, statistical
analysis has been completed, and this data has been used to
calibrate the hydrological models.

c) Results from the borehole Instrumentation have been provided,
along with laboratory and field data, to the hydrologic
models for their validation.

d) All reports and other post-completion data analysis are
completed.

4.2 Technical Procedures

Formal technical procedures are not required for GA Level Ill
work, but due to the nature of this test, certain technical procedures
will be used. Safe operating Procedures (SOPs) are separate and are
defIned In SectIon 9.0. The following technical procedures are to be
used:

NWM-USGS-HP-12 Methods for Collection, Processing,
and Handling of Drill Cuttings and
Core from Unsaturated-Zone
Boreholes at the Well Site

Procedures developed under the Prototype Air-Coring test (WBS
1.2.6.9.4.6.1.A) will be used while coring the boreholes.

4.3 Changes In Experimental Procedures

The Initial Issue of this procedure was Revision 0. This Is
Revision 2. The approval sheet identifies those who reviewed and
approved Revision 2. Should It become necessary to change this
document, the Principal Investigator will draft the necessary changes
and follow the same approval process, and a revised document will be
issued and distributed.

4.4 Management

Prototype evaluation of the effect of drilling fluid on the
hydrologic conditions within tuffaceous rocks consists of three major
components: field data acquisition, laboratory analysis, and
hydrologic modeling. Field data acquisition consists of borehole
drilling and sampling, borehole logging, borehole Instrumentation,
data-system operation and management, and experiment evaluation.
Laboratory testing Involves conducting measurements on core samples
collected durIng borehole driling. Analysis of borehole logs and
borehole Instrumentation data Is a laboratory activity. Instrument
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preparation and calibration, equipment preparation, and diagnostic
testing, as well as actual sample testing are laboratory activities.
Application of the results from the field and the laboratory phase of
the test to the hydrologic models Is a significant goal of this
prototype test. An analytical component of prototype testing Is
Iteratively related to each phase of this test.

These activities are to be performed by a team of USGS personnel
and USGS subcontractors. Figure 2.1-2 shows the man power
organization for this prototype testing. The work Is performed under
the general direction of the Principal Investigator and specific
direction of the USGS Investigator, who has overall responsibility for
the experimental effort. The field testing component of the test
Involved G-Tunnel support. Current USGS personnel assignments and
contracts are shown for these activities.

5.0 DATA ACQUISITION SYSTEM

Two Campbell Scientific CR-7 data loggers will be used for the
data collection In this prototype test In the GTUF.

6.0 PERSONNEL QUALIFICATIONS

Quality Level Ill work does not require formal certification of
project personnel; nevertheless, the personnel Involved In this
testing could be shown to have the appropriate technical experience
necessary for the tasks planned.

7.0 NONCONFORMANCE ACTIONS

Nonconformance of Quality Level Ill Items or processes will be
documented per the requirements of NNWSI-USGS-OMP-10.01, RI.
Corrective action will be documented per the requirements of
NNWSI-USGS-QMP-16.01, Ri.

8.0 DOCUMENTATION

Coring Information will be documented In a manner similar to that
used by LANL In the Prototype Air-Corlng.test (WBS 1.2.6.9.4.6.1.A).
Data forms and log books will be used to document sample collections,
test results, and dally drilling operations connected with this test.
Hard copies of borehole logs will be documentation of the logging
operations.

As described In NNWSI-USGS-QMP-3.02, RI, existing USGS good
scientific practice requirements shall apply to Quality Level Ill
work. Therefore, field notes, log books, and data records (computer
or otherwise) will be maintained with the utmost of care and
precision. All manual data entries are to be recorded In black
permanent Ink, and are to be signed and dated by the person
responsible for that data collection. Computer-stored data are to be
tagged, as described In NNWSI-USGS-OMP-5.1.4, Ri and
NNWSI-USGS-OMP-5.2.2, RI. All log books and records are to be
permanently maintained and archived In the USGS Denver offices. A
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Figure 2.1-2. Manpower Organization Chart.
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USGS data-records management system will be maintained In Denver for
support of all data-collection activities associated with the USGS
prototype testing program.

9.0 SAFETY

All Reynolds Electrical and Engineering Company (REECo) and
Sandia National Laboratory (SNL) G-Tunnel safety procedures will be
adhered to during this test. Manufacturer's Instructions and
industrial hygiene safety procedures will be followed when handling
any tracer materials.

10.0 REPORTS

10.1 Preliminary Reports

A series of preliminary and progress reports will be prepared as
principal tasks of the field, laboratory, and hydrologic modeling are
completed. These reports will be provided to the Department of Energy
as well as to other Principal Investigators Involved with similar or
related studies. Specific activities that will generate preliminary
reports are as follows:

10.1.1 Fleld Operations

A prelIminary report will be prepared describing the emplacement
and logging of the boreholes In the GTUF upon completion of this
activity. This report will provide detailed Information on borehole
configuratlons, the coring methods and history, and the results
obtained from the TV and geophysical logging operations.

10.1.2 Laboratory Analyses

This report will summarize the data obtained from measurements of
material and hydrologic properties on core samples, In situ
measurements of moisture content and potentials made on these samples,
and the statistical.characterization of the hydrologic properties as
determined from the measured sample values. In addition, the report
will describe the results of the Imbibition and moisture-release
experiments performed on core samples. Fracture properties In the
welded tuff unit as well as the rock-matrix petrology of the core
samples will be described In this report.

10.1.3 Construction and Calibration of Preliminary
Hydrologic Models

The construction of the numerical hydrologic models will proceed
stepwise by Increasing the degree of complexity as the field and
laboratory data become available and as the need to Incorporate
specific hydrologic processes warrants. Initial calibration of the
models, based In part on the laboratory Imbibition and moisture
release experiments and In part on the initial borehole field
conditions, will be described In this report. Preliminary model
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geometry and boundary conditions will be discussed In the context of
optimizing model accuracy and efficiency.

10.1.4 Field Instrumentation

Details of the Instrument packages, the locations of the
Instrument stations within the boreholes, and the data-collecting
system will be described In this report. Data collection frequencies
will be described both for Initial short-term monitoring of the
Immediate system disturbance and response to coring as well as for
longer-term monitoring of system recovery and equilibration.

10.2 FInal Reports

Two final reports will be prepared and published to describe the
overall results of this prototype test. The first of these reports
will describe the field and laboratory procedures, summarize the
quantitative data In terms of the identifiable and quantifiable
Impacts of wet and dry drilling methods on welded and nonwelded tuffs.
Both the magnitude of the initial drilling-induced disturbance on
ambient hydrologic conditions as well as the rates of recovery and the
degree of equilibration within each tuff unit at the termination of
the test will be assessed. From these assessments, specific drilling
procedures to be used In drilling exploratory boreholes within the
Exploratory Shaft Facility will be recommended.

The second final report will describe the construction,
calibration, and validation of the numerical hydrologic models for the
system. It Is presumed that at least a separate model will be
constructed for each tuff unit. If no cross-hole effects are observed
during the test, then It will be assumed that each borehole Is
hydrologically Isolated from the others. In this case the environment
surrounding each borehole would be viewed as a separate hydrologic
system that would lead to the construction, calibration, and
validation of four Individual models. The principal subject of this
final report will deal with model construction and model validation.
Model validation Involves the assessment of the degree to which the
model predicts the observed response of the modeled system. The Issue
of model accuracy will be addressed In this report In terms of
Input-data uncertainty by using the statistical characterization of
the hydrologic-property data developed from the laboratory and field
measurements of these properties.

11.0 DEFINITIONS

All necessary definitions are Included In the technical
procedures which are being used to support this test.
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SUMMARY DRILLING REPORT FOR THE WET VERSUS DRY DRILLING EXPERIMENT
by

Michael P. Chornack and Alan L. Flint, USGS

Introduction

The "Prototype Evaluation of the Effects of Wet and Dry Drilling Fluids
on the in situ Hydrologic Conditions of Tuffaceous Rocks in Support of
Exploratory Shaft Hydrologic Testing" (hereafter called the "Wet and Dry
Drilling test") was conducted by the U. S. Geological Survey to provide
comparative data on what effects drilling fluids have on core samples from and
the rock matrix surrounding boreholes drilled in pyroclastic rocks in the
unsaturated zone. This prototype test is part of the Yucca Mountain Project
investigations being undertaken by the U. S. Geological Survey in cooperation
with the U. S. Department of Energy, Yucca Mountain Project Office, under
Interagency Agreement DE-AI08-78ET44802.

Location

The Wet and Dry Drilling test was conducted in the G-Tunnel complex at
the Nevada Test Site (NTS). The G-Tunnel portal is located near the southeast
corner of Rainier Mesa at Nevada State Central Zone Coordinates N. 881,026.26,
E. 637,707.81 (Fig. 1). The elevation of the portal is 1863.9 meters above
sea level. An area in the G-Tunnel complex, designated the G-Tunnel
Underground Facility (GTUF), was chosen for ESF prototype testing (Fig. 2).
This area of the G-Tunnel complex provides access to nonwelded tuff and
fractured, welded tuff. These rock types are similar to those that will be
encountered in the ESF at Yucca Mountain.

Two areas in the GTUF were selected for the Wet and Dry Drilling test.
One site is located in the U12g.12 Drift (Fig. 2). This area provides access
to bedded, nonwelded tuff of Tunnel Bed 5 of the Belted Range Tuff. The other
site is in the Laser Drift (Fig. 2), an area located in the highly fractured,
densely welded tuff of the Grouse Canyon Member of the Belted Range Tuff.

Borehole Configuration

A pair of horizontal boreholes was continuously cored at each location.
Each pair of boreholes consisted of one borehole cored with air as the
circulating fluid and one borehole cored with water as the circulating fluid.
The arrangement of the pairs of boreholes was designed to provide the maximum
amount of information on the influence that the circulating fluids have on the
surrounding rock matrix. The boreholes in the nonwelded tuff provided data on
the wetting and drying effects that the circulating fluids have on a porous
rock matrix. The boreholes in the fractured, welded tuff provided data on the
influence that the wet and dry circulating fluids have on a low porosity
matrix. The pair of boreholes in the welded tuff also investigated the effect
that the circulating fluids have on the fractures in the welded tuff.
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The pair of boreholes in the U12g.12 Drift are designated U12g.12 DD-1
(dry cored) and U12g.12 WD-1 (wet cored). The two boreholes are approximately
2.4 meters apart and aligned parallel to each other. Borehole U12g.12 DD-1 is
1.6 meters above the invert and borehole U12g.12 WD-1 is 1.8 meters above the
invert This pair of boreholes was oriented to penetrate differing lithologic
units in the bedded nonwelded tuff and to intersect a major fracture trend.

The two boreholes in the Laser Drift are U12g DD-2 (dry cored) and U12g
WD-2 (wet cored). U12g DD-2 is 1.3 meters above the invert and U12g WD-2 is
1.5 meters above the invert. These boreholes are approximately 1.7 meters
apart. The boreholes are oriented perpendicular to a major fracture trend
observed in the Laser Drift. To further investigate the effect of the wet
drilling fluid on fractures, borehole U12g WD-2 was angled slightly toward
borehole U12g DD-2. The decrease in distance between the two boreholes with
depth could provide data on the radius of influence of wet drilling fluids in
fractures. Deviation during drilling of the two boreholes was such that when
borehole U12g WD-2 reached a depth of 7.9 meters, it intersected borehole U12g
DD-2. The core bit in borehole U12g WD-2 cut through the packer-instrument
string in borehole U12g DD-2 at a depth of 7.6 meters. A hole approximately
0.4 meters long was created between the two boreholes. Drilling of borehole
U12g WD-2 was terminated due to the intersection of the boreholes.

Borehole Drilling

The drilling of boreholes for the Wet and Dry Drilling test began on
November 14, 1988, with borehole U12g.12 DD-1. The boreholes were drilled in
the following sequence: U12g.12 DD-1, U12g DD-2, U12g.12 WD-1, and then U12g
WD-2. The dry-drilled boreholes were completed first so that the borehole
instrumentation packages would be in place during the wet-drilling phase of
the test. The borehole instrumentation in the dry-drilled boreholes could
potentially detect any cross-hole contamination that might occur. The time
between the drilling of the dry-cored boreholes and the wet-cored boreholes
allowed the instrumentation in the dry-cored boreholes to reequilibrate,
providing data on the in situ conditions in the boreholes. Changes in these
conditions caused by the drilling of the wet-cored boreholes could be detected
and monitored by the borehole instrumentation.

The boreholes were drilled with a Longyear LY-38 Electric/Hydrostatic
drilling rig'. A 1.5-meter long, split inner tube with polycarbonate (Lexan)
liners was used in conjunction with a standard outer core barrel assembly.
Core samples were retrieved using wireline coring techniques. Standard coring
bits were used to drill the boreholes. A tungsten-carbide (Geoset) chisel
tooth core bit was used to drill the boreholes in the nonwelded tuff. Diamond
impregnated core bits were used when drilling in the fractured, welded tuff.
Methods developed during the "Prototype Air-Coring Test" (Ray and Newsom,
LANL, written commun., 1989) were used when dry coring. When air was used as
the circulating fluid, an Atlas-Copco DCT-90/9504 dust collector' was utilized

'Any use of trade names is for identification only and does not
constitute endorsement by the U. S. Geological Survey.
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to contain the dust generated during coring. Standard underground coring
procedures were followed when using water as the circulating fluid.

A record of drilling parameters was kept for each borehole. Information
that could be used to help interpret data gathered from the boreholes or that
could be used to evaluate the two drilling processes was recorded on the
drilling parameters form. The combination of drilling parameters used while
coring can influence the penetration rate and the condition of the core
samples recovered from the borehole. The drilling parameters that can be
easily varied during coring operations are the weight on bit, the revolutions
per minute, and the amount of circulating fluid passing through the bit
(either in liters of air per minute or liters of water per minute). The type
of core bit can also be changed, but this is normally only done to replace a
worn core bit. Tables containing the drilling parameter data are presented
later.

The weight on bit, revolutions per minute, and amount of circulating
fluid used were visually monitored and recorded on site during drilling
operations. A gage on the drilling rig indicates the weight on the bit. The
gage was monitored during each core run and the average weight on bit to the
nearest 100 kilograms was recorded. If the weight on bit was changed during a
core run, the extremes to the nearest 100 kilograms were recorded.
Revolutions per minute were determined by counting the revolutions the chuck
on the drilling rig made in one minute. The rpm's were normally rounded to
the nearest 5 rpm's and represent averages for a core run. Extremes were
recorded for core runs where the revolutions per minute were significantly
changed. Air flow, in liters per minute, was measured using a flow meter
connected to the air inflow line. The air inflow was set by the driller at
the start of each core run and this number was recorded. If the air flow had
to be changed during a core run, the extremes were recorded. The liters per
minute of water circulated during a core run were determined by counting the
number of pump strokes per minute and, using the capacity of the pump,
calculating the liters per minutes. This method gives the approximate liters
of water circulated through the bit in one minute.

When drilling with air as the circulating fluid, the use of the dust
collection system made it impossible to monitor how much air was returned to
the surface. Thus, the amount of air lost to the formation (matrix and
fractures) could not be determined. When water was used as the circulating
fluid, a circular tank with an open top was used to monitor the fluid loss.
The tank was filled with water before the start of drilling and the volume of
water in the tank was calculated. The water used to cool the bit and to
circulate the cuttings out of the borehole was pumped from the circular tank.
The returning circulating fluid from the borehole was pumped from a sump pit
at the well head back to the circular tank. Water depth measurements were
taken in the tank at the start and finish of each core run, and the amount of
water lost per core run was calculated from these measurements.

Borehole U12g.12 DD-1 was started on November 14, 1988 and reached total
depth (TD) of 9.7 meters on November 16, 1988. Air was used as the
circulating fluid during the drilling of this borehole. A total of seven core
runs were made to complete the borehole to total depth. Total core recovery
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for the borehole amounted to 9.4 meters or 97 percent of the total amount of
core drilled. It required approximately 133 minutes of actual drilling time
to complete the borehole to TD, averaging 4.3 meters per hour (14 minutes to
core one meter). Approximately 636,000 liters of air were used to cool the
core bit and to circulate cuttings during the drilling of U12g.12 DD-1. Table
1 gives the amount of air used during each core run and the cummulative total
for all the core runs. The drilling parameters for this borehole are listed
in table 2.

At the completion of U12g.12 DD-1, the drilling rig, dust collector, and
support equipment were moved to the Laser Drift in preparation for drilling
borehole U12g DD-2. The drilling of this borehole commenced on December 5,
1988 and finished on December 7, 1988. Air was used as the circulating fluid
during the drilling of U12g DD-2. Eight core runs were required to complete
the borehole to a total depth of 9.1 meters. The core recovery for the
borehole was 93 percent for a total of 8.5 meters of core recovered. The
total time needed to complete the borehole was 397 minutes, that included time
taken to add drill rods during two core runs. Using this total time estimate,
the average drilling rate for the borehole was 1.4 meters per hour (44 minutes
to core one meter). During the drilling of U12g DD-2, approximately 1.4
million liters of air were circulated through the borehole. Table 3 shows the
cummulative air use for borehole U12g DD-2. The drilling parameters for this
borehole are shown in table 4.

The wet-drilling phase of the test began on December 12, 1988, with the
start of borehole U12g.12 WD-1. Water, with a lithium bromide tracer, was
used as the circulating fluid during all wet-drilling operations. As stated
previously, the circulating fluid was recirculated during wet drilling,
providing data on fluid loss to the formation. The method for recirculating
was improved upon during the drilling; reaching a point where most fluid loss
could be attributed to loss to the formation.

Borehole U12g.12 WD-1 was completed in three days, starting on December
12, 1988 and ending on December 14, 1988. A total of seven core runs were
made during the drilling of the borehole. The total depth reached was 9.0
meters. A total of 8.9 meters of core was recovered from U12g.12 WD-1,
representing a 99 percent recovery rate. It took 109 minutes of drilling time
to complete the borehole. The average penetration rate for the borehole was 5
meters per hour (12 minutes to core one meter). During the drilling of
U12g.12 WD-1 a total of 424.7 liters of water were lost. Over 390 liters of
water were lost during the first three core runs. Some of this water was lost
from the sump pit, and some of the water was lost from the end of the drill
rods when the inner core barrel was being retrieved. Loss of water from the
sump pit was controlled by lining the pit with plastic sheeting. The water
lost from the open drill rods while retrieving the inner core barrel was
controlled by catching it in a container and returning it to the circular
water tank. After these modifications were made, the majority of water lost
can be attributed to loss to the formation. The water loss per core run for
the borehole is shown in table 5. The drilling parameters for this borehole
are given in table 6.

The final borehole drilled for the Wet and Dry Drilling test was the
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wet-drilled borehole in the Laser Drift. This borehole, designated U12g WD-2,
was started on December 19, 1988 and was terminated on December 20, 1988.
Drilling was terminated when this borehole inadvertently intersected borehole
U12g DD-2 at 7.6 meters. The depth of U12g WD-2 was 7.9 meters when it
intersected the dry-drilled borehole. Six core runs, including the core run
that intersected the other borehole, were made during the drilling of U12g WD-
2 to a total depth of 7.9 meters. The core recovery for the borehole was 7.7
meters, a recovery rate of 97 percent. It required 185 minutes of drilling
time to complete the borehole to TD. The average penetration rate for the
borehole was 23 minutes per meter drilled. Water loss during the first five
core runs totaled 2005 liters. This figure reflects some water lost at the
sump during the first two core runs. The actual water lost to the formation
is probably closer to 1350 liters. When the two boreholes in the Laser Drift
intersected, a large quantity of water was lost through the inside of the
packer-instrument string in U12g DD-2. The water loss data for U12g WD-2 is
given in Table 7. Drilling parameters for borehole U12g WD-2 are presented in
table 8.

General Geoloov

Rainier Mesa is composed of a thick sequence of Tertiary pyroclastic
rocks (Gibbons et al, 1963) ranging from vitric ash- fall to devitrified ash-
flow tuffs (Fig. 3). Tunnel Bed 1 is the lowest pyroclastic unit in the
vicinity of the G-Tunnel portal. It was deposited on a paleotopographic
surface developed in upper
Precambrian and lower Paleozoic sedimentary rocks. Dips measured in Tunnel
Bed 1 reflect the attitude of the paleotopography that it was deposited on.
Deposition of Tunnel Beds 2 through 5 resulted in the smoothing or flattening
of the Tertiary landscape that was being developed, as indicated by a
progressive decrease in the dips of these units when moving up through the
stratigraphic section (Thordarson, 1965). The deposition of the overlying
Grouse Canyon
ash flow and the emplacement of a thick bedded tuff sequence completed the
process of leveling the Tertiary landscape. The uppermost pyroclastic unit in
the vicinity of G-Tunnel, the Rainier Mesa Member of the Timber Mountain Tuff,
was deposited on a fairly level surface. This is indicated by it's uniform
thickness at Rainier Mesa.

Tunnel Beds 1, 2, 3 and 4 are a sequence of bedded tuffs, ash falls and
tuffaceous sediments, in which the volcanic glass has been diagenetically
altered to zeolites and clays by the interaction with ground water. At G-
Tunnel, the combined thickness of Tunnel Beds 1 through 4 is approximately 305
meters.

Tunnel Bed 5 and the Grouse Canyon Member of the Belted Range Tuff are
stratigraphly above the Tunnel Beds. Tunnel Bed 5 is the bedded, nonwelded
base of the Grouse Canyon Member. It consists of a series of predominantly
normally graded, ash-fall deposits. The original pyroclastic components of
Tunnel Bed 5 have been strongly affected by diagenetic alteration. The
coarser, more pumiceous, beds have been altered to zeolites by the interaction
with ground water (S. Diehl, USGS, written commun., 1990). The finer,
volcanic ash layers show evidence of secondary silicification. The average
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thickness of Tunnel Bed 5 at the G-Tunnel Underground Facility (GTUF) is 30
meters. Boreholes U12g.12 DD-1 and U12g.12 WD-1 are located in this unit.

The Grouse Canyon Member of the Belted Range Tuff is an ash-flow tuff
consisting, in ascending order, of: a basal vitrophyre; a lower rubble zone;
a middle moderately to densely welded, devitrified unit; an upper rubble zone;
and, an upper partially to moderately welded, devitrified unit (Connolly, et
al., 1983). The lower and upper rubble zones consist of volcanic clasts
contained within a glass shard or diagenetic clay matrix. The middle
devitrified unit contains isolated rubble zones and large argillized pumice
fragments. The Grouse Canyon Member is approximately 14 meters thick at the
GTUF. This is the unit in which boreholes U12g DD-2 and U12g WD-2 are
located.

Overlying the Grouse Canyon Member are the tuffs of Area 20 and the
nonwelded Paintbrush Tuffs. These two units are a sequence of bedded, ash-
fall tuffs up to 305 meters thick. With the exception of the lower 30 meters
which are locally zeolitized, these units are vitric. In the southwest
portion of Rainier Mesa, the Stockade Wash Tuff is stratigraphically between
the tuffs of Area 20 and the nonwelded Paintbrush Tuff, and the Tiva Canyon
Member of the Paintbrush Tuff is interfingered within the nonwelded Paintbrush
Tuff.

The Rainier Mesa Member of the Timber Mountain Tuff is the upper
pyroclastic unit in the vicinity of G-Tunnel and is stratigraphically above
the nonwelded Paintbrush Tuff. It is an ash-flow tuff that grades from a
nonwelded base upwards to a densely welded, devitrified middle zone, and then
to a moderately to densely welded quartz latitic caprock. The average
thickness of the Rainier Mesa Member in the vicinity of G-Tunnel is 108
meters.

Hvdroloav

The static water level beneath Rainier Mesa is approximately 1300 meters
above sea level, at an average depth of 550 meters below the drifts of the G-
Tunnel complex. Recharge occurs on the upland surface of Rainier Mesa where
precipitation, in the form of rain and snow, falling on the top of the mesa
infiltrates into the fractured caprock (Thordarson, 1965). A portion of this
water percolates downward either by fracture flow or a combination of matrix
and fracture flow to a depth where it can no longer be removed by
evapotranspiration. If unimpeded, this water may continue to migrate downward
under the influence of gravity and reach the regional water table. Where the
downward movement of water is interrupted, perched-water zones may form
(Thordarson, 1965).

Perched-water zones may occur where fracture permeability is impeded by
the secondary filling of fractures or where fractures terminate at lithologic
contacts. In the case of matrix dominated flow, perched-water zones can form
at lithologic contacts where permeability barriers impede the downward
movement of water. If there is a component of dip to a lithologic contact
where perched water is accumulating, downdip movement of the perched water may
occur. Perched-water zones can be created where the downdip movement of water
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at lithologic contacts is interrupted by offset in permeable beds due to
faulting. When fractures intersect or terminate in units that have high
matrix permeability, water may be imbibed into the pore space in the high
permeability matrix creating zones of saturation adjacent to the fractures.
At the G-Tunnel complex, water has been observed in fractures and at
lithologic contacts.

Borehole Lithologv

The boreholes for the "Wet and Dry Drilling" test are located in the G-
Tunnel Underground Facility area in G-Tunnel. This area was chosen because
the pyroclastic rocks exposed in this area are similar to the pyroclastic
rocks at Yucca Mountain. Connolly et al (1983) give a summary and comparison
of the Grouse Canyon Member of the Belted Range Tuff and Topopah Spring Member
of the Paintbrush Tuff. The Topopah Spring Member will be the principle unit
penetrated by the Exploratory Shaft Facility (ESF) and the majority of
boreholes drilled in the unsaturated zone will be in this unit. Tunnel Bed 5
is representative of the nonwelded ash-fall and ash-flow tuffs which will be
encountered in the unsaturated zone in the ESF. A comparison between Tunnel
Bed 5 and the tuffaceous beds of Calico Hills is given in Connolly et al
(1984).

Boreholes U12g.12 DD-1 and U12g.12 WD-1 were cored into Tunnel Bed 5.
Both boreholes were spud into a zeolitized ash-fall tuff exposed in the wall
of the U12g.12 Drift. The lithologic sequence exposed in the drift wall above
the boreholes consisted of: the zeolitized ash-fall tuff mentioned above; a
silicified ash fall; a zeolitized ash fall; a silicified ash fall; and, a
zeolitized ash fall. The apparent dip of the beds in the boreholes varied
from 5 to 7 degrees towards the bottom of the boreholes. The dip of the beds
resulted in the boreholes penetrating the alternating sequence of zeolitized
and silicified ash-fall tuffs exposed in the drift wall.

Lithologies for boreholes U12g.12 DD-1 and U12g.12 WD-1 were determined
by examining core from the two boreholes. The apparent dip of the units
resulted in lithologic contacts that intersect the top of the boreholes, angle
through the boreholes, and then exit the bottom of the boreholes at a greater
depth (Fig. 4). The lithologies for boreholes U12g.12 DD-I and U12g.12 WD-1
are given in table 9.

The Laser Drift was the area in the GTUF selected to investigate the
effects of the drilling fluids on a fractured, densely welded, ash-flow tuff.
Boreholes U12g DD-2 and U12g WD-2 were cored into the middle moderately to
densely welded unit of the Grouse Canyon Member which is exposed in the Laser
Drift. The boreholes were spud into the northwest rib of the Laser Drift and
were cored in a northwesterly direction. Only minor changes in lithology
occurred from the collar to total depth in both boreholes. A rubble zone was
encountered in U12g DD-2 at the depth interval from 7.4 m to 8.6 m. The
rubble zone consisted of welded Grouse Canyon lithic fragments in a clayey
matrix. Another exception was the occurrence of large, argillized pumice or
lithic fragments in both of the boreholes (Fig. 5). An argillized fragment
was encountered at 1.5 m in U12g DD-2. It was approximately 0.1 m in length,
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phenocryst-rich, with possible vapor phase mineralization. Borehole U12g WD-2
intersected two argillized pumice or lithic fragments. The first was at a
depth of 1.5 m and the second was a depth of 5.6 m. The fragments were 0.1 m
and 0.2 m in length respectively.

Borehole Fractures

Core logs and borehole video survey tape recordings were used to compile
fracture data from the boreholes. Borehole fracture data was used to help
interpret borehole geophysical logs. The geophysical logs provided data on
the in situ moisture re-equilibration times in the boreholes. The
relationship between fracture frequency and degree of welding or induration
was also examined.

A total of 27 fractures were logged in borehole U12g.12 DD-1 (Fig. 4).
All but two fractures occurred where the lithology was entirely silicified or
was in a silicified-zeolitized contact area. The stikes of the majority of
the fractures were approximately parallel to the U12g.12 drift and to a fault
to the southwest of
the borehole. Twenty-one of the measured fractures had strike directions
between N. 500 W. and N. 65° W. The remaining fractures had strikes of N.70'
E. and N. 550 E. Dips were generally steep, between 80 to 90 degrees, and to
the southwest. Twelve of the fractures had manganese oxide deposits on the
fracture faces. A change in the lithology at 2.5 meters may indicate a fault.
Another lithologic change at a depth of 8.35 meters from a silicified bed to a
zeolitized bed may indicate movement along a fault at that depth.

Borehole U12g.12 WD-1 had 19 fractures measured in recovered core
samples (Fig. 4). All of the fractures occurred in silicified or silicified-
zeolitized contact areas. The strike of the fractures in U12g.12 WD-1 ranged
from N. 500 W. to N. 650 W. and dipped steeply to the northeast or the
southwest. Two faults were tentatively identified in this borehole. The
first occurred at a depth of 2.4 meters where a possible breccia zone was
encountered. The second was at a depth of 3.8 meters where there was possible
offset of beds.

The fracture logs for the two boreholes that were cored in Tunnel Bed 5
indicate that there is a direct correlation between the degree of induration
and fracture frequency. The more indurated and brittle silicified units were
highly fractured whereas the zeolitized units were not. The number of
fractures encountered in the vicinity of the silicified-zeolitized contacts
indicates that fractures in the silicified beds can propagate into the
zeolitized beds, but probably pinch-out within a short distance.

The two boreholes cored into the moderately to densely welded Grouse
Canyon Member from the Laser Drift were oriented to intersect a major fracture
trend exposed in the Laser Drift. Core fracture logs provided much of the
fracture orientation data, but the TV camera logs were used where intact core
samples were not available.

Borehole U12g DD-2 intersected 50 fractures that could be identified and
oriented using the core log and the TV log (Fig. 5). The majority of the
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fractures encountered had strike directions between N. 200 E. and N. 400 E.
(27 fractures) with the remaining fractures distributed from N. 10° E. to N.
850 E. and N. 50 W. to N. 600 W. The dip angles on the fractures ranged from
450 to 90° to the northwest and the southeast. Most fractures (77 percent)
had dips from 810 to 900.

The combined fracture log for U12g WD-2 had a total of 71 fractures.
The major strike directions for fractures intersected by this borehole were
from N 200 E. to N. 450 E. with a total of 23 fractures in this range. Eight
fractures had strike directions between N. 850 E. and N 100 W.; the remaining
fractures had strikes from N. 50 E. to N. 750 E. and N. 200 W. to N. 250 W.
Seventy-eight percent of the fractures had dip angles between 810 and 900 with
all dips being greater than 45°.

The large number of fractures intersected by the boreholes cored in the
welded Grouse Canyon demonstrate the correlation between degree of welding and
fracture frequency. Water loss data for borehole U12g WD-2 indicates that
many of the fractures intersected by the borehole were capable of conducting
water away from the borehole.
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Tabl e 1. AIR CIRCULATED WHILE DRILLING BOREHOLE U12g.12 DD-1

CORE RUN INTERVAL FLUID USED PER CUMULATIVE FLUID
NUMBER (meters) CORE RUN (liters) USAGE' (liters)

1 0.0 - 0.3 18400 635650

2 0.3 - 2.1 79300 617250 _

3 2.1 - 3.6 120360 537950

4 3.6 - 5.1 90620 417590

5 5.1 - 6.6 104220 326970

6 6.6 - 8.1 133650 222750

7 8.1 - 9.7 89100 89100

I Total amount of air circulated past starting footage in this
interval during drilling.
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Table 2. Th~~~~I ~~~~ 'I~~~~~'~~~ XL ~~~ -

CORE RUN DRILLED REC'O BIT FLUID TIME WT. ON RPM'S AIR FLOW
NO. INTERVAL (m) TYPE START/STOP BIT (liters/min)

1 0.0 - 0.3 0.1 - AIR 1455/1500 3680

2 0.3 -2.1 1.6 * AIR 0844/0900 1800 3680 - 5660

3 2.1 - 3.6 1.4 * AIR 7045/1110 1800 720 4240 - 5660

4 3.6- 5.1 1.5 * O ¶3LfSI335 1aet tan 424a - 566S

5 5.1 - 6.6 1.6 * AIR 1355/1418 1800 60-100 4240 - 4950

6 6.6 - 8.1 1.6 * AIR 0815/0842 2200 65 4950

7 8.1 - 9.7 1.6 * AIR 0917t0935 Iwo0 75 4950

* Longyear HQ size Geoset bit with Syndax matrix'
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Table 3. AIR CIRCULATED WHILE DRILLING BOREHOLE U12g.12 DD-2

CORE RUN NUMBER INTERVAL (meters) FLUID USED PER CUMULATIVE FLUID
CDRE RUN l)iters) USA)Ei J)iters)

_ _ _ _ _ _ _ _ _ _ _ _ Q t- .4- A k G

2 1.4 - 2.4 158400 1198100

3 2.4 - 3.5 293250 1039700

4 3.5 - 4.8 170000 746450

5 _ _ _ _ -__ _s__ _ _d % - i

6 5.5 - 5.9 56600 406450

7 5.9 - 7.5 184100 349850

8 7.5 -9.1 165750 165750

5 Total amount of air circulated past starting footage in this
interval during drilling.
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Table 4. DRILLING PARAMETERS FOR BOREHOLE U12g DD-2

CORE RUN DRILLED REDD BIT DRILLING TIME UT. ON RPM'S AIR FLOW
NO. INTERVAL (in TYPE FLUID START/STOP BIT (titers/min)

(meters) (kg)

1 0.0 - 0.3 * AIR 1002/1023 2900-3600 59 - 102 2270
l_________ _ _ _t120

1 0.3 1.4 1.4 _ AIR 1259/1407 3600-4000 95 - 128 2550

2 1.4 - 2.4 1.0 * AIR 1430/1510 3600-4000 90 - 120 3960

3 2.4 - 3.5 1.0 * AIR 0835/0944 3200-4000 90 - 120 4250

4 3.5 - 4.8 1.2 * AIR 1025/1105 3200-4000 90 - 150 4250

5 4.8 - 5.5 0.8 * AIR 1250/1330 3200-3600 150 4250

6 5.5 - 5.9 0.4 * AIR 1347/1407 2700-3200 100 2830

7 5.9 - 6.0 _ AIR 1425/1445 4500 80 2830

7 6.0 - 7.5 1.4 * AIR 0820/0850 4500 120 4250

8 7.5 - 9.1 1.3 * AIR 0908/0947 3200 54 4250

*Longyear HQ3WL size Diamond Impregnated with Series-i matrix,
**Longyear HQ3WL size Diamond Impregnated with Series-i matrix1
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Tabl e 5. WATER LOSS WHILE DRILLING U12g.12 WD-1

CORE RUN NUMBER INTERVAL (meters) WATER LEVEL WATER LOSS PER
START/STOP CORE RUN

l (meters) (liters)

1 0.0 - 1.4 0.399/0.378 88.61

2 1.4 - 2.9 0.378/0.320 244.32

3 2.9 - 4.4 0.320/0.302 75.82

4 4.4 - 5.9 0.302/0.293 37.9

5 5.9 - 6.9 0.293/0.289 16.8

6 6.9 - 7.5 0.289/0.296 +29.5

7 7.5 - 9.0 0.296/0.296 0.0

1
2

Some water loss at sump pit and when pulling inner core barrel.
Some water loss when pulling inner core barrel. Water loss from sump
pit corrected.
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Table 6. DRILLING PARAMETERS FOR BOREHOLE U12g.12 WD-1

CORE RUN DRILLED REC'D BIT FLUID TIME WT. ON RPM'S WATER FLOW
NO. INTERVAL cm) TYPE START/STOP BIT (approx.

(meters) (kg) Liters/min)

1 0.0 - 1.4 1.3 * Water 1425/1440 1800 120 37

2 1.4 - 2.9 1.5 - Water 0930/0952 2000 120-150 37

3 2.9 - 4.4 1.6 * Water 1015/1037 2000 120-150 37

4 4.4 - 5.9 1.5 - Water 1245/1302 2000 120-150 37

5 5.9 - 6.9 1.0 * Water 1320/1335 2000-2300 120-150 37

6 6.9 - 7.5 0.5 _ Water 1425/1435 2000-2300 120-150 37

7 7.5 - 9.0 1.5 * Water 1455/1503 2000-2300 120-150 37
I - - _ u n : _ - - .: L L.I .± ... J... v b A: IA
L0119yedr HQ, size Geoset bil; with Syndax miatrix
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Table 7. WATER LOSS WHILE DRILLING U12g WD-2

CORE RUN NUMBER INTERVAL (meters) WATER LEVEL WATER LOSS PER
START/STOP CORE RUN

l_________________ (meters) (liters)

1 0.0 - 1.6 0.497/0.375 513.92

2 1.6 - 3.2 0.375/0.247 539.23

3 3.2 - 4.7 0.4271/0.381 193.8

4 4.7 - 6.2 0.381/0.320 257

5 6.2 - 7.6 0.320/0.202 497.1

6 7.6 - 7.9 0.202/4
nA 2 .. L. t t I L . t '

2
3

Added water to tanK DeTore starting core run.
Loss of water at sump pit increased total water loss.
Water flowing from fracture in drift wall approximately 0.9 meters from
borehole. Still losing some water from sump pit.
No final water level reading due to intersection of boreholes and loss
of water through borehole U12g DD-2.

4
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Table 8. DRILLING PARAMETERS FOR BOREHOLE U12g WD-2

CORE DRILLED REC'D BIT FLUID TIME WT. ON BIT RPMSS WATER FLOW
RUN NO. INTERVAL (m) TYPE START/STOP (kg) (Liters/min)

(meters)

1 0.0 - 1.6 * WATER 1310/1345 2300 - 2700 120-150 37 - 57
1.6

2 1.6 - 1.5 * WATER 1410/1435 2700 - 3200 150 37 - 57
3.2

3 3.2 - 1.4 * WATER 0850/0935 2700 - 3200 150 37 - 57
4.7

4 4.7 - 1.6 * WATER 0955/1035 2700 - 3200 150-180 37 - 57
6.2

5 6.2 - 1.4 * WATER 1055/1115 2700 - 3200 150 37 - 57
7.6 1250/1305

62 7.6 - 0.2 * WATER 1325/1330 2700 - 3200 120-150 37 - 57

7.9 i l

2
Longyear HQJWL size Diamond Impregnated with series-1 matrix
Core run 6 terminated due to intersection with borehole U12g DD-2.
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Table 9. Borehole Lithology for U12g.12 DD-1 and U12g.12 WD-1.

U12g.12 DD-1 U12g.12 WD-1
*Contact At Top Of *Contact At Top Of
Borehole/Contact At Borehole/Contact At
Bottom Of Borehole Bottom Of Borehole Lithology

(meters) (meters)

0.0/2.4 0.0/3.1 Zeolitized ash-fall
__________________________ ~~t uff

Silicified ash-fall
1.7/5.0 2.0/4.7 tuff with lithic

fragments

3.2/6.4 3.5/5.6 Zeolitized ash-fall
tuff

Silicified ash-fall
tuff with small lithic

5.2/8.4 4.9/7.7 fragments and manganese
staining

8.1/TD 6.7/TD Zeolitized ash-fall
I__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I__ _ _ _ _ _ _ _ _ _ _ _ _ __ t u f f

* Indicates depth in borehole
encountered in the borehole.

(from collar) where units is first and last
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Figure I . Location map for the Nevada Test Site, Rainier Mesa, and the
G-Tunnel portal.
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I INTRODUCTION

A. PROJECT OVERVIEW

This work was performed at the request of Alan Flint,

Michael Chornack and Lorrie Flint of United States

Geological Survey (U.S.G.S) Nevada Test Site (NTS), Area

25 for the Yucca Mountain Project (YMP). The work

consists of various rock properties testing and is part

of the Wet and Dry Drilling Project being conducted by

the USGS on the YMP. The requested rock properties

include bulk and grain densities, water contents and

saturations, porosities, permeabilities, capillary

pressures and lithium bromide concentrations.

This is the second report issued by Holmes & Narver,

Materials Testing Laboratory (MTL) and the report

consists of the test data and results on the rock

samples bulk and grain densities , water contents and

lithium bromide analysis. This work was performed by

J.N. Walker, R.K. Singal, J.G. Moore and N. Bailey at

the MTL. The saturation studies, porosities, and and

data analysis were reported in the MTL's report #89-111,

dated June 21, 1989 and titled " Wet and Dry Drilling

Comparison of Porosity Determination Methods.

The remaining test work on the this project includes

obtaining permeability data using centrifuge, mercury

porosimeter and permeameters and data analysis. The

work on this project was stopped in December, 1989 due

to the YMP budgetary and scheduling priorities. The

above remaining test work have to be completed at a

future date.
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B. SAXPLE DETAILS

Holmes & Narver (H&N) Materials Testing Laboratory

(MTL), NTS, received forty rock samples from the United

States Geological Survey (USGS) for testing. The

samples came from four core holes, with ten samples

taken from each hole. Also provided for testing were

three water samples used as the drilling fluid in two of

the holes.

The sample traceability information for this project is

given in the appendix A.

C. LABORATORY TESTS

1. PROCEDURES

The- work is being conducted as per the Quality Assurance

Level III guidelines. All the testing was performed in

accordance with procedures recommended by the American

Society for Testing and Materials (ASTM) or the American

Petroleum Institute (API).

2. COMPLETED TESTS

The samples were first tested to obtain the as received

physical properties. The samples were removed from the

sealed lexan liners and immediately tested for natural

bulk density and water content values Pieces

approximately 1 inch long were then cut from the samples

and 1.5 inch diameter cores undercut from the larger

diameter piece. The fragments remaining after the

undercoring were used to determine the grain densities

of the samples. The cores were saturated and the dry
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bulk densities and the effective non-effective, and

total porosities determined. Due to the irregular pore

structures inherent in volcanic tuffs, the saturation

test methods were studied. Eight cores samples were

tested using three saturation methods.

3. Lithium Bromide Analysis

In order to measure the amount of infiltration of

drilling fluid into the samples lithium bromide (LiBr)

was added to the drilling fluid as a tracer. The MTL

tested three samples of the drilling fluid and six

samples of water removed from rock samples for LiBr

content. The six rock samples from which the water was

removed had a small section removed before any tests

were performed. A core was cut out of the section and

rotated in the centrifuge to remove the water for

testing. The remaining sample was then used in

previously discussed test sequence. -

4. Remaining Test Work Sequence

The prepared core samples have to be tested in a

permeameter and saturated water permeabilities will be

measured. Following the permeability tests cores will

be again saturated and tested in an ultracentrifuge and

the capillary pressure curves will be developed from the

centrifuge data. Fragments of the core and cores will

then be tested using a mercury porosimeter and capillary

pressure curves will be constructed. Also from the

mercury porosimeter data, the pore size distribution

within the fragments were determined.
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II. ROCK SAMPLES PHYSICAL PROPERTIES

A. BULK DENSITY

The bulk density of a sample was calculated after

determining the weight and volume of the sample. Each

sample was removed from its sealed container and

weighed. It was then coated with beeswax and a

composite weight determined. Following that it was

submerged in distilled water and weighed. From the

bouyant force of the water a volume was calculated from

the wax coated core, from which the wax volume was

subtracted to yield a core volume. The measurements and

results are shown for the samples from eahc borehole in

Tables 1 through 4.

B. WATER CONTENT

Following the bulk density tests, the wax was removed

and the cores reweighed to account for any minor

alterations in the weight of the sample. The cores were

dried in a convection oven set at 110 degrees Celsius

for approximately 36 hours. Upon removal from the oven,

the cores were cooled in a descicator and weighed. The

water contents were calculated as percent of wet and dry

weights and the core volume. The water content results

for the samples from each borehole are given in Tables 5

through 8.

Where possible the entire sample was used for the bulk

density and water content procedures. By using the

largest sample possible, errors in measurements have a
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smaller effect on the final calculations. It-also helps

to ensure that a representative sample is tested. In a

few instances it was discovered that the samples were in

two or more pieces. For those samples the largest piece

was used. For the samples selected for the lithium

bromide analysis it was necessary to remove a section of

the sample for use in those tests. The remaining

portion of the sample was used for the bulk density and

water content procedures.

C. DATA ANALYSIS

The primary data from Tables 1 through 8 are presented

graphically in Figures 1 through 4. The figures show

the bulk density and volumetric water content values

versus the depth of the boreholes. Linear extrapolation

is used between the measured data points. The

properties show a wide range of values in the non-welded

tuffs from U12g.12 DD1 and U12g.12 WD1. The welded

tuffs from U12g DD2 and U12g WD2 exhibit a much narrower

range of values. For all four boreholes an inverse

relationship between bulk density and volumetric water

content can be observed. This indicates that increases

(decreases) in the volumetric water content correlate

with increases (decreases) in porosity.
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HOLMES & ARVER, INC.

MATERIALS TESTING LABOTATORY

NEVADA TEST SITE

TABLE I

BULK DENSITY DATA SHEET FOR U12g.12 DD-1

Project: Wet & Dry Drilling Checked by: John G. Moore wA d1 <
Requestor: Dr. Alan L. Flint Check date: 144i0,1
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

OA level: III
...- ---- . -_- . -- _- -_--- --.- -.-- ----- -_- , , -- _- -.- . . . . . ..-- -.-- -...- - . ... --- . ---- ---.

MTL : Depth : Uncoated : Coated : Wax :
Saaple : Interval: Weight : Weight : Volume:
Number : (ft) : (9) : (9) : (cc) :

......... . ......... ........ . : ........ .. .. .
2779 : 1.7-2.2 : 752.10 : 798.01 : 47.71

.......... .......... : .... .. .........

2780 : 6.8-7.3 460.26 : 484.10 : 24.77
.......... .......... :........ .........

2781 : 8.0-8.4 : 697.82 : 727.51 : 30.85
.......... .......... :........ .........

2782 : 12.4-12.8 : 617.72 : 649.31 : 32.83
.......... .. ........ ........ . : ........ .. .. .

2783 : 15.7-16.1 516.01 541.49 : 26.48
. ......... . ........ ....... .. :. ..

2784 16.4-16.7 : 647.42 : 688.42 42.61
.......... .......... :: .. :. .. .... ..

2785 21.3-21.6 : 183.80 198.83 : 15.62
. ......... .......... ........ .... ..

2786 : 23.6-24.0 : 573.48 : 614.15 : 42.26
. ......... .......... .. .. . .......

2787 : 28.8-29.2 : 537.09 : 575.67 : 40.09
2788 30......... 5......... : 5.62 : 38.42
2788 :30.3-30.7 : 528.65 :565.62 :38.42:

Submerged : Water : Water : Core : BuLk
Weight : Temp. : Density : VoLume : Density

(g) : (CeLsius) : (g/cc) : (cc) (g/cc)
........... ........... .. . . . ....... .... ...

282.23 : 18.2 : 0.9986 : 468.8 : 1.604
........... ........... .. . . . ....... .... ...

200.91 : 18.3 : 0.9985 258.8 : 1.778
. .......... ........... : . . .....3 :.

352.89 1 8.3 :0.9985 :344.3 : 2.027
........... ........... :...... : : :. . .. .. .. .

294.29 :
........... :........:

218.63 :
........... :........:

255.27 :
........... :........

82.89 :
........... :........:

255.34 :
........... :........

189.57 :
........... :.....

186.44 :

18.4 : 0.9985 : 322.7 : 1.914

18.5 0.9985 296.9 : 1.738

18.6 : 0.9985 391.2 : 1.655

18.6 0.9985 : 100.5 : 1.829

18.6 : 0.9985 317.1 : 1.809

18.7 : 0.9985 : 346.6 : 1.550

18.8 0.9984 341.4 1.549

Minimum In Situ Bulk Density (g/cc) ....................................... 1.549
Maximum In Situ Bulk Density (g/cc) ....................................... 2.027
Average In Situ Bulk Density (g/cc) ....................................... 1.745
Standard Deviation in Measurements of Bulk Density (g/cc) ................. 0.150

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
omega 871A Digital Thermometer, PTL 6976 3-8-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 2

BULK DENSITY DATA SHEET FOR U12g.12 WD-1

Project: Wet & Dry Drilling Checked by: John G. Moored 1% )7#v8(
Requestor: Dr. Alan L. Flint/H.Chornack Check date:2I±s/6 I/
Organization: USGS MTL Lab #: 2789 through 2798
Address: Box 327, M/S 721, Mercury, NV Request U: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

* 3-21-89 QA level: III

MTL : Depth : Uncoated : Coated : Wax : Submerged : Water : Water : Core : Bulk
Sample : Interval : Weight : Weight : Volume : Weight : Temp. : Density : Volume : Density
Number : (ft) : (g) : (g) : (cc) : (9) : (Celsius) : (g/cc) : (cc) : (g/cc)

......... :.......... .. . .. . .. .. . .. .. . .. . . . . .. :. .. . :.. . . . .. .. . .... ...

2789 : 1.8-2.3 704.51 : 758.39 : 55.99 : 269.05 : 19.3 : 0.9983 : 434.2 : 1.623
. ......... .. . .. . .. .. . .. .. . .. . . . . .. . . . . : . . .. . .. .. . .... ...

2790 : 7.6-7.9 : 280.56 : 301.55 : 21.81 : 119.78 : 19.3 : 0.9983 : 160.3 : 1.751
. ......... .. . .. . .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . .........

*2791 : 8.7-9.0 : 243.42 266.85 : 24.35 : 108.78 : 19.6 : 0.9983 : 134.0 : 1.817
. ......... .. . .. . .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . .. .. ..

2792 : 12.4-12.8 : 593.87 : 623.37 : 30.66 : 296.69 : 19.3 : 0.9983 : 296.6 : 2.002
~~~~~~~~~~~~~~~~" i . . . . . ........ ......... ::..::..':

*2793 : 14.0-14.5 : 614.42 : 648.77 : 35.70 : 287.98 : 19.6 : 0.9983 : 325.7 : 1.886
..................... ..................................................................................

2794 : 16.1-16.5 : 466.84': 502.80 : 37.37 : 196.41 : 19.4 : 0.9983 : 269.5 1.732
.............. .......... ........ ........ ........... ........... ......... ........ ....................

2795 : 19.1-19.5 : 829.40: 877.00-: 49.46 : 395.31 : 19.4-: 0.9983 : 433.0 : 1.915
. ......... .. . .. . .. .. . :. . . . .. . . . . .. . . . . .. . . . .. .. . .. :.....

2796 : 24.5-24.9 : 539.60.: 579.11.: 41.06 : 217.88-: 19.4 : 0.9983 : 320.8 : 1.682
......... :.. . . . . .. . .. . ... ... :. . . . .. . . . . .. . . . . .. . . . .. .. . .. . . .

*2797 : 27.4-27.8 : 388.29 : 421.98-: 35.01 : 157.33 19.6-: 0.9983 : 230.1 : 1.688
............................ :.........:..............................................................

2798 : 29.2-29.5 : 326.23 : 347.97 : 22.59 : 136.86 : 19.5': 0.9983 : 188.9 1.727

Minimum In Situ Bulk Density (g/cc) ....................................... 1.623
Maximum In Situ Bulk Density (g/cc) ....................................... 2.002
Average In Situ Bulk Density (g/cc) ....................................... 1.782
Standard Deviation in Measurements of Bulk Density (g/cc) ................. 0.114

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
omega 871A Digital Thermometer, PTL 6976 3-8-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: *Lithium bromide content analysis performed on water centrifuged from these cores.
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HOLMES & FARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 3

BULK DENSITY DATA SHEET FOR U12g DD-2

Project: Wet & Dry Drilling Checked by: John G. Moore &v Ah dab<
Requestor: Dr. Alan L. FLint/M.Chornack Check date:?/S5/9i
Organization: USGS MTL Lab #: 2799 through 2808
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

QA level: III

MTL : Depth : Uncoated : Coated : Wax : Submerged : Water : Water : Core : Bulk
Sample : Interval : Weight : Weight : Volume : Weight : Temp. : Density : Volume : Density
Number : (ft) : (9) : (g) : (cc) : (9) : (Celsius) : (9/cc) : (cc) : (gync)

......... . ......... .. . .. . .. .. . .. .. . .. . . . . :.. . . . . .. . . . .. .. . .. .. ..

2799 : 0.7-1.0 : 670.35 : 697.97 : 28.70 : 378.87. : 19.7 : 0.9983 291.0 2.304
. ......... . ........ .. .. . .. .. . .. . . . . .. . . . . .:. . .. .. . ........

2800 : 3.6-4.0 840.30-: 889.50: 51.13 : 475.50-: 19.7': 0.9983 : 363.6 : 2.311
. ......... .......... .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . .... ...

2801 : 6.3-6.7 : 639.09 : 675.31 : 37.64 : 350.96-: 19.7 - 0.9983 : 287.3 : 2.225
. ......... . ........ :. . . . .. .. . .. . . . . :.. . . . . .. . . . .. .. . .... ...

2802 : 8.0-8.4 : 866.50 : 915.00.: 50.40 : 488.10': 19.6-: 0.9983 377.2 : 2.297
. ......... . ........ .. .. . .. .. . .. . . . . .. . . . . :.. . . . .. .. . .... ...

2803 : 12.4-12.7 : 636.56 : 663.04 : 27.52 : 362.81 : 19.6 : 0.9983 : 273.2 : 2.330
. ......... . ........ .. .. . :. . . . .. . . . . .. . .. . .. . . . .. .. . .... ...

2804 : 18.5-18.8 : 531.43 : 565.67-: 35.58 : 300.79-: 19.6: 0.9983 : 229.8 : 2.313
. ......... . ........ .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . .... ...

2805 : 19.5-20.0 : 481.19 : 503.38 : 23.06 : 267.54 : 19.6': 0.9983 : 213.2 2.257
. ......... . ........ .. .. . .. .. . .. . . . . .. . . . . :.. . . . .. .. . ........

2806 20.7-21.0 : 460.38': 480.02-: 20.41 : 257.64': 19.6': 0.9983 : 202.4 2.275
............................ :...........................................:............................

2807 : 23.3-23.6 : 616.93-: 644.76-: 28.92 : 347.83 : 19.6-: 0.9983 : 268.5 2.298
.................... .......... ........ ........ ........... ........... ......... ........ .........

2808 : 27.5-27.8 : 304.06: 324.68-: 21.43 : 173.34 : 19.6 : 0.9983 : 130.2 : 2.336

Minimum In Situ Bulk Density (g/cc) ....................................... 2.225
Maximum In Situ Bulk Density (g/cc) ........................................ 2.336
Average In Situ Bulk Density (g/cc) ....................................... 2.295
Standard Deviation in Measurements of Bulk Density (g/cc) ................. 0.032

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
Omega 871A Digital Thermometer, PTL 6976 3-8-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 4

BULK DENSITY DATA SHEET FOR U12g WD-2

Project: Wet & Dry Drilling Checked by: John G. Moore, .i /7 a K

Requestor: Dr. Alan L. Flint Check date: t'z.!.: Y
Organization: USGS MTL Lab #: 2809 through 2818
Address: Box 327, MIS 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

*3-21-89 QA Level: III

MTL : Depth : Uncoated : Coated : Wax : Submerged : Water : Water : Core : Bulk
Sample : IntervaL : Weight : Weight : Volume : Weight : Temp. : Density : Volume : Density
Number : (ft) : (g) : (g) : (cc) : (g) : (Celsius) : (g/cc) : (cc) :(g/cc)

.......... ............ . . :. . . . :.. . . . . .... .. .. ... . .. . .. . . ....... :..:

2809 : 1.0-1.4 : 548.43 : 582.25 : 35.14 : 310.01 : 17.7 : 0.9987 237.5 : 2.310
.......... ......... : : . : : .. : .........

2810 : 4.0-4.3 : 655.30 : 683.70 : 29.51 : 374.91 : 17.4 : 0.9987 : 279.7 : 2.343
.......... .......... .. .. . .. .. . .. . . . . .. . . . . .. . . . .... .. ....... :..:

*2811 : 5.5-5.9 : 643.02 : 679.37: 37.77 : 365.82 : 19.5 : 0.9983 : 276.3 : 2.327
. ......... .......... .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . ........

2812 : 11.7-12.1 517.93 : 543.75 : 26.83 : 291.68 : 17.5 : 0.9987 225.6 : 2.296
. ......... .......... .. .. . .. .. . .. . .. . . .. . . . . .. . . . .. .. . .... ...

2813 : 14.0-14.3 : 795.04 : 834.10 : 40.59 : 459.15 : 17.5 : 0.9987 : 334.9 : 2.374
.......... .......... .. .. . .. .. . .. . . . . .. . . . . .... ... .. ,,,,:,, .........

*2814 : 16.1-16.4 : 392.83 : 417.66 : 25.80 : 223.85 : 19.4 : 0.9983 : 168.3 2.334
.......... ......... ::. .. .. . .. .. . .. . . . . .. . . . . .. . . . .. .. . ....... :.:.

2815 : 17.7-18.0 : 729.49 : 768.15 : 40.17 : 416.23 : 17.6 : 0.9987 : 312.2 : 2.337
.......... .......... .. .. . :..,. . .. . . . . .. . . . . .. . . . :..,..:, .........

2816 : 19.4-19.7 : 571.73 : 602.07 : 31.53 : 323.11 : 17.7 : 0.9987 : 247.8 2.307
. ......... .......... ...... . .. .. . .. . . . . .. . . . . .. . . . .. .. . ........

*2817 : 21.1-21.4 : 280.19 : 300.24 : 20.84 : 159.60 : 19.5 : 0.9983 : 120.0 : 2.334
. ......... .......... ...... . .. .. . .. . . . . .. . . . . .. . . . .. .. . ........

2818 : 22.2-22.6 : 829.30 : 882.60 : 55.39 : 472.00 : 17.7 : 0.9987 355.8 2.331

Minimum In Situ Bulk Density (g/cc) ....................................... 2.296
Maximum In Situ Bulk Density (g/cc) ....................................... 2.374
Average In Situ Bulk Density (g/cc) ....................................... 2.329
Standard Deviation in Measurements of Bulk Density (g/cc) ................. 0.021

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
Omega 871A DigitaL Thermometer, PTL 6976 3-8-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: *Lithium bromide content analysis performed on water centrifuged from these cores.
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HOLMES & MAVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 5

WATER CONTENT DATA SHEET FOR U12g.12 DD-1

Project: Wet & Dry Drilling Checked by: John 6. Nooresd tf'h I kl
Requestor: Dr. Alan L. Flint Check date: J-/4b 9 9-
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, M/S 721, Mercury, NV Request *: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS *: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN *: YMP:NTS:UI:89-006

QA level: III

MTL : Depth : Wet : Dry : *Water : Core : Dry Bulk : X Water : X Water : VoLumetric
Sample : Interval : Weight : Weight : Content : Volume : Density : of Wet : of Dry : Water
Number : (ft) : (g) : (g) :(g or cc): (cc) : (g/cc) : Weight : Weight : Content (X)

......... :. ......... .. .. . :. . . . :.. . . . .. .. . .. . .. . .. . . . .. . . . .. .. . .. .

2779 : 1.7-2.2 : 750.88-: 613.16': 137.72 : 468.8 : 1.308 : 18.3 : 22.5 : 29.4
. ......... ........ :. . . . .. . . . .. .. . .. . .. . .. . . . .. . . . ... .. .. ..

2780 : 6.8-7.3 : 461.12-: 387.00 : 74.12 : 258.8 : 1.495 : 16.1 : 19.2 : 28.6
. ......... .... . . ........ .. . . . .. .. . .. . .. . .. . . . .. . . . .... ... ...

2781 : 8.0-8.4 : 697.33 : 627.59-: 69.74 : 344.3 : 1.823 : 10.0 : 11.1 : 20.3
.......... ........ . . . .. .. . . . .. .. . .. . .. . .. . . . .. . . . .... ... ...

2782 : 12.4-12.8 : 617.99 : 543.97 : 74.02 : 322.7 : 1.686 : 12.0 13.6 : 22.9
......... ........ . : : : : : :.:.:.:

2783 : 15.7-16.1 : 514.49.: 423.41-: 91.08 : 296.9 : 1.426 : 17.7 : 21.5 : 30.7
......... ........ : : : : : : :.:.:

2784 : 16.4-16.7 : 646.27 : 511.98: 134.29 : 391.2 : 1.3D9 : 20.8 26.2 : 34.3
.......... ........ . . . .. .. . . . ........ .. . .. . ......... .. . . . ............

2785 : 21.3-21.6 : 183.46: 154.39-: 29.07 : 100.5 : 1.536 : 15.8 : 18.8 : 28.9
......... ........ : : ....... : : : :.:.:.:

2786 : 23.6-24.0 : 573.96': 491.03': 82.93 : 317.1 : 1.549 : 14.4 : 16.9 : 26.2
......... ........ : : ........ : : : .

2787 : 28.8-29.2 : 539.21- : 414.36-: 124.85 : 346.6 : 1.195 : 23.2 : 30.1 : 36.0
......... ........ : : ....... : : : :.:.:.:

2788 : 30.3-30.7 : 527.10-: 409.74: 117.36 : 341.6 : 1.199 : 22.3 : 28.6 : 34.4

Minimum Volumetric Water Content M ............................................ 20.3
Maximum VoLumetric Water Content X........................................... 36.0
Average Volumetric Water Content ()........................................... 29.2
Standard Deviation in Measurements of Volumetric Water Content (%) .... ...... 4.8

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
Despatch Oven V-31-2, PTL 8784 6-28-89

…-_-_-_-_-. -_-_-_

REMARKS: *Density of pore water assumed to be 1.00 g/cc.
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 6

WATER CONTENT DATA SHEET FOR U12g.12 WD-1

Project: Wet & Dry DriLLing Checked by: John G. Moore a
Requestor: Dr. ALan L. FLint Check date: /24sf I $
Organization: USGS MTL Lab #: 2789 through 2798
Address: Box 327, MIS 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

*3-21-89 through 3-22-89 OA level: III
-- -- - -- -- - -- -- - -- -- - -- - -- -- - -- -- - -- -- - -- -- - ---_- _- -- ---_- -- --_-

MTL : Depth : Wet : Dry : **Water : Core : Dry Bulk : % Water :
Sample : Interval : Weight : Weight : Content : Volume : De
Number : (ft) : (g) : (g) :Cg or cc): Ccc) :

......... . ......... .. .. . .. .. . .. . . . .......

2789 : 1.8-2.3 : 703.03 : 555.04 : 147.99 : 434.2
. ......... .. .. . .. .. . .. . . . .......

2790 : 7.6-7.9 : 280.00 : 221.18 : 58.82 : 160.3
.......... .. .. . .. .. . ........ ... . .

*2791 : 8.7-9.0 : 242.91-: 201.25': 41.66 : 134.0
..................... ........ ........ ......... ........

2792 : 12.4-12.8 : 593.11 : 524.80-: 68.31 : 296.6
........-*----... ........ ........ ......... ...........

*2793 : 14.0-14.5 : 613.41': 521.70 : 91.71 : 325.7:
..................... ........ ........ ......... ........

2794 : 16.1-16.5 : 465.82-: 360.76-: 105.06 : 269.5
..................... ........ ........ ......... ........

2795 : 19.1-19.5 : 828.90': 713.43-: 115.47 : 433.0
..................... ........ ........ ......... ........

2796 : 24.5-24.9 : 538.53-: 419.03.: 119.50 : 320.8
27......... ........ ..27.8 : 38.: .91: 6.64: 2.1

*2797 :27.4-27.8 :387.55 :300.91 : 86.64 :230.1:

ensity : of Wet:
g/cc) : Weight

1.278 : 21.1

1.380 : 21.0

1.502 : 17.2

1.769 : 11.5

X Water : Volumetric
of Dry : Water
Weight : Content (%)

......... .......:

26.7 : 34.1
......... ...... :

26.6 : 36.7
......... ...... :

20.7 : 31.1
13 . ........ ....0
13.0 : 23.0

......... ......... :.

1.602 : 15.0 : 17.6 : 28.2
........ :..........:..........:.............

1.339 : 22.6 : 29.1 : 39.0
......... ......... ......... .............

1.648 : 13.9 : 16.2 : 26.7
....... : ....... 2 :. 2.5 :. 37.3
1.306 : 22.2 : 28.5 : 37.3

....... :. ....... :.. . . . :.. .. . .. .

1.308 : 22.4 : 28.8 : 37.7
......... . ......... :.:.:..... . ..... :.. . . . .. .. . .. . .. . .. . . . .. . . . .. . . . . .

2798 : 29.2-29.5 : 325.22.: 254.25 : 70.97 : 188.9 : 1.346 : 21.8 : 27.9 : 37.6

Minimum VoLumetric Water Content () ........................................... 23.0
Maximum VoLumetric Water Content ) ........................................... 39.0
Average VoLumetric Water Content CX) ........................................... 33.1
Standard Deviation in Measurements of Volumetric Water Content ( .... ...... 5.3

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital BaLance, PTL 4513 6-22-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *Lithium bromide content analysis performed on water centrifuged from these cores.
** Density of pore water assumed to be 1.00 g/cc.
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 7

WATER CONTENT DATA SHEET FOR U12g DD-2

Project: Wet & Dry Drilling Checked by: John G. Moore/ / - ?.4

Requestor: Dr. Alan L. Flint Check date: IX/ / 7
Organization: USGS MTL Lab #: 2799 through 2808
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

CA level: III

MTL : Depth : Wet : Dry : Water : Core : Dry Bulk : X Water : X Water : VoLumetric
Sample : Interval : Weight : Weight : Content : Volume : Density : of Wet : of Dry : Water
Number : (ft) (g) (g) :(g or cc): (cc) : (g/cc) : Weight : Weight : Content (X)

.............. ........... ........ ........ ......... ........ .......... ......... ......... .............

2799 : 0.7-1.0 : 669.86 : 635.81-: 34.05 : 291.0 : 2.185 : 5.1 : 5.4 : 11.7
.................... ........ ........ ......... ........ .......... ......... ......... .............

2800 : 3.6-4.0 : 839.85-: 788.70-: 51.15 : 363.6 : 2.169 : 6.1 : 6.5 : 14.1
.................... ........ ........ :......... ........ .......... ......... ......... .............

2801 : 6.3-6.7 : 637.99.: 598.48 : 39.51 : 287.3 : 2.083 : 6.2 : 6.6 13.8
. ......... ........ .. .. . :.. . . . .. .. . .. . .. . .. . . . .. . . . ... .. .. ..

2802 : 8.0-8.4 : 866.57 : 818.17.: 48.40 : 377.2 : 2.169 : 5.6 : 5.9 : 12.8
. ......... ........ .. .. . .. . . . .. .. . .. . .. . .. . . . .. . . . ... .. .. ..

2803 : 12.4-12.7 : 636.08-: 598.73 : 37.35 : 273.2 : 2.192 : 5.9 : 6.2 : 13.7
~~~~~~~~~~~~~~~~.......... ......... .. . . . .............

2804 :18.5-18.8 : 530.75. : 502.01-: 28.74 : 229.8 : 2.185 : 5.4 : 5.7 : 12.5
................... ........ ........ :......... ........ .......... ......... ........................

2805 : 19.5-20.0 : 480.83 : 454.72.: 26.11 : 213.2 : 2.133 : 5.4 : 5.7 : 12.2
.................... ........ ........ :......... ........ .......... ......... ......... .............

2806 : 20.7-21.0 459.89 : 428.79-: 31.10 : 202.4 : 2.119 : 6.8 : 7.3 : 15.4
.......................... :.........................................................................

2807 : 23.3-23.6 : 616.39-: 574.68 : 41.71 : 268.5 : 2.140 : 6.8 : 7.3 : 15.5
. ......... ........ .. .. . :.. . . . .. .. . .. . .. . .. . . . .. . . . ... .. .. ..

2808 : 27.5-27.8 : 302.30: 288.46 : 13.84 : 130.2 : 2.216 : 4.6 : 4.8 : 10.6

Minimum Volumetric Water Content (%) ........................................... 10.6
Maximum Volumetric Water Content ()........................................... 15.5
Average Volumetric Water Content )........................................... 13.2
Standard Deviation in Measurements of Volumetric Water Content (X) .......... 1.5

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *Density of pore water assumed to be 1.00 g/cc.
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 8

WATER CONTENT DATA SHEET FOR U12g WD-2

Project: Wet & Dry Drilling Checked by: John G. Moore
Requestor: Dr. Alan L. Flint Check date: iz.1/4 99
Organization: USGS MTL Lab #: 2809 through 2818
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 2-15-89 through 2-18-89 WIN #: YMP:NTS:WI:89-006

*3-22-89 through 3-23-89 GA level: III
_- -- - -_ _- -_ - -- - -- - -- --_- -- --.- -- -.- -- .- - -- -_- -_-- - -- --_-

MTL :
Sample :
Number :

......... ..

Depth : Wet : Dry :
Interval : Weight : Weight :

(ft) : (g) : (g) :
.............................

2809 : 1.0-1.4 : 548.32: 513.40
.................. ........ ........

2810 : 4.0-4.3 : 654.99: 613.15':
. ......... ......... ....... :.

*2811 : 5.5-5.9 : 642.48': 602.10-:
. ......... ........ :... ... :.

2812 : 11.7-12.1 : 518.33': 485.23':
. ......... ......... :... ... :.

2813 : 14.0-14.3 : 794.63-: 752.59':
. ......... ......... :....... :.

*2814 : 16.1-16.4 : 392.27-: 367.91':
. ......... ......... :... ... :.

2815 : 17.7-18.0 : 729.49-: 683.15-:
......... .. ........ : .. :. .. :.

2816 : 19.4-19.7 : 571.37': 531.13':
*2817 2.......... 2........ : 2.0' :.
*2817 :21.1-21.4 :279.90': 261.05,:

**Water : Core : Dry Bulk : X Water : X Water : Volumetric
Content : Volume : Density : of Wet : of Dry : Water
(g or cc): (cc) : (g/cc) : Weight : Weight : Content (%)
......... : ........ . . . ... .. . . . .. . . . ... .. .. ..

34.92 : 237.5 : 2.162 : 6.4 : 6.8 : 14.7
~~~~~.......... ......... . . . . . ...... .....

41.84 : 279.7 : 2.192 : 6.4 : 6.8 : 15.0
~~~~~.......... ......... . . . . . ...... .....

40.38 : 276.3 : 2.179 : 6.3 : 6.7 : 14.6
~~~~~~......... ......... .. . . . .... ... ...

33.10 : 225.6 : 2.151 : 6.4 : 6.8 : 14.7
~~~~~.......... ......... . . . . . ...... .....

42.04 : 334.9 : 2.247 : 5.3 : 5.6 : 12.6
~~~~~~......... ......... .. . . . .... ... ...

24.36 : 168.3 : 2.186 : 6.2 : 6.6 : 14.5
~~~~~.......... ......... . . . . . ...... .....

46.34 : 312.2 : 2.188 : 6.4 : 6.8 : 14.8
~~~~~.......... ......... . . . . . ...... .....

40.24 : 247.8 : 2.143 : 7.0 : 7.6 : 16.2
18.85 120. ........ .........7 : 7.2 : 1.
18.85 120.0 : 2.175 : 6.7 : 7.2 : 15.7

......... .......... . . . .:. . . . :.. . . . .. .. . .. . .. . .. . . . .. . . . ... .. .. ..
2818 : 22.2-22.6 :828.71-: 772.96': 55.75 : 355.8: 2.172 : 6.7 : 7.2 : 15.7

Minimum Volumetric Water Content ............................................ 12.6
Maximum Volumetric water Content () ........................................... 16.2
Average VoLumetric Water Content (%) ........................................... 14.8
Standard Deviation in Measurements of Votumetric Water Content (X) .... ...... 0.9

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *Lithiun bromide content analysis performed on water centrifuged from these cores.
**Density of pore water assumed to be 1.00 91cc.
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FIGURE 1
Core Properties
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FIGURE 2
Core Properties
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FIGURE 3
Core Properties
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FIGURE 4
Core Properties
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III. GRAIN DENSITIES

A. DENSITY TESTS

Due to the differences in saturation for various

liquids, results reported in the previous report on this

project MTL report # 89 - 111, the grain density tests

(particle specific gravity) were also done using helium,

water and toluene. The grain densities were tested

using a helium porosimeter and glass pycnometers were

used for water and toluene determined densities.

B. HELIUM POROSIMETER

The helium porosimeter calibration data was developed by

using different size steel samples and the results are

given in figure 5 and table 9.

C. REFERENCE MATERIAL TESTS

The densities were also measured on the nonreactive

silica reference samples by using helium, water and

toluene. The data presented in tables 10 to 12 indicates

that the all three test methods are consistent and the

values can be reproduced by using either test method on

nonreactive materials. The density results for the

silica samples using three methods are comparable and

given in tables 10 to 12.

D. NONWELDED TUFF SAMPLE TESTS

The welded tuff samples from the holes DD-1 and WD-1

were tested using helium, water and toluene. As shown in
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figures 6 and 7, water determined densities are about 5

to 10 % higher than the helium and toluene determined

values. The higher water determined densities indicate

that the water is reacting with the test samples. Actual

type causes of the water reaction with the nonwelded

test samples may have to be further investigated. The

results and data for all the nonwelded samples are given

in the tables 13 to 17 and figures 6 and 7.

E. WELDED TUFF SAMPLE TESTS

The welded tuff samples density tests were also tested

using helium, toluene and water. The results of the

welded samples from the holes DD-2 and WD-2 are given in

figures 8 and 9 and tables from 18 to 21. The data

indicates that the density values determined by the

three methods overlapped each other (figures 8 and 9)

and the welded tuff samples are nonreactive to the

water.
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FIGURE 5
Helium Porosimeter Calibration Curve
Holmes & Narver Materials Test Lab (JNW)
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 9

CALIBRATION SHEET FOR HELIUM POROSIMETER

Project: Wet & Dry Drilling Checked by: John G. Moore /it
Requestor: Dr. Alan L. Flint Check date: Russi
Organization: USGS MTL Lab #: N/A
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker UBS I: 1.2.3.3.6.1
Test date: 7-31-89 WIN I: YMP:NTS:WI:89-006

OA level: III
_-- -- - - _--- - --_ -- - --_ _-- -- - -- - - _ -- - _- _- _- -- - -- - -- - -- - -- - -

MTL : Uncoated : Submerged : Water : Water : Core :
Sample : Weight : Weight : Temp. : Density : Volume :
Number : (g) : (g) : (Celsius) : (g/cc) : (cc) :

............. .......... ........... ........... ......... ........

1 : 1343.80 : 1174.20 : 20.8 : 0.9980 : 169.93
.................. ........... ........... ......... ........

2 : 869.00 : 758.68 : 20.8 : 0.9980 : 110.54
.......... .............. ........... ............................ .......................

3 : 506.35 : 41.84 : 20.8 0.9980 : 64.64
.................. ........... ........... ......... ........

4 : 563.75 : 491.90 : 20.8 : 0.9980 : 71.99
. . . . . .. ......... ..... .... .. . . . :... . .

5 : 282.18 : 246.23 20.9 : 0.9980 : 36.02
.. . . . . ......... ......... :.:. .. . . . . .. . . . :... . .

6 112.58 : 98.22 : 20.9 : 0.9980 : 14.39
.......... . ......... ..... .... .. . . . :... . .

7 : 222.25 : 193.40 : 20.9 : 0.9980 : 28.91
.......... .. ........ ..... .... .. . . . :... . .

8 : 65.66 : 57.12 : 20.9 : 0.9980 : 8.56
.......... . ......... ..... .... .. . . . :... . .

9 : 76.99 : 67.17 : 20.9 : 0.9980 : 9.84
.......... ... ... .. .. . . . . .. . . . :... . .

10 : 12.58 : 10.98 : 20.9 : 0.9980 : 1.60
6......... . ......... : 2.9 : 0. 0 0..

11 : 6.29 : 5.49 : 20.9 :0.9980 : 0.80:

Bulk : Initial : Final : Pressure
Density : Pressure : Pressure : Ratio

(g/cc) : (I,psia) : (F,psia) : (I/F)
......... .. . . . . ......... .... ....

7.91 : 99.58 : 63.97 : 1.557
................ .......... ..........

7.86 : 99.92 56.09 : 1.781
................ .......... ..........

7.83 99.87 : 51.04 : 1.957
................ .......... ..........

7.83 : 99.86 : 51.76 : 1.929
......................... ....... .................................................

7.83 : 99.92 : 48.35 : 2.067
.......... :.......... ... .. ..

7.82 : 99.76 : 46.41 : 2.150
. . ........... .. . .......... :

7.69 : 99.69 : 47.61 : 2.094
.......... :.......... ... .. ..

7.67 : 99.71 : 45.92 : 2.171
.. . .. . .. . .. . .......... :

7.82 : 99.72 : 46.06 : 2.165

7.85 99.82 : 45.43 : 2.197
7.85:.......... :.......... :..........
7.85 : 99.57 : 45.26 : 2.200

......... .......... :.. . . . . :.. . . . . :.. . . . :.. .. . :.. . . . : .. . . . .:.. . . . . :.. . .. .
12 : 0.00 : 0.00 : N/A : N/A : 0.00 : N/A : 99.72 : 45.25 : 2.204

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LAiBORATORY

NEVADA TEST SITE

TABLE 10

WATER DETERMINED GRAIN DENSITY DATA SHEET FOR GROUND SILICA

Project: Wet & Dry Drilling Checked by: John G. Moore - SV.&

Requestor: Dr. Alan L. Flint Check date: I)I/I')
Organization: USGS MTL Lab #: N/A
Address: Box 327, M/S -721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WaS #: 1.2.3.3.6.1
Test date: 8-9-89 through 8-10-89 WIN #: YMP:NTS:WI:89-006

QA level: III
_- - -- - --_- -- - --_-- - - --_- _-- - - -- - ---_ _ _- -- - -- - - -- - -- - -- - -

Sample : Depth : MTL : Total : Sample : Total :
Test : Interval : Pycnometer : Weight : Weight : Weight :

Number : (ft) : Number : Dry (g) : Dry (g) : Wet (g) :
......... :.......... .. . .. . . .. . . . ......... ... .. .

1 : N/A 247 : 109.372 : 46.370 : 191.578
. ......... .. ......... ... ... . ........ ... .. .

2 N/A : 248 : 108.461 : 44.943 : 191.080
. ......... .. ......... ... ... . .... ... ... .. .

3 N/A 249 : 111.144 47.851 : 192.712
. ......... . ......... .. . . . .. . . . .........

4 : N/A : 250 110.524 : 47.731 : 192.149
......... :. ......... .. . .. . . .. . . . .. . . . .... ...

5 N/A 251 : 107.027 : 44.647 : 189.880
. ......... .. ......... .. . . . .. . . . ........

6 : N/A : 252 : 107.351 : 44.759 : 190.124
. ......... .. ......... .. . . . .. . . . ........

7 : N/A : 254 : 106.582 : 43.582 : 189.775
. ......... .. ......... .. .. .. .. .. .. .:.:.,.:.:.

8 : N/A : 255 : 107.274 : 45.351 : 189.783
.......... ..........: 2 : 1 . 4. 5 :.

9 : N/A : 256 :109.805 :46.885 :191.789:

Water : Water : Sample : Grain
Temp. : Density : Volume : Density

(C) : (g/cc) : (cc) : (g/cc)

22.4 0.9977 : 17.55 2.642

22.5 0.9977 : 17.07 : 2.634

22.5 0.9977 : 18.12 2.640

22.4 : 0.9977 : 18.07 : 2.641

22.3 : 0.9977 : 16.89 : 2.644
....... ........ :.. .:. .. :.

22.3 : 0.9977 : 16.94 : 2.642

22.3 : 0.9977 : 16.56 : 2.632

22.4 : 0.9977 : 17.21 2.635

22.4 : 0.9977 : 17.74 2.643
. . . . . . ......... .. ......... :..,.. . .... ... ...... :,, .... . . ......... .. .. . ........

10 : N/A : 257 : 106.461 : 44.061 : 189.466 : 22.6 : 0.9976 : 16.71 2.637

Minimum Grain Density (g/cc) ............................................. 2.632
Maximum Grain Density (g/cc) ............................................. 2.644
Average Grain Density (g/cc) ............................................. 2.639
Standard Deviation in Measurements of Grain Density (g/cc) ............... 0.004

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: If the data spread is assumed representive for a correctly performed test, than results
for individual samples will have 95% confidence intervals of + 0.006 g/cc using this
procedure.
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 11

HELIUM DETERMINED GRAIN DENSITY DATA SHEET FOR GROUND SILICA
_-- ___-- _- _- _-- ____ ___ _ ---- --- ___- -_-___-- __-__- - _____ ____--- _- _*___--- ---r ---- -------

Project: Wet & Dry Drilling Checked by: John G. Moore/4.,6.} "L
Requestor: Dr. Alan L. Flint Check date: IP/'/6
Organization: USGS MTL Lab #: N/A
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS *: 1.2.3.3.6.1
Test date: 8-8-89 through 8-9-89 WIN *: YMP:NTS:WI:89-006

OA level: III

Sample Depth Cup : Dry : Initial : Final : Pressure : Total : Grain : Grain
Test : Interval : Volume : Weight : Pressure : Pressure : Ratio : Volume : Volume : Density

Number : (ft) : (cc) : (g) : (I,psia) : (F,psia) : (I/F) : (cc) : (cc) : (g/cc)
.............. ........... ........ ........ .......... .......... .......... ......... ........ .........

1 : N/A : 34.425 : 47.155 : 99.76 : 49.76 : 2.005 : 52.111 : 17.69 : 2.666
.................... ........ ........ .......... .......... .......... ......... ........ .........

2 : N/A : 34.425 : 45.858 : 99.77 49.84 : 2.002 : 52.902 : 18.48 : 2.482
.................... ........ ........ .......... .......... .......... ......... ........ .........

3 : N/A : 34.425 49.163 : 99.88 : 49.92 : 2.001 : 53.166 : 18.74 : 2.623
.......... ........ . . . .. .. . .. . .. . .. . .. . .. . .. . . . ........ ......... :

4 : N/A : 34.425 : 49.078 : 100.05 : 49.98 : 2.002 : 52.904 : 18.48 : 2.656
.......... ........ .. .. . .. . .. . .. . .. . .. . .. . ......... . . . .. .........

5 : N/A : 34.425 : 47.254 : 99.86 : 49.84 : 2.004 : 52.429 : 18.00 : 2.625
.......... ........ . . . .. .. . .. . .. . .. . .. . .. . .. . . . ........ ......... :

6 : N/A : 34.425 : 46.657 : 99.71 : 49.74 : 2.005 : 52.163 : 17.74 : 2.630
.......... ........ .. .. . .. . .. . .. . .. . .. . .. . .......... . . . .. .........

7 : N/A : 34.425 50.104 : 99.92 : 49.95 : 2.000 : 53.271 : 18.85 2.659
.................... ........ ........ .......... .......... .......... ......... ........ .........

8 . N/A .34.425 .48.186 . 100.26 * 50.06 2.003 52.643 . 18.22 * 2.645
.................... ........ ........ .......... .......... .......... ......... ........ .........

9 : N/A : 34.425 : 48.823 : 99.73 : 49.82 2.002 : 52.902 : 18.48 : 2.642
.......... ........ .. .. . .. . .. . .. . .. . .. . .. . ......... . . . .. .........

10 : N/A : 34.425 50.350 : 99.90 : 49.95 : 2.000 : 53.376 : 18.95 : 2.657

Minimum Grain Density (g/cc) ............................................ 2.482
Maximum Grain Density (g/cc) ............................................ 2.666
Average Grain Density (g/cc) ............................................ 2.628
Standard Deviation in Measurements of Grain Density (g/cc) .............. 0.051

EQUIPMENT USED CALIBRATION DUE DATE
Fisher Scientific Top Loading Balance, PTL 2678 9-3-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89

REMARKS: If the data spread is assumed representative for a correctly performed test, then results
for individual samples will have 95% confidence intervals of + 0.029 g/cc using this
procedure.
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 12

TOLUENE DETERMINED GRAIN DENSITY DATA SHEET FOR GROUND SILICA
________________-----____*--------- -------------
Project: Wet & Dry Drilling Checked by: John G. Moore ,;"'. "' -

Requestor: Dr. Alan L. Flint Check date: tZl ';
Organization: USGS MTL Lab #: N/A
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WUBS #: 1.2.3.3.6.1
Test date: 8-21-89 through 8-22-89 WINU: YMP:NTS:WI:89-006

QA level: III

Sample : Depth : MTL : Total : Sample : Total :Toluene : Toluene : Sample : Grain
Test : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density

Number : (ft) : Number .Dry (g) : Dry (g) : Wet (g) : (C) : (glcc) : (cc) : (g/cc)
. . .. . .. . . . . .... .: .. .... .. . . . ... . . .. . . . . ... .. . . .

1 : N/A : 247 : 100.696 : 37.694 : 174.716 : N/A : 0.8641 : 14.29 : 2.638
. ......... . ......... :.:....... ......... ... ... .: .. ..... :..,.. . ..... . ........

2 : N/A : 248 : 110.977 47.459 : 181.773 N/A : 0.8641 : 17.95 : 2.644
........... ............ ......... ........... .................... ........................ ......................... .................................

3 : N/A : 249 : 101.053 : 37.760 175.032 : N/A 0.8641 : 14.27 : 2.646
. ......... .. ......... .. :....... .. ,.,:.:,,.:. ..... . . ........ :..... . . ........ .. . . .

4 : N/A : 250 : 95.153 : 32.360 : 170.867 : N/A : 0.8641 : 12.26 : 2.639
. ......... .. ......... :..,,,:,,,, ...... ......... .... .... .. . . .,, :::..... . . ........ .. . . .

5 N/A : 251 : 93.876 : 31.496 : 169.903 : N/A : 0.8641 : 11.95 : 2.636
............... . ,,...,:.. :...... ..... :..:::

6 : N/A : 252 : 95.851 : 33.259 : 171.287 : N/A : 0.8641 : 12.61 : 2.638
.......... ........... .. . . . ... :,.. ........ .. .. . ,,:,,:.,,.:.,,.: ..................

7 : N/A : 254 : 106.908 : 43.908 : 178.935 : N/A : 0.8641 : 16.59 : 2.647
. ......... .. ......... .. .. . .. ,.. . .... ,,:,:,,..... :,,,,..: ::..... . . ........ .. . . .

8 : N/A : 255 : 102.733 : 40.810 : 175.734 : N/A : 0.8641 : 15.43 : 2.645
.......... ............ : ,..:.,,,,,,,,:.. .:..: ......... ........ ........ ......... ........ ......... :

9 : N/A : 256 : 102.381 : 39.461 : 175.829 : N/A 0.8641 : 14.91 : 2.646
.......... .. ......... ........ ,,,:,......... ......... ........ :,,,,,...... .. .. . ........

10 : N/A : 257 : 103.276 : 40.876 176.219 : N/A : 0.8641 : 15.49 : 2.638

Minimum Grain Density (g/cc) ............................................. 2.636
Maxi~mum Grain Density (g/cc) ............................................. 2.647
Average Grain Density (9/cc) ............................................. 2.642
Standard Deviation in Measurements of Grain Density (g/cc) ............... 0.004

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: If the data spread is assumed representive for a correctly performed test, than results
for individual samples will have 95% confidence intervals of + 0.008 g/cc using this
procedure.
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FIGURE 6
Grain Density Results, U12g.12 DD-1
Holmes & Norver Materials Test Lob (JNW)
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 13

WATER DETERMINED GRAIN DENSITY DATA SHEET FOR U12g.12 DD-1

Project: Wet & Dry Drilling Checked by: John G. Moore kth-, 1%\>(
Requestor: Dr. Alan L. Flint Check date:1llkfE'
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, M/S 721, Mercury, NV Request *: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-2-89 through 8-3-89 WIN #: YNP:NTS:WI:89-006

QA Level: III

MTL : Depth : MTL : Total : Sample : Total : Water : Water : Sample : Grain
Sample : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (g) : Dry (g) : Wet (g) : (C) : (g/cc) : (cc) : (9/cc)

......... . ......... .. . .. . . .. . . . .. .. .. ......... .. .. . .. . . . .. .. . .. . . .

2779 1.7-2.2 : 247 : 93.577 : 30.575 : 180.604 : 22.4 : 0.9977 : 12.72 : 2.403
.......... ......... . .. . . . .. . . . .. . . . .. . . . .. . . . .... .. ..... :.:.:.

2780 : 6.8-7.3 : 248 : 91.956 : 28.438 : 179.831 : 22.1 : 0.9977 : 11.81 : 2.409
. ......... .. ......... .. . . . .... ... ......... .. .. . .. . . . .. .. . .. . . .

2781 : 8.0-8.4 : 249 : 94.620 : 31.327 : 181.288 : 22.2 : 0.9977 : 13.02 : 2.407
.................... ............ ......... ......... ......... ........ ......... ........ .........

2782 : 12.4-12.8 : 250 : 90.516 27.723 : 178.627 22.2 : 0.9977 : 11.57 2.395
. . . ... ... . . . . .. . . . .. . . . .. . . . ... . . .. . . . ... . . .. . . .

2783 * 15.7-16.1 i 251 93.166 . 30.786 179.906 . 22.1 0.9977 . 13.00 * 2.369

2784 : 16.4-16.7 : 252 : 89.992 : 27.400 : 178.090 : 22.1 : 0.9977 : 11.61 : 2.360
.......... ........... .. . . . .. :......: ....... : ....... :.:.

2785 : 21.3-21.6 : 254 : 102.058 : 39.058 : 185.16 : 22.1 : 0.9977 : 16.65 : 2.346
. ......... . ......... .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . ........

2786 23.6-24.0 : 255 : 88.125 : 26.202 : 176.569 : 22.1 : 0.9977 11.27 : 2.326
. . . . . . ......... .......... . . .. . . .. . . . .. . . . .. .. . .. . . . ,...:... ......... ,

2787 : 28.8-29.2 256 : 91.274 : 28.354 : 178.977 : 22.2 : 0.9977 : 12.01 : 2.361
. ......... . ......... .. . . . .. . . . .. . . . .. .. . .. .. . .: .. .. . .........

2788 : 30.3-30.7 : 257 : 87.788 : 25.388 : 176.809 : 22.2 : 0.9977 : 10.69 : 2.376

Minimum Grain Density (g/cc) ............................................. 2.326
Maximum Grain Density (g/cc) ............................................. 2.409
Average Grain Density (g/cc) ............................................. 2.375
Standard Deviation in Measurements of Grain Density (g/cc) ............... 0.027

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PM 400 Digital Balance, PTL 1255 9-14-89
Omega 871A Digital Thermometer, PTL 6976 9-1389

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 14

HELIUM DETERMINED GRAIN DENSITY DATA SHEET FOR U12g.12 DD-1

Project: Wet & Dry Drilling Checked by: John G. Moore /J ^71?It
Requestor: Dr. Alan L. Flint Check date: /2/ 0
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, MtS 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 7-31-89 through 8-1-89 WIN #: YMP:NTS:WI:89-006

QA level: III
…-- - - - - - - - - - - - - - - - - ---_-_-_-_

4TL : Depth : Cup : Dry : Initial :
Sample : Interval : Volume : Weight : Pressure : F
Number : (ft) : (cc) : (g) : (Ipsia) :

......... :.......... .. .. . .. .. . .........
2779 : 1.7-2.2 : 34.036 31.553 99.99

.......... ........ ....... .........

2780 : 6.8-7.3 : 34.036 : 35.985 : 100.42
.......... ........ ... ... .........

2781 8.0-8.4 : 34.036 : 34.699 : 99.72
.......... ........ ... ... .........

2782 : 12.4-12.8 : 34.036 : 36.498 : 99.89
. ......... ........ : .. :. . .........

2783 15.7-16.1 : 34.036 34.804 100.27
.......... ........ ....... .........

2784 : 16.4-16.7 : 34.036 : 28.299 : 99.89
.......... ........ ... ... .........

2785 21.3-21.6 : 34.036 : 4.316 99.73
.......... ........ ... ... .........

2786 : 23.6-24.0 : 34.036 : 26.555 100.01
. . . . . . ......... ........ ... ... .........

2787 : 28.8-29.2 : 34.036 : 29.038 : 99.68
27 8 3......... . ........0.3 : 6. 1 9 .: 1. .
2788 :30.3-30.7 :34.036 :26.179 : 100.26:

Final
Pressure
'F,psia)

49.52

49.94

49.54

49.71

49.83

49.39

49.91

49.35

49.31

Pressure : Total : Grain : Grain
Ratio : Volume : Volume : Density
(I/F) : (cc) : (cc) : (g/cc)

.......... ......... . . . .. .... ...

2.019 48.346 14.31 2.205
.......... ......... . . . .. .... ...

2.011 50.541 : 16.50 : 2.180
.......... ......... . . . .. .... ...

2.013 49.989 : 15.95 : 2.175
.......... ......... . . . .. .... ...

2.009 50.897 16.86 : 2.165
.......... ......... . . . .. .... ...

2.012 : 50.166 16.13 2.158
.......... ........... .... ...

2.022 : 47.483 : 13.45 : 2.104
.......... ......... . . . .. .... ...

1.998 : 53.849 19.81 2.237
.......... ......... . . . .. .... ...

2.027 : 46.416 12.38 : 2.145
. ......... ......... .. : . : .
2.021 :47.740 :13.70 : 2.11.°

........ ........02 : 4.. . : 1. 4. : 2.
49.48 : 2.026 : 46.488 : 12.45 : 2.102

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

Minimum Grain Density (g/ccI .................................................. 2.102)
Maximum Grain Density (g/scc...................... .................................................. 2.237
Average Grain Density (g/cc).................. .................................................. 2.159
Standard Deviation in Measurements of Grain Density (g/cc) ................................... 0.041

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

EQUIPMENT USED CALIBRATION DUE DATE
Fisher Scientific Top Loading Balance, PTL 2678 9-3-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89

_-- - - - _-- - - - - - -- - - - - - - -- - _-- -- - - - - - -- - - - - - - -- - - - - - -

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 15
... .----.-.... -------------------.- _-_---------.-------..---------..-..----..-.---- ..----... .----.

TOLUENE DETERMINED GRAIN DENSITY DATA SHEET FOR U12g.12 DD-1
..- -- - ... -- -- -- -- -- . - -- -- ...... -- -- -- - .-- .. -- ---------------- -- -----------....< ;
Project: Uet & Dry Drilling Checked by: John G. Moore a ^ )//T
Requestor: Dr. Alan L. Flint Check date: Ji/;/" /
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-3-89 through 8-4-89 WIN #: YMP:NTS:WI:89-006

OA level: III

MTL : Depth : MTL : Total : Sample : Total :Toluene : Toluene : Sample : Grain
Sample : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (g) : Dry (g) : Wet (g) : (C) : (g/cc) : (cc) : (g/cc)

. . . . . . ......... .. ......... .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .... ...
2779 : 1.7-2.2 : 247 : 85.602 : 22.600 163.025 : N/A : 0.8644 : 10.38 : 2.177

. ......... . .......... .. . . . .. . . . .. . . . .. .. . .. . . . ........ .... . .
2780 : 6.8-7.3 : 248 : 90.340 : 26.822 : 166.044 : N/A : 0.8644 : 12.30 : 2.181

.......... ............ .. . . . .. . . . .. . . . .. .. . .. . . . ........ .... . .
2781 : 8.0-8.4 : 249 90.352 : 27.059 : 166.050 : N/A : 0.8644 : 12.31 2.198

........... ............ ......... ............ ......... ................................... ......................... ................................

2782 : 12.4-12.8 : 250 : 93.503 : 30.710 : 167.795 : N/A : 0.8644 : 13.94 : 2.203
. . . . . . ......... ........... .. . . . .. . . . .. . . . .. . . . .. .. .. ....... ......... :

2783 : 15.7-16.1 : 251 89.820 * 27.440 * 165.260 * N/A . 0.8644 * 12.66 2.168

2784 : 16.4-16.7 : 252 : 80.388 17.796 : 159.575 : N/A : 0.8644 : 8.30 : 2.145
~~~3' ;. . . . . . . . . ......... ......... : .. . . . '..,,,,. ........ .. :.:.:.: ..........

2785 : 21.3-21.6 : 254 : 76.509 : 13.509 : 157.561 : N/A : 0.8644 : 6.18 : 2.187
. ......... .. ......... .. . . . .. . . . .. . . . :.:.:.:.:.:..... . . ........ .. . . .

2786 : 23.6-24.0 : 255 : 83.789 : 21.866 : 161.325 : N/A : 0.8644 : 10.21 : 2.141
.......... ........... .. . . . .. . . . .. . . . .. .. . ......... ........ ..... ..

2787 : 28.8-29.2 : 256 : 87.227 : 24.307 : 163.708 : N/A : 0.8644 11.43 : 2.126
.......... ........... .. . . . .. . . . .. . . . ... ... ......... ........ ..... ..

2788 : 30.3-30.7 : 257 : 81.634 : 19.234 : 160.161 : N/A : 0.8644 : 9.06 : 2.122

Minimum Grain Density (g/cc) ............................................. 2.122
Maxinmu Grain Density (g/cc) .................................... 2.203
Average Grain Density (g/cc) .................................... 2.165
Standard Deviation in Measurements of Grain Density (9/cc) ... 0.028

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PM 400 Digital Balance, PTL 1255 9-14-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: None
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FIGURE 7
Grain Density Results, U 1 2g. 12 WD-1
Holmes & Narver Materials Test Lob (JNW)
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 16

WATER DETERMINED GRAIN DENSITY DATA SHEET FOR U12g.12 WD-1

Project: Wet & Dry Drilling Checked by: John G. Moore,/Ir.' 72'
Requestor: Dr. Alan L. Flint Check date: P2/s/65
Organization: USGS NTL Lab #: 2789 through 2798
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-7-89 through 8-8-89 WIN #: YMP:NTS:WI:89-006

QA level: III

MTL : Depth : MTL : Total : Sample : Total : Water : Water : Sample : Grain
Sample : Interval : Pycnometer : Weight Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (9) : Dry (g) : Wet (g) : (C) : (g/cc) : (cc) : (g/cc)

......... :. ......... .. . .. . . .. . . . .. . . . .. . . . .. .. . .. :....... .. .. . .. . . .

2789 : 1.8-2.3 : 247 : 81.495 : 18.493 : 173.570 : 21.8 : 0.9978 : 7.674 : 2.410
. ......... . ......... .. . . . .. . . . .. . . . .. .. . :.:.:...... .. .. . .. . . .

2790 : 7.6-7.9 : 248 : 82.227 : 18.709 : 174.167 : 21.6 : 0.9979 : 7.742 : 2.417
. ......... .. ......... .... :..... .. . . . .. . .... .. .. . .. . . . .. .. . .. . . .

2791 : 8.7-9.0 : 249 : 84.829 : 21.536 : 175.629 : 22.0 : 0.9978 : 8.879 : 2.425
. . . . ... ....... . . .. . . . ...... . .. . . . .. .. . .. . . . .. .. . ........

2792 : 12.4-12.8 : 250 : 86.867 : 24.074 : 176.586 : 21.7 : 0.9978 : 9.973 : 2.414
.................... ............ ......... ......... ......... .......... ............. ........ .........

2793 : 14.0-14.5 : 251 : 100.367 : 37.987 : 184.242 : 21.9 : 0.9978 : 15.87 : 2.393
............................. ............ ......... ......... ......... ........ .........

2794 : 16.1-16.5 : 252 : 81.835 : 19.243 : 173.450 : 21.8 : 0.9978 : 8.090 : 2.378
. ......... .. ......... .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .... ...

2795 * 19.1-19.5 : 254 * 88.254 * 25.254 . 177.228 . 21.9 . 0.9978 * 10.77 * 2.344
.................... ............ ......... ......... ......... ........ ......... ........ .........

2796 : 24.5-24.9 : 255 : 80.014 : 18.091 : 172.094 : 21.8 : 0.9978 7.628 : 2.372
. ......... . ......... .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .... ...

2797 : 27.4-27.8 : 256 : 81.442 : 18.522 : 173.397 : 22.0 : 0.9978 : 7.752 : 2.389
. ......... . ......... .. . . . .. . . . .. . . . .. .. . .. . . . :. . . . .... ...

2798 : 29.2-29.5 : 257 : 82.200 : 19.800 : 173.535 : 22.0 : 0.9978 : 8.370 : 2.366

Minimum Grain Density (g/cc) ........................ 2.344
Maximum Grain Density (g/cc).............................................. 2.425
Average Grain Density (g/cc)............................................. 2.391
Standard Deviation in Measurements of Grain Density (g/cc) ............... 0.025

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 17

HELIUM DETERMINED GRAIN DENSITY DATA SHEET FOR U12g.12 WD-1

Project: Wet & Dry Drilling Checked by: John G. MooreX "
Requestor: Dr. ALan L. Flint Check date:I/>
Organization: USGS MTL Lab #: 2789 through 2798
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-8-89 through 8-9-89 WIN #: YMP:NTS:WI:89-006

OA level: III

MTL : Depth : Cup : Dry : Initial : Final : Pressure Total : Grain : Grain
Sample : Interval : Volume : Weight : Pressure : Pressure : Ratio : Volume : Volume Density
Number : (ft) : (cc) : (9) : (1,psia) : (F,psia) : (I/F) (cc) : (cc) (glcc)

......................... ........ ........ .......... .......... .......... ......... ..................

2789 : 1.8-2.3 : 34.366: 18.784 : 100.14 : 49.07 : 2.041 : 42.691 : 8.32 : 2.256
.................... ........ ........ .......... ..................... ......... ........ .........

2790 7.6-7.9 : 34.366 : 19.249 : 99.97 : 49.07 : 2.037 43.599 : 9.23 2.085

2791 : 8.7-9.0 34.366 : 21.764 : 99.83 49.12 2.032 : 44.889 : 10.52 : 2.068
. ......... .. .. . .. .. . .. . .. . ......... .... . . . ......... .. .. . .. . . .

2792 : 12.4-12.8 : 34.366 : 24.462 : 99.92 : 49.27 : 2.028 : 46.033 : 11.67 2.097
. ......... .. .. . .. .. . ..................... .. . .. . ..... . . ........ .. . . .

2793 : 14.0-14.5 : 34.366 38.510 100.06 : 49.93 : 2.004 : 52.326 17.96 2.144
. ......... .. . . . : :::::............. . . . .. . . . .. . . . . ........... .. . . .

2794 16.1-16.5 : 34.366 : 19.665 : 100.25 : .49.23 2.036 43.843 9.48 2.075
. ......... .. .. . :.:.:.:.:. .. . . .. .......... .. . .. . ..... . . ........ .. . . .

2795 : 19.1-19.5 :34.366 :25.868: 99.89: 49.30: 2.026: 46.516 : 12.15 2.129
. ......... .. .. . :.:.:.:.:. .. . . .. .......... .. . .. . ..... . . ........ .. . . .

2796 : 24.5-24.9 : 34.366 : 18.462 : 99.67 : 48.88 2.039 43.132 : 8.77 2.106
. ......... .. .. . :.:.:.:.:. .. . . .. .......... .. . .. . ..... . . ........ .. . . .

2797 : 27.4-27.8 : 34.366 : 19.171 : 99.74 : 48.93 : 2.038 : 43.303 : 8.94 2.145
. ......... .. .. . :.:.:.:.:. .. . . .. .......... .. . .. . ..... .. ........ .. . . .

2798 : 29.2-29.5 : 34.366 20.236 99.56 48.90 : 2.036 : 43.940 : 9.57 2.114

Minimum Grain Density (g/cc) ............................................ 2.068
Maximum Grain Density (g/cc) ............................................ 2.256
Average Grain Density (g/cc) ............................................ 2.122
Standard Deviation in Measurements of Grain Density (g/cc) .............. 0.052

EQUIPMENT USED CALIBRATION DUE DATE
Fisher Scientific Top Loading Balance, PTL 2678 9-3-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89

REMARKS: None
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FIGURE 8
Grain Density Results, UL12g DD-2
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 18

WATER DETERMINED GRAIN DENSITY DATA SHEET FOR U12g 00-2
------------------------ _ _ _-_--

Project: Wet & Dry Drilling Checked by: John G. Moore.-i t' )m,
Requestor: Dr. Alan L. Flint Check date:tz.S~ "

Organization: USGS MTL Lab #: 2799 through 2808
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker UBS #: 1.2.3.3.6.1
Test date: 8-14-89 through 8-15-89 WIN #: YMP:NTS:WI:89-006

QA level: III
_- - -- _ - _--- - -- - .- - _- _-- - -- - _-- -- -_- - - -- - -- - - -- - - -- - -

MTL : Depth : MTL : TotaL : Sample : Total : Water : Water : Sample : Grain
Sample : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (g) : Dry (9) : Wet (g) : CC) : (g/cc) : (cc) : (g/cc)

. ......... .. ......... .. .. .. .: :. . . ........ .. :,...... .. . . . .. .. . .. . . .
2799 : 0.7-1.0 : 247 : 91.479 : 28.477 : 180.265 : 22.8 : 0.9976 : 10.95 2.601

.......... ........... .. . . . .. . . . .. . . . ..... . .. . . . ........ .........

2800 : 3.6-4.0 : 248 : 87.426 : 23.908 : 177.988 : 22.4 : 0.9977 : 9.11 : 2.625
. ......... . ......... .. . . . ......... .. . . . .. .. . .. . . . .. .. . .. . . .

2801 : 6.3-6.7 : 249 : 93.979 : 30.686 : 181.942 : 22.6 : 0.9976 : 11.71 : 2.620
. ......... . ......... .. . . . ......... .. . . . .. .. . .. . . . .. .. . .. . . .

2802 : 8.0-8.4 : 250 : 95.021 32.228 182.428 : 22.7 0.9976 12.27 : 2.627
. ......... . ......... .. . . . ......... .. . . . .. .. . .. . . . .. .. . .. . . .

2803 : 12.4-12.7 251 : 95.612 : 33.232 : 182.676 : 22.8 : 0.9976 : 12.66 : 2.625
.......... ......... . .. . . . .. . . . .. . . . .. .. . ..........

2804 : 18.5-18.8 : 252 : 91.659 : 29.067 : 180.274 23.0 : 0.9975 : 11.07 : 2.625
.. . . . . . . . . . . . ......... .. . . . .. . . . .. .. . .. . . . .. .. . ........

2805 : 19.5-20.0 : 254 : 99.343 : 36.343 : 185.308 : 22.6 : 0.9976 : 13.78 2.638
. ......... .. . .. . . .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .. .. ..

2806 : 20.7-21.0 : 255 : 97.550 : 35.627 : 183.616 : 22.8 : 0.9976 : 13.64 : 2.613
. ......... . ......... :.:.:.:... .. . . . .:. . . .. .. . .. . . . .. .. . .. . . .

2807 : 23.3-23.6 : 256 : 99.825 : 36.905 : 185.505 : 22.8 : 0.9976 : 14.02 : 2.631
. ......... . ......... .. . . . ......... .. . . . .. .. . .. . . . .. .. . .. . . .

2808 : 27.5-27.8 257 102.059 : 39.659 : 186.666 : 22.9 : 0.9976 : 15.10 : 2.627

Minimum Grain Density (g/cc) ............................................. 2.601
Maximum Grain Density (glcc) .............................................. 2.638
Average Grain Density (g/cc) ......................................... 2.623
Standard Deviation in Measurements of Grain Density (g/cc) ........... 0.010

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PM 400 Digital Balance, PTL 1255 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 19

TOLUENE DETERMINED GRAIN DENSITY DATA SHEET FOR U12g DD-2

Project: Wet & Dry Drilling Checked by: Joht) G. Moore A Lv

Requestor: Dr. Alan L. Flint Check date: 1
Organization: USGS MTL Lab #: 2799 through 2808
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-10-89 through 8-11-89 WIN #: YMP:NTS:WI:89-006

CA level: III

MTL : Depth-: MTL : Total : Sample : Total :Toluene : Toluene : Sample : Grain
Sample : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (g) : Dry (g) : Wet (g) : (C) : (g/cc) : (cc) : (g/cc)

......... :. ......... .. . .. . . .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .... ...

2799 : 0.7-1.0 : 247 : 91.539 : 28.537 : 168.416 : N/A : 0.8640 : 10.97 : 2.601
. ......... .. ......... .. .. .. .. . . . .. . . . .. .. . .. . . . .. .. . .... ...

2800 : 3.6-4.0 : 248 : 87.526 : 24.008 : 165.950 : N/A : 0.8640 : 9.11 : 2.635
. ......... .. ......... .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .... ...

2801 : 6.3-6.7 : 249 : 94.192 : 30.899 : 170.324 : N/A : 0.8640 : 11.77 : 2.626
. ......... ............ ......... .... .. .. .. ..... .. .. . . ...... .. .. . .. . . .

2802 : 8.0-8.4 : 250 : 95.283 : 32.490 : 170.859 : N/A : 0.8640 : 12.41 : 2.617
........... . . . ...... ......... ......... ......... ........ .. . . . . .. . . . . .

2803 : 12.4-12.7 : 251 : 95.933 : 33.553 : 171.175 : N/A : 0.8640 : 12.85 : 2.612
.............................. ....................................................................

2804 : 18.5-18.8 : 252 : 91.927 : 29.335 : 168.644 : N/A : 0.8640 : 11.11 : 2.640
.................... ............ ......... ......... ......... ........ ......... ........ .........

2805 : 19.5-20.0 : 254 : 99.608 : 36.608 : 173.929 : N/A : 0.8640 : 13.93 : 2.629
.................... ............ ......... ......... ......... ........ ......... ........ .........

2806 : 20.7-21.0 : 255 : 97.884 : 35.961 : 172.321 : N/A : 0.8640 : 13.76 : 2.614
. ......... . ......... .. . . . .. . . . .. . . . :.:.:.:.: ... . .. ........ .. . . .

2807 23.3-23.6 : 256 : 100.026 : 37.106 : 174.137 : N/A : 0.8640 : 14.14 : 2.625
.. ......... . ......... .. . . . .. . . . .. .. . .: .. .. . ......... :

2808 : 27.5-27.8 : 257 : 102.096 : 39.696 : 175.353 : N/A : 0.8640 : 15.12 : 2.625

Minimum Grain Density (g/cc) .2.601
Maximum Grain Density (g/cc) .2.640
Average Grain Density (g/cc) ............................................. 2.622
Standard Deviation in Measurements of Grain Density (g/cc) .. 0.011

EcUIPMENT USED CALIBRATION DUE DATE
Mettler PM 400 Digital Balance, PTL 1255 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: None

A3:38



FIGURE 9
Grain Density Results, U12g WD-2
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 20

WATER DETERMINED GRAIN DENSITY DATA SHEET FOR U12g WD-2

Project: Wet & Dry Drilling Checked by: John G. Moore JiiW A' ;*V
Requestor: Dr. Alan L. Flint Check date: I2 l&UH ?I
Organization: USGS MTL Lab #: 2779 through 2788
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 X&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-9-89 through 8-10-89 WIN #: YMP:NTS:WI:89-006

QA Level: III

MTL : Depth : MTL : Total : Sample : Total : Water : Water : Sample : Grain
Sample : Interval : Pycnometer : Weight : Weight : Weight : Temp. : Density : Volume : Density
Number : (ft) : Number : Dry (g) : Dry (g) : Wet (g) : (C) : (g/cc) : (cc) : (g/cc)

.............. ........... ............ ......... ......... ......... ........ ......... ........ .........

2809 : 1.0-1.4 : 247 : 110.382 : 47.380 : 191.781 : 22.1 : 0.9977 : 18.37 : 2.579
. . . ... ... . . . . .. . . . .. . . . .. . . . ... . . .. . . . ... . . .. . . .

2810 : 4.0-4.3 248 : 101.688 : 38.170 : 186.709 : 22.3 : 0.9977 : 14.66 : 2.603
.. . ...... .. . . ..... .... . . .. . . . .. . . . .. .. . .. . . . .. .. . ........

2811 : 5.5-5.9 : 249 : 112.349 : 49.056 : 193.113 : 22.2 : 0.9977 : 18.93 : 2.591
. ......... .. . .. . . .. . . . .. . . . .. . . . ........ ... . .. ........ .. . . .

2812 : 11.7-12.1 : 250 : 105.721 : 42.928 : 188.687 : 22.3 : 0.9977 : 16.73 2.566
. ......... .. . .. . . .. . . . .. . . . .. . . . ........ ... . .. ........ .. . . .

2813 : 14.0-14.3 : 251 : 112.228 : 49.848 : 192.586 : 22.3 : 0.9977 : 19.39 : 2.571

2814 16.1-16.4 : 252 : 102.889 : 40.297 : 187.043 : 22.4 : 0.9977 : 15.56 : 2.590
. ......... .. . .. . . .. . . . .. . . . .. . . . .. .. . ........

2815 : 17.7-18.0 : 254 : 100.725 : 37.725 : 185.954 : 22.3 : 0.9977 : 14.52 : 2.598
. ......... .. . .. . . .. . . . .. . . . .. . . . .. .. . .. . . . .. .. . .. .. ..

2816 : 19.4-19.7 : 255 : 114.658 : 52.735 : 193.931 : 22.4 : 0.9977 : 20.45 : 2.578
. . . ... ... . . . . .. . . . .. . . . .. . . . ... . . .. . . . ... . . .. . . .

2817 : 21.1-21.4 : 256 : 109.411 : 46.491 : 191.212 : 22.5 : 0.9977 : 17.92 2.595
. ......... .. . .. . . .. . . . .. . . . .. . . . ........ ... . .. ........ .. . . .

2818 : 22.2-22.6 : 257 : 97.820 : 35.420 : 183.801 : 22.5 : 0.9977 13.73 : 2.581

Minimum Grain Density (g/cc) ............................................. 2.566
Maximum Grain Density (g/cc) ............................................. 2.603
Average Grain Density (g/cc) ............................................. 2.585
Standard Deviation in Measurements of Grain Density (g/cc) ............... 0.011

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 1-5-90
Omega 871A Digital Thermometer, PTL 6976 9-13-89

REMARKS: None
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HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 21

HELIUM DETERMINED GRAIN DENSITY DATA SHEET FOR U12g WD-2

Project: Wet & Dry Drilling Checked by: John G. Moore.ffi , &) 1'.
Requestor: Dr. Alan L. Flint Check date: 1/
Organization: USGS MTL Lab #: 2809 through 2818
Address: Box 327, M/S 721, Mercury, NV Request #: GT-38
Phone: 5-5805 H&N ID #: 50036C
Tested by: Jerry N. Walker WBS #: 1.2.3.3.6.1
Test date: 8-8-89 through 8-9-89 WIN #: YMP:NTS:WI:89-006

QA level: III

MTL : Depth : Cup : Dry : Initial : Final : Pressure : Total : Grain : Grain
Sample : Interval : Volume : Weight : Pressure : Pressure : Ratio : Volume : Volume : Density
Number : (ft) : (cc) : (g) : (I,psia) : (Fpsia) : (I/F) : (cc) : (cc) : (g/cc)

. ......... ......... ...... ,, .... . . .. . . . .. . . . . . ......... .. .. . ........

2809 : 1.0-1.4 : 34.21 : 48.352 : 100.33 : 50.12 : 2.002 : 52.905 : 18.70 : 2.586
. ......... ........ ........ .... ... ., . ....... .. . .. . .. . . . .. .. . .. .. ..

2810 : 4.0-4.3 : 34.21 : 39.120 : 100.10 : 49.65 : 2.016 : 49.151 : 14.94 : 2.618
.................... ........ ........ .......... .......... .......... ......... ........ .........

2811 : 5.5-5.9 : 34.21 : 49.735 : 99.66 : 49.83 : 2.000 : 53.376 : 19.17 : 2.595
.................... ........ ........ .......... .......... .......... ......... ........ .........

2812 : 11.7-12.1 : 34.21 : 43.842 : 99.67 : 49.62 : 2.009 : 51.104 16.89 : 2.595
.................... ........ ........ .......... .......... .......... ......... ........ .........

2813 : 14.0-14.3 : 34.21 : 50.777 : 100.09 : 50.10 : 1.998 : 53.952 : 19.74 : 2.572
..................................................................................

2814 : 16.1-16.4 : 34.21 : 40.569 : 100.00 49.66 : 2.014 : 49.786 15.58 : 2.605
.................................................................................................

2815 : 17.7-18.0 : 34.21 38.358 : 99.80 : 49.49 : 2.017 : 49.032 : 14.82 : 2.588
.......... ........ . . . .. .. . .. . .. . .. . :..,. . . .... . . .. .. . .........

2816 19.4-19.7 : 34.21 : 52.858 : 99.77 : 50.03 : 1.994 : 54.896 : 20.69 : 2.555
.......... ........ . . . .. .. . .. . .. . .. . .. . .. . .... . . .. .. . .........

2817 : 21.1-21.4 : 34.21 : 47.383 : 100.12,: 49.97 : 2.004 : 52.431 : 18.22 : 2.600
.......... ........ .. .. . .. . . . . . . . . . .. . .. . .... . . .. .. . .........

2818 : 22.2-22.6 : 34.21 37.101 : 99.86 : 49.47 : 2.019 : 48.500 : 14.29 : 2.596

Minimum Grain Density (9/cc) ............................................ 2.555
Maximum Grain Density (g/cc) ............................................ 2.618
Average Grain Density (g/cc) ............................................ 2.591
Standard Deviation in Measurements of Grain Density (g/cc) .............. 0.017

EQUIPMENT USED CALIBRATION DUE DATE
Mettler PJ 3000 Digital Balance, PTL 2677 9-3-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89.

REMARKS: None
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IV. LITHIUM BROMIDE TESTS ANHD MALYSIS

A . TEST SAMPLES

Lithium Bromide content tests were conducted on the

three liquid (trace samples) and on the water extracted
from the six rock core samples. Six sections of core,

ranging from 3.5 to 6 inches long, were taken from the

two core holes WD-1 and WD-2. A 1-inch long piece was

dry cut from each core and a 1.1 inch diameter core
undercut (dry) from the larger core. The undercut cores

were placed in an ultracentrifuge and rotated at speeds
of 10,000 and 16,000 RPM's, for a minimum of one hour at

each speed. The water forced out of the cores was
collected and tested for lithium bromide concentrations.

Centrifuge yielded 0.3cc of water from #2791, 2.5 cc
from #2793, 1.5cc from #2797, 0.2cc from #2811, 0.2cc

from #2814, and 0.4cc from #2817.

B. LITHIUM BROMIDE TESTS

The chemical analysis was conducted as per ASTM E663-78

procedures and using Atomic Absorption

Spectrophotometer. The lithium and calculated lithium

bromide contents are given in table 22.

The lithium bromide contents in the rock samples show

higher values than the trace solution ( for sample #
2819 to 2821 , table 22). The higher lithium bromide

values in rock samples might be due to the loss of water

during the core preparation at MTL leaving higher

lithium concentration in the extracted water samples

from the cores.
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C. LITHIUM BROMIDE CON~TENT ANLYSIS

The actual lithium bromide % in the rock samples were

estimated under the following assumptions and the

movable water, actual lithium bromide, intruded and

original water values are given in table 23. Figure 10

shows the volume of natural water and intruded drilling

fluid in each core before any water was lost. Figure 11

shows the same data only with each plotted as a

percentage of the total fluid content.

Assumptions

1. Properties remain constant in the individual six

sections of core.

2. During the heating of the cores caused by dry

cutting, the LiBr in solution precipitated out as the

water evaporated off.

3. During the subsequent centrifuge runs, the LiBr which

had precipitated out was dissolved back into solution in

the water being removed from the cores.

4. The irreducible water saturations which remained in

the cores after the centrifuge runs had the same LiBr

concentrations as when they were removed from the lexan

liners.

5. The original water in the core had no lithium bromide

in solution.
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6. The irreducible water saturations, at the pressures

induced by 16,000 RPM's in the unitracentrifuge are 40%

of saturation for the nonwelded tuffs and 50% for the

welded tuffs.

Calculations

Calculations of the movable, intruded and original water

and lithium bromide are as follows.

Movable water: The movable water that could have been

removed by the centrifuge at 16000 rpm given in table 23

was calculated as per the following:

MW = VWC * BV * (1-Swi)

MW = Volume of movable water initially in core (cc)

VWC = Volumetric water content of core

BV = Bulk volume of core (cc)

SWI = Irreducible water content of core, as given in the

above Assumption #6.

Lithium Bromide: The corrected concentration of LiBr in

the water given in table 23 in each core before the heat

of dry cutting removed some of the water and altered the

concentration based on Assumptions #2, #3, and #4 and

the following calculations:

AC = MC* (VR/MW)

AC = Actual LiBr concentration (ppm)

MC = Measured LiBr concentration (ppm)

VR = Volume of water removed from core (cc)
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Intruded fluid: Determine amount of drilling fluid

intruded into core based on Assumption #5

IW = (AC * VWC * BV)/DFC

IW = Amount of water intruded into core (cc)

DFC = Concentration of LiBr in drilling fluid

Original Water: Determine amount of water left in core

that was there before drilling.

OW = (VWC * BV) - IW

OW: Original water left in core after drilling

Comments

1. The precipitation of lithium bromide during cutting

was unforeseen. It is recommended that during future

similar testing, a large piece be broken from the core

end placed in the centrifuge for removal of the water.

This will prevent precipitation of lithium bromide and

make Assumptions 2 and 3 unnecessary. In order to

measure the volume of an irregular piece it will be

necessary to pack the sample in the centrifuge sample

chamber to prevent breakage. Following the centrifuge

run the bulk volume and the pore volume of the sample

should be measured using the Archimedes method.

2. Porosities will be measured on cores from the same

section intervals in upcoming tests. The measured

values should be used to evaluate the amount of

intrusion on a saturation basis.
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3. Irreducible water saturations will also be measured

on the same samples using the centrifuge. When possible

the measured values should be used rather than the ones

in Assumption #5. The measured irreducible water

saturations should also be considered when analyzing the

intrusion data.
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HOLMES & NARVER, INC.
MATERIALS TESTING LABORATORY
TABLE-22. CHEMICAL ANALYSIS (ASTM E 663)-ATOMIC ABSQRPTION SPECTROPHOTOMETER (AA)

Requested by:MICHAEL P. CHORNACK
UserlAgency: U S G S
Project: WBS#1.2.3.3.6.1 QA LEVEL III
Location: WET AND DRY DRILLING, U12g
Sampled by: REQUESTOR
Material: LIQUID SAMPLES AND CORE SAMPLES

Request #: GT 38
Lab #: 2791 THRU 2821
I.D #: 50036C
Date: 3/23189
Tested by: R.K.SINGAL
Checked by: V.THUMMALA 1J xwvue

.4

u1 g.1z wD-i NIA I U U.11 0.; U.

2820 U12g. WD- 2 ' I : 0 C: N/A S: ¢ _ 1 0.2 0.160 0.195 0.24
2821 - Ul2g. WD-2 N/A 1 0.2 0.160 0.139 0.17
2791 U12g.12 WD-1 8.7-9.0 2 0.5 0.405 0.280 0.69
2793 U12g.12WD-1 14.0-14.5 1 0.2 0.160 0.065 0.08
2797 U12g.12 WD-1 27.4-27.8 1 0.5 0.405 0.310 0.38
2811 U12. WD-2 '' 5.5-5.9 1 0.5 0.405 0.236 0.29

~. _l .7 ... I2814 Ul2gWQ-2 '- 16.1 -16.4 , 2f 0.5 j 0.405 0.290 0.
2817 ' U12g. WD-2 21.1 -21.4. 21 0.5 J 0.405 0.235 0.

Equipment used:
Balance AE-240, M-455
AA Perkin-Elmer 3030

Control #: Calibration Due: * EMISSION MODE
PTL 2683 9/3/89 * * NIST LITHIUM STANDARD #3129
DOE 185368 Not Required



HOLMES & NARVER, INC.

MATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 23

LITHIUM BROMIDE CONTENT DATA SHEET

Project: Wet & Dry DrilLing Checked by: V
Requestor: Dr. Alan L. Flint Check date: I
Organization: USGS MTL Lab #: 2819,2820,2821,2791,2793,
Address: Box 327, M/S 721, Mercury, NV 2797,2811,2814,2817
Phone: 5-5805 Request #: GT-38
Tested by: Rajendar K. Singal H&N ID #: 50036C
Test date: 3/24/89 WUS #: 1.2.3.3.6.1
Calculations by: Jerry N. Walker WIN #: YMP:NTS:WI:89-006

QA level: III

Lithium bromide content of water used as drilling fluid in core hole U12g.12 WD-1, as determined from
MTL sample #2819 (taken 12-11-89), was 3.7 ppm. Lithium bromide content of the water used in core
hole U12g WD-2 was determined to be 3.1 ppm on 12-19-89 (MTL sample #2820), and 2.2 ppm on 12-20-89
(MTL sample #2821). An average of 2.7 ppm will be used for hole U12g WD-2.

MTL : Measured Core : Core : Volumetric : Sulk : Moveable : Actual : Intruded : OriginaL
Sample : LiBr : Radius : Length : Water : Volume : Water :Estimated: Water : Water
Number : (ppm) : (cm) : (cm) : Content(%) : (cc) : (cc) :Li8r(ppm): (cc) : (cc)

.......... .......... . . . .. .. .. . ......... . ........ .. . .. . .. . . . :.:.:.:.:.: .........

*2791: 8.6: 1.92: 2.98: 31.1: 34.5: 6.4: 0.40: 1.2: 9.6
.......... .......... .. .. . .. .. . .. . .. . . .. .. . .. . .. . .. . . . .. . .. . ... .. ..

*2793: 1.0: 1.91: 2.89: 28.2: 33.1: 5.6: 0.45: 1.1: 8.2
.......... .. . .. . .. ... .. .. . .. . .. . . .. .. . .. . .. . .. . . . .. . .. . .. . .. .

*2797: 4.7: 1.92: 3.21 : 37.7: 37.2: 8.4: 0.84: 3.2: 10.8
.......... .......... .. .. . .. .. . .. . .. . . .. .. . .. . .. . .. . . . .. . .. . ... .. ..

**2811 : 3.6: 1.91 3.79: 14.6: 43.4: 3.2: 0.23: 0.5: 5.8
.......... ..............................................................................................

**2814 : 8.9: 1.91: 3.91: 14.5: 44.8: 3.2: 0.55: 1.3: 5.2
.......... ..............................................................................................

**2817: 7.2: 1.90: 3.13: 15.7: 35.5: 2.8: 1.03: 2.1: 3.4

EQUIPMENT USED CALIBRATION DUE DATE
Atomic Absorption Unit
Digital Caliper, PTL 6786 7-13-89
Ultracentrifuge
Diamond coring unit and saw

REMARKS: *Samples 2791, 2793, and 2797 are non-welded tuffs taken from core hole U12g.12 WD-1, at
depths of 8.7' to 9.0', 14.0' to 14.5', and 27.4' to 27.8' respectively. Sample 2791
yielded 0.3 cc of water after rotating at 16,000 rpm in the ultracentrifuge; sample 2793
produced 2.5 cc of water and sample 2797 1.5 cc of water.

**SampLes 2811, 2814, and 2817 are welded tuffs taken from core hole U12g WD-2 at depths of
5.5' to 5.9', 16.1' to 16.4', and 21.1' to 21.4' respectively. Sample 2811 yielded 0.2 cc
of water after rotating at 16,000 rpm in the uLtracentrifuge; sample 2814 also produced 0.2
cc of water and sample 2817 0.4 cc of water.
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FIGURE 10
Water Volume Distributions in Infiltration Test Samples

Holmes & Narver laterials Test Lob (JNW)
4-4-89
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FIGURE 11-
General Fluid Distributions in Infiltration Test Samples

Holmes & Ncrver Materials Test Lab (JNW)
4-4-89
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V. APPENDIX A. SAMPLE TRACEABILITY DETAILS

The sample source and traceability details are given in

this appendix.
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YUCCA MOUNTAIN PROJECT
SAMPLES TRACEABILITY INFORMATION

HOLMES & NARVER, INC. WBS 1.2.3.3.1

MATERIALS TESTING LABORATORY, NTS QA: NIA

PREPARED BY GEOTECHNICAL SECTION
MERCURY, NV 89023
(702) 295 6669
FTS 575 6669
DATE: NOVEMBER, 1989

PROJECT NAME: PROTOTYPE TESTING - WET & DRY DRILLING

TEST WORK REQUESTED BY: MICHAEL P. CHORNACK, A. FUNT AND LORRIE FUNT
U.S.G.S, NTS , AREA 25

SAMPLE SOURCE. G-TUNNEL

SAMPLE TYPE. ROCK CORE AND UQUID SAMPLES

SAMPLE SUPPLED BY: DELIVERED TO MTL BY DELIVERED TO MTL BY M.P. CHORNACK
OF U.S.G.S

SAMPLES RECEIVED DATE AT MTL 1118189

SAMPLES USED BY AT MTL: CURRENTLY BEING TESTED BY MTL

SAMPLE TRACEABILITY DETAILS: SEE ATTACHED LETTERS AND SAMPLE USE LOGS

PROJECT WORK STATUS: TEST WORK IN PROGRESS

MTL TEST RESULTS REPORT REFERENCE. 89-111, DATED JUNE 21, 1989

REMARKS: NONE
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NNWSI
HOLMES & NARVER, INC.

MATERIALS TIESTING LABORATORY
NEVAA TS SITE

WORK REQUEST FOR GEOTECHNICAL, GROUT, CHEMICAL & SPECIAL TESTS

Project: 9Xe 31-M tt \t\y 1. D. No: 75 O 1C6Requesed By: kx*C-N&t X ow* C K-

Phone: > *% S; Date Recerved: IN \\ °l Completion Daze: \ri C

Material Type: \ c 5 3* U PLR5 Retum Mo:ie Atter Testing? N

Work Request U: - Sample Lab #: -V *° §3 2.

Work Request Filled By: X A _ Samples Received By, m * %.) \\\S\!

TPO's Work Initiation ti _ Q.A Level: __

Test Procedures: C > '<L

GEOTECHNICAL

COMPRESSIVE STRENGTH:

n Uniaxial C Triaxial

C PERCENT SATURAriON

XUL'RACENTRIFUGE.

;' Capillary Pressure Curve

LUquid Extraction
C
C

YOUNG'S MODULUS

BULK MODULUS

CHEMICAL

C MgC 2 CONTENT

I METAL ANALYSIS

O IRON CONTENT

'C STEEL CARBONISULFUR

_ DRILLING FLUID ANALYSIS

OTHER

O SHEAR MODULUS

C POISSON'S RATION

O TENSILE STRENGTH:

C Direct

C Indirect

C Split

C SONIC VELOCITY

ZSPECIFIC GRAVITY

ZCGRAIN DENSITY

9 PERCENT MOISTURE VO\IU\)V

C PERMEABILITY:

n Gas C Water

El
C-
C--
C-

THERMAL CONDUCTIVIlY

ELECTRICAL RESISTIVITY

DIRECT SHEARICOHESION

CONSOUDATION

GROUT/SHOTCRETE

C COMPRESSIVE STRENGTH:

C Uniaxial C Triaxial

r FLEXURAL STRENGTH

C1 EXOTHERM

O VICAT NEEDLE

7 SLURRY DENSITY

C- MARSH FUNNEL VISCOSITY

CI SAND CONTENT
C- SONIC VELOCITY

C-
C-
C-
C-
C-
C-
C-
C-

SEISMIC SURVEY

STYROFOAM STRENGTH

BANDING MATERIAL

VLAVE HYDROSTATIC TEST

WIRE ROPE PULL

WELD PULL

HARDNESS

CHARPY IMPACT

BROOKFIELD VISCOSITY

SPECIAL PROJECTS
(Complete REMARKS)

IRPOROSITY:

O Gas
0 Calculated 'II

REMARKS: -a- W s A *
\ ~~~~ 4:_< .

.

TV.\ ;�a
14
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United States Department of the Interior
GEOLOGICAL SURVEY

U

TAlBtm -

*- M
*U

P. 0. Box 327
Mercury, NV 89023

WBS #1.2.3.3.6.1.G
QA: "N/A"

January 18, 1989

TO: Venkatrao Thummala
Senior Engineer II
Holmes & Narver, Inc.
P. 0. Box 1, M/S 607
Mercury, NV 89023

FROM: Michael P. Chornack
U. S. Geological Survey
P. 0. Box 327, M/S 721
Mercury, NV 89023

SUBJECT: Transmittal of core samples from
to the Holmes & Narver Materials
testing.

prototype test WBS 1.2.6.9.4.2.1
Testing Laboratory (HNMTL) for

Forty (40) core samples contained in lexan liners are being delivered to ti
Holmes & Narver MTL. The core samples are all labeled to include the bore
hole from which the core samples were taken and the depth interval of the
core samples to the nearest tenth of a foot. In addition to the core
samples, three (3) samples of drilling fluid are being submitted for
lithium bromide (LiBr) analysis. This analysis is needed to determine the
extent of drilling fluid imbibition into the core samples in the boreholes
cored using water as the circulating fluid.

he

Enclosed under this cover letter is a listing of the core samples and the
measurements and calculations we are requesting be conducted.

Questions regarding the testing of the core samples should be directed
to Alan L. Flint, Principle Investigator, at (FTS) 575-5805.

Michael P. Chornack

U. S. Geological Survey
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The following measurements and calculations should be made on the core
samples listed below:

Bulk Density
Grain Density (Particle Density)
-Poros4it-- Centrifuge and Mercury Porosimetry
Volumetric Water Content
Water Release Curves
Saturated Hydraulic Conductivities

U12g.12 DD-I WXZL. U12q.12 WD-I U12g DD-2

6. 8-7.3 -a-n'VO 7. 6-7. 9 -271' T3 64 -ZL-k)
8.0-8.4 -n.-'tj2j 8.7-9.0-2-M'¶R\ 6.3-6.7 - -2.O1

21. 3-21.7-6 1 9.1-19.5-2.NlplS 19.5-20.0- 2-905

U12q WD-2

1.0-1.4

11. 7- 12. 1 ->2LA\14.0-14.3 - zba

17.7-18.60--S 2V\'
19. 4- 19. 7- -=9X
21. 1-21. 4 ,6tv
22.2-22.6- Zaxsc-\

Additionally, lithium bromide (LiBr) analysis should be
samples centrifuged from the following core samples:

conducted on water

U12g.12 WD-1

8.7-9.0
14.0-14.5
27.4-27.8

U12g WD-2

5.5-5.9
16.1-16.4
21.1-21.4

The volumes of these core samples should be measured.

The concentration of lithium bromide in the following samples should
be measured:

U12g.12 WD-1 Sample 12/11/88 - '2-SOR

U12g WD-2 Sample 12/19/88

U12g WD-2 Sample 12/20/88

- �-5'2-0

- �-) S -7, k
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United States Department of the Interior
GEOLOGICAL SURVE

0P. . Box 327
Mercury, NV 89023

WBS 1.2.3.3.4.7.G
OA: "N/A

January 24, 1989

TO: Venkatrao Thummala
Senior Engineer II
Holmes & Narver, Inc.
P. 0. Box 1. M/S 607
Mercury, NV 89023

FROM: Lorrie Flint
USGS/NHP
P. 0. Box 327, M/S 721
Mercury, NV 89023

SUBJECT: Laboratory measurements of core samples from prototype
test WBS 1.2.6.9.4.2.1 by Holmes & Narver Materials
Testing Laboratory (HNUTL).

Forty core samples were delivered to HNMTL according to
correspondence to you from Mike Chornack dated 1/18/89. Among
other tests, these core are to undergo testing for water release
curve determination. Alan Flint has agreed that several
additional tests be made on 4 of the core samples. I would like
to choose 4 suitable core samples (samples with Integrity that
would not be likely to fracture during high speed
centrifugation), to have run through Greg Moore's procedure for
determination of water retention using the gas-drive method.
When undercoring Is done for the centrifuge samples, I would like
the remains of the 2 1/20 core to be used to generate the
fragment pieces for the mercury porosimetry test. In addition,
the core from the centrifuge test would also be used In the-
porosimeter. In a conversation I had witt Dale Daffern, he
seemed to think this was possible. The outcome of these
procedures would allow for the compar Iscr. af three methods of
water retention determination: gas-drive, centrifuge and mercury
porosimetry. In addition, there woulo oe d comparison of the
porosimetry methodology using fragments and Intact core from one
original core sample. Let me know If this is all feasible, and
If so, I would like to visit the laboratory to choose the
appropriate samples. Thanks, TV.

Lorrle Flint ' ?

USGS Hydrology Lab, 5-1998
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HOLMES & NARVER
MATERIALS TESTING LABORATORY
YUCCA MOUNTAIN PROJECT

SAMPLE USE LOG SHEET t

PROJECT NAME: WET& DRYDRILLING

MTL WORK REQ# GT-38

REQUESTOR'S NAME: MICHAEL P.CHORNACK

MTL SAMPLE LAB#(s): 2779 TO 2821

WBS#: 1.2.3.3.6.1 SAMPLE SOURCE: U12g. 12- DD-1, DD-2, WD-1, & WD2

.. Q.A.LEVEL: III

MTL SAMPLE I DATE SAMPLED USE SAMPLES RETURNEDW REMARKS USED BYI

?V?2/4'^4lo 2,i:5-k2 \X"W'0, ctfte;it sie_ __ _ __I-S X 4al S ee> - - I
'792 . !7S7f, sIf j- i . _ \ t~ L .- - - .A_ ,;, -j J ^2_1 - " I A I*f OA~ *It { ' 4', fLS........... S { - = 7 -5 E ) \ D CF Id fl .4 . _ _ _ _ _ _ __ _ _ _ _ _ _ { 'fl 4' 4' T , C~ , -2 ° p

27S 9 [A ' N ,.
2Mo0 2 s12, .

2 II ' s'L
2 }1, 2 Y. .. \

I II

27W). "-7q -.2?)- W 11 �11 . - I! c". -, s a-t .~ - -, - - - -i - - - - . - - - - - - 1- - - - - _ _ _ _ _ _ _ _ _ _ _ _

_ _ , _ r _ _ _ _ _ _ ._ _ _ _ o e .s e .I JA C C2 2 _1_ 2_ _8 1_ _ _ I ,4 \Ats - _ _ _I_ _ _ _ _ _ _ _ _

- S ; 2~ BmR

i
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HOLMES & NARVER
MATERIALS TESTING LABORATORY
YUCCA MOUNTAIN PROJECT

SAMPLE USE LOG SHEET 2/

PROJECT NAME: WET& DRYDRILLING

MTL WORK REQ# Gr-38

WBS#: 1 .2.3.3.6.1

REQUESTOR'S NAME: MICHAEL P.CHORNACK

MTL SAMPLE LAB#(s): 2779 TO 2821

SAMPLE SOURCE: U12g. 12- 00-1,D0-2; WD- 1, S WD2

Q.A.LEVEL: II1

I
-17 1 ,- Y -t

| MTL SAMPLE # I DATE SAMPLED USE SAMPLES RETURNEDD REMARKS IUSED BY

Ut
00

x ii II 28 3 -22-4) 4uAc4 £.H-s~g uas rcadWAo. Les-'

_ _ _ _ _ _ _ _ _II u w 6A ~ r - '. 4

/3 P- ~

I



HOLMES & NARVER
MATERIALS TESTING LABORATORY
YUCCA MOUNTAIN PROJECT

SAMPLE USE LOG SHEET

I

PROJECT NAME: WET& DRYDRILLING REQUESTOR'S NAME: MICHAEL P.CHORNACK

MTL WORK REQ# GT-38 MTL SAMPLE LAB#(s): 2779 TO 2821

WBS#: , 1.2.3.3.6.1 SAMPLE SOURCE: U12g. 12- DD-1, DD-2, WD-1, A WD2

Q.A.LEVEL: 111

/ /
MTL SAMPLE NDATE SAMPLED USE SAMPLES RETURNEDNEARSPEDPj

e - . s ~ ~ ~ .~ ~ C ' ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ .-V

2 3 J O 2 ~ 2 4 ~ C ~ ;si + c c . I lk~v

2~~~ij~~~v Z&~~~~i _____________________ ~~~~~~ ~ ~ ~ A A W

/22'? ~ ". .2 L~ Z.. ( r /Y 5 e~~. 44 /r I- t f A ' e A t, h /



HOLMES & NARVER
MATERIALS TESTING LABORATORY
YUCCA MOUNTAIN PROJECT

SAMPLE USE LOG SHEET

PROJECT NAME: WET& DRY DRILLING REQUESTOR'S NAME: MICHAEL P.CHORNACK

MTL WORK REQ# GT-38 MTL SAMPLE LAB#(a): 2779 TO 2821

WBS#: , 1.2.3.3.6.1 SAMPLE SOURCE: U12g. 12- DD-1, DD-2, WD-1, & WD2

Q.A.LEVEL: 111

0o

I I I

fviTL SAMPLE # DATE| SAMPLED USE SAMPLES RETURNEW I REMARKS IUSED BY277SMPE DT SAMPLES ETURNED I SAMPED^ ;SE e>MARK USED B
27bO4 VJk4 d27V JZ I4 L'74 A d _ __ _ __ __ -,J f b-"L.
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HOLMES & NARVER
MATERIALS TESTING LABORATORY
YUCCA MOUNTAIN PROJECT

SAMPLE USE LOG SHEET

PROJECT NAME: WETA DRY DRILLING REQUESTOR'S NAME: MICHAEL P.CHORNACK

MTL WORK REQ# GT-38 MTL SAMPLE LAB#(s): 2779 TO 2821

WBS#: 1.2.3.3.6.1 SAMPLE SOURCE: U12g.12-DD-1, DD-2, WD-1, A WD2

Q.A.LEVEL: III

MTL SAMPLE # DATE SAMPLED USE SAMPLES RETURNED REMARKS USED BY
*2 7 a7 9 A ,fl er A sh 1e umiYa, ed ile /01A'-
W 1 g 17 Iz7/R e" It..- AOtn cireii la h 1 -

z 0°) 7/2-7/ 9 -w4Aeyl-;A'r jjeca -mm( Ilho

Z Il l 9 7/U% Ivl~fster gga; pe9 W 4 /4 A U be rzcl



APPENDIX A4

Yucca Mountain Project
wet and dry drilling

comparison of porosity determination methods
WBS 1.2.3.3.6.1
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UNITED STATES DEPARTMENT OF ENERGY
NEVADA TEST SITE

YUCCA MOUNTAIN PROJECT
WET AND DRY DRILLING

COMPARISON OF POROSITY DETERMINATION METHODS
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HOLMES & NARVER
MATERIALS TESTING LABORATORY

MERCURY NV

JUNE 1989
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WET AND DRY DRILLING PROJECT

Introduction

The Holmes & Narver Materials Testing Laboratory (MTL) has

recently completed a series of tests comparing different porosity

measurement methods. The testing is part of a continuing work

request to determine various properties of a set of cores from

the United States Geological Survey's (USGS) Wet and Dry Drilling

Project. The testing was initiated after USGS personnel

expressed concerns over whether incomplete saturation of cores

during the normal MTL porosity measurement method was yielding

low porosity values. Initial results indicated that problems due

to incomplete saturations were insignificant. Following those

results MTL personnel also tested to see if reactivity between

the distilled water used as the saturating fluid, and minerals in

the core samples, contributed to incorrect porosity values.

Initial results showed that reactivity between the cores and the

water led to erroneously high estimates for all the non-welded

tuff cores tested. The USGS investigators were then consulted

and is was decided to further expand the testing so that the

initial results could either be confirmed or repudiated. Further

testing both confirmed and expanded upon the initial results.
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In order to clarify the upcoming discussion of test methods and

results, definitions of the relevant terminology are offered.

The effective porosity of a sample is defined as the ratio of the

volume of interconnected void space within the sample matrix to

the bulk volume of the sample. The non-effective porosity of a

sample is defined as the ratio of the volume of isolated void

space within the sample to the bulk volume of the sample. The

total porosity of a sample is defined as the ratio of the volume

of total void space within the sample to the bulk volume of the

sample. The total porosity is equivalent to the sum of the

effective and the non-effective porosities. The absolute

effective porosity is hereby defined as the effective porosity of

a sample to a non-reactive fluid. Porosity is usually expressed

in total percent of the sample, or in porosity units. A porosity

unit (pu) is equivalent to one percent porosity.

A hydratable mineral is a mineral which will, in the presence of

water, adsorb and/or absorb water molecules into the molecular

structure, thereby chemically bonding the water to the mineral.

The inclusion of the water will result in an increase in the mass

and the volume of the mineral. If temperatures are increased

sufficiently the mineral will dehydrate resulting in a decrease

of the mass and volume of the mineral. Two hydratable mineral

groups are known to be present in some of the formations
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encountered at the Nevada Test Site. The two mineral groups

present are the zeolite and smectite groups. Both groups are

composed of oxygen, silica, and aluminum molecules within

tetrahedral frameworks, which provide locations for the retention

of large cations. Water molecules are attracted and held due to

the polarity of the molecule.

The fluid storage capacity of a sample is hereby defined as the

ratio of the volume of fluid which can be contained in an

initially dry sample to the bulk volume of the sample. The non-

effective porosity will not contribute to the storage capacity.

In a sample with hydratable minerals the water storage capacity

will be different than the storage capacity to an inert fluid.

Since an inert fluid will not chemically bond with the sample the

storage capacity to the inert fluid is equivalent to the absolute

effective porosity. If water is added to the hydratable sample,

the intrusion of water into the chemical structure will add a new

storage location to the storage capacity. However this will be

offset by a decrease in the effective pore volume due to the

expansion of the hydratable mineral. Whether the sample has a

larger or smaller storage capacity for the water than for an

inert fluid will depend on whether the volume of water chemically

bound is greater or less than the amount of effective pore volume

lost to the expansion of the hydratable minerals.
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Test Procedures

Tests on ten samples from each of four separate core holes have

been requested by USGS. For the comparison of porosity

measurement methods, sections of two samples were selected from

each set. The samples selected were the highest and lowest

density samples in a set, which had a sufficient volume of core

intact. This was done in order to provide the widest range of

sample porosities. Cylindrical sections approximately 2.7

centimeters long were cut from each sample, yielding samples

which had approximately equivalent bulk densities of around 80

cubic centimeters. Two of the sample sets were cored from welded

volcanic tuffs and the other two from non-welded volcanic tuffs.

the effective porosities of the eight samples were measured nine

times using seven different procedures. The tests performed, and

the order they were performed in, are:

First Test

Second Test

Third Test

Forth Test

Fifth Test

Sixth Test

Seventh Test

Eighth Test

Ninth Test

Normal Water Saturation

Carbon Dioxide/Water Saturation

Toluene Saturation

Normal Water Saturation

Helium Porosimeter

2,500 ppm KC1

20,000 ppm KCI

Benzyl Alcohol

Normal Water Saturation
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All the tests, except the helium porosineter test, were based

upon the Archimedes Method, also known as the Hydrocarbon

Resturation Method. The helium porosineter test was based upon

the Boyle' Law Double Cell Method. The Archimedes Method,

although time consuming, is considered to be the most accurate

method for determining effective porosities. When performed

properly it is considered accurate to ±0.5 porosity units. The

tests were all performed in accordance with the American

Petroleum Institute's Recommended Practice for Core-Analysis

Procedure (API RP 40).

The normal water saturation method is the procedure usually

performed at the MTL. It was performed three times to insure

that no irreversible mechanical or chemical alterations were

occurring in the samples. It consists of first drying the

samples in a convection oven at a temperature of 110 degrees

Celsius for 24 to 48 hours. The samples were removed from the

oven and their dry weights measured, then allowed to cool in a

dessicator containing dessicant. The samples were then placed in

an empty dessicator and subjected to a maximum obtainable vacuum

for 24 to 48 hours. At that time deaerated distilled water was

added to the dessicator until the cores were submerged. The

cores were allowed to stabilize 12 to 24 hours then atmospheric

pressure was applied to the submerged cores and they were allowed

to stabilize another 12 to 24 hours. Following the final

stabilization period a core would be removed, all surface liquid
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carefully removed by hand, and the saturated weight measured.

The core was then submerged in a container filled with distilled

water and the submerged weight measured. From the dry weight,

saturated weight and calculated saturation water density the pore

volume of the sample was calculated. From the saturated weight,

submerged weight, and calculated immersion water density the bulk

volume of the sample was calculated. The effective porosity was

then calculated from the pore volume and the bulk volume.

The second test performed was the one initially requested by

USGS. It is similar to the normal saturation test, the only

difference being that following the initial vacuum period carbon

dioxide was injected into the dessicator. The cores were left in

the carbon dioxide for 24 hours, then placed under another vacuum

for 24 hours and the test completed as before. The test was

performed since it was believed that due to the small pore

channels inherent in the tuffs residual air could be trapped,

subsequently resulting in incomplete saturation by the water and

low porosity estimates. The reasoning behind the carbon dioxide

is that it would replace any residual air left behind, and since

it is soluble in water would allow complete saturation by the

water.

The third test was performed using toluene as the saturation

fluid. The test was done using the same procedure as with the

water with two exceptions. First, due to the expense and
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disposal problem of using a large amount of toluene in an

immersion bath, the sample bulk volumes were taken as the

averages of the values determined in the three normal water

saturation tests. Second, the density of the toluene was

determined using a calibrated pycnometer rather than a empirical

correlation. The test was undertaken since it was felt possible

that hydratable minerals could be present in the sample which

could be causing the normal water saturation method to yield

incorrect results. The Toluene was used since it is inert with

hydratable minerals, has good wetting properties, and has a low

vapor pressure. Toluene is also recommended in the API RP 40 for

this test.

After discrepancies between the results from the water and

toluene tests were noted another water saturation test was

conducted to insure that irreversible alterations had not

occurred in the samples. After the results from the second water

saturation tests were shown to be in agreement with the initial

results, the data was discussed with USGS personnel. At that

time it was agreed that due to the magnitude of the discrepancies

more testing should be conducted to further explore the problem.

In order to measure the effective porosities by a totally

different method a Boyle's Law Double Cell Helium Porosimeter was

constructed. In order to simplify the procedure a general

modification recommended in API RP 40 was used. The modification
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bases the calculations on an empirical correlation rather than on

the theoretical Boyles Law. The empirical correlation

compensates for deviations from the idealized Boyle's Law and for

transient temperature changes due to gas expansion. The

equipment consists of two chambers, a core chamber and a gas

chamber, a compressed helium source, a digital absolute pressure

gauge, a vacuum pump and gauge, and connecting tubing and valves.

The equipment was connected and checked for leaks then the volume

of several metal cylinders determined from their buoyancy.

Before the samples could be tested a calibration curve was

calculated using the known volumes of the metal cylinders. The

calibration procedure consists of first placing one of the

cylinders in the sample chamber then pulling a vacuum on both

chambers. The pressure inlet to the sample chamber is closed and

helium admitted into the gas chamber until a pressure of 100 psi

± 0.5 psig registers on the digital absolute pressure gauge.

The gas is allowed to stabilize for 2 minutes then the initial

pressure is recorded. The sample chamber is opened to the gas

and the system allowed to stabilize for 10 minutes after which

the final pressure is recorded. The volume of the samples is

plotted against the ratio of the inlet and outlet pressure and a

quantitative correlation developed. The calibration data for the

helium porosimeter is shown in Table 1. The graph and

quantitative correlation are shown in Figure 1. The correlation

coefficient indicates that the volume - pressure ratio

relationship is quite well defined.
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To determine the effective porosity of a sample, the oven dried

sample was put through the same procedure. When the initial and

final pressures had been determined the correlation presented in

Figure 1 was used to determine a sample volume. The sample

volume is the sum of the grain volume and the non-effective pore

volume; when subtracted from the bulk volume the difference is

the effective pore volume. The bulk volumes were taken as the

averages of the volumes determined in the three normal water

saturations.

Following the helium porosimeter tests, the cores are tested with

two concentrations of potassium chloride (KCI) brines. They were

first saturated with distilled water which had 2,500 parts per

million (ppm) KC1 dissolved in it. The same methodology used for

the toluene saturation was followed. After the test was

completed the cores were placed in a modified triaxial soil

permeameter and flushed with three to five pore volumes of

distilled water. The cores were then tested with 20,000 ppm KC1

and again flushed. Potassium chloride brines were used since

they have been shown to reduce and even reverse hydration in the

smectite group.

The next test was conducted using benzyl alcohol. It was used so

that the results from another inert liquid test could be compared

with the toluene results to insure that variations in fluid
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vettablilities vere not influencing the results. The tests were

conducted using the toluene saturation methodology. following

the tests it was necessary to put the cores through a water

saturation and several days in the oven to remove minor amounts

of residual benzyl alcohol.

A final normal water saturation test was performed to conclude

the testing. The final test was done in order to check that the

final properties of the cores were the same as when the testing

began. The samples have been saved and stored in case further

testing or mineralogical analysis of the samples is desired.

Results

The measured and calculated data from the nine tests are

presented in Tables 2 through 10. As part of the tests the cores

were oven dried and weighed before each test. A comparison of

the initial dry weights, for the non-welded and the welded tuff

samples, are shown in Figures 2 and 3 respectively. As can be

seen from the Figures, the initial dry weights for all the

samples remained consistent throughout the testing. This

indicates that the integrity of the samples was maintained, and

that the drying process was yielding constant results. It is

assumed that the drying process used removed approximately 100 %

of the water from the samples.

A4:13



The results for each of the samples are compared in Tables 11

through 18. The results of each test are shown relative to the

average effective porosities determined from the three normal

water saturations. The results are also compared to the average

effective porosities determined from the three inert fluids; that

is the toluene, helium, and benzyl alcohol tests. the results

for the individual samples are compared graphically in Figures 4

through 11.

Non-Welded Tuffs

Comparison of the non-welded tuff results are shown in Tables 11

through 14 and Figures 4 through 7. From the results it is

obvious two different values are being measured. The tests based

on water are yielding the water storage capacities of the

samples. The tests performed with inert fluids, that is the

helium, toluene, and benzyl alcohol tests, are yielding the

absolute effective porosities of the samples. Since hydratable

minerals are present the two values are not equivalent. The

inclusion of the water into the chemical structures of the

hydratable minerals is related to the size and polarity of the

water molecules. The larger toluene and benzyl alcohol

molecules, and the nonpolar helium molecules, are excluded from

the hydratable minerals. The fact that the water storage

capacities are greater than the absolute effective porosities

indicates that a greater volume of water is being stored in the
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bydratable minerals than is being lost to mineral expansion.

This is apparently an effect of the zeolites as smectites are

believed to have the opposite effect.

The slight increase in the storage capacities when a 20,000 ppm

KC1 brine was used were probably due to the dehydration of small

amounts of smectite present in the samples. The lack of

significant and consistent changes following the carbon dioxide

preflush indicates that incomplete saturation is not a problem in

the welded tuff samples. The good correlation of the normal

water saturation tests indicates that a minimal amount of

irreversible damage is being done during the drying process.

It is interesting to note that the differences between the water

storage capacities and the absolute effective porosities from the

four non-welded tuff samples are all approximately seven porosity

units. since the samples are approximately the same size and

were closely situated in the formation, it is reasonable to

assume that they contain similar amounts of zeolite. It then

appears that the amount of zeolite, and hence the absorptive

capacity of the sample to water and ions in solution, is related

to the difference between the water storage capacity and the

absolute effective porosity of the sample.
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Comparison of the welded tuff results are shown in Tables 15

through 18 and Figures 8 through 11. The outstanding agreement

between the various test procedures indicates that any of the

methods will provide accurate porosity results for future welded

tuff samples. The agreement also indicates that problems in

measuring porosities are unique to the non-welded tuffs, and are

due to the mineralogical composition of the non-welded tuffs

rather than errors in the various procedures.

As can be seen from the results, the carbon dioxide preflush

increased the measured porosities in all the welded tuffs

slightly. However, since the increases were less than the error

range of the measurement method the results are inconclusive.

Even if it is assumed the increases were due solely to increased

saturations resulting from the carbon dioxide preflush,-fhe

discrepancies can be considered negligible.

Implications and Recommendations

The presence of hydratable minerals will cause problems for any

test performed using water. One possible solution is to change

the drying process. Currently samples are dried in a convection

oven at 110 degrees Celcius for 24 to 48 hours. This procedure

should lead to almost complete removal of all the water in a
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sample, with a minimal amount of irreversible damage to the

sample. If a humidity controlled oven, or a vacuum oven, were

used it might be possible to remove all the pore water while

leaving all the chemically bound water. If all samples could be

dried to that state, further amounts of water would not be

reactive and all tests could be performed relative to that

starting point. However, due to the strong pore water retention

qualities exhibited by the tuffs, it could be difficult to reach

an equilibrium where the pore water is totally removed while the

zeolites and smectites remain completely hydrated. If the pore

water is only partly removed, or if the hydratable minerals are

partly dehydrated, than the problem will be further complicated.

In addition, the MTL does not currently have the necessary

equipment to perform that type of limited drying. The following

discussion will be based on the assumption that the samples will

be completely dried using the convection oven before testing, and

concerns only samples with hydratable minerals.

As shown in this report the porosity of a sample will vary with

the method by which it is determined. Since it will be necessary

to saturate the cores with water for other testing the MTL

recommends that the samples be first tested using a helium

porosimeter followed by the normal water saturation procedure.

As previously defined, the results would be referred to as the

absolute effective porosity and the water storage capacity. In

addition it is felt that the discrepancy between the two values
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may relate to the ability of the rock to absorb ions in solution.

Grain densities have previously been determined at the MTL using

water. A sample is crushed to a fine powder, oven dried in the

convection oven, weighed and added to a calibrated pycnometer,

then distilled water is added to pycnometer and the volume of the

grain sample determined, from which the grain density is

calculated. If zeolites are present the volume of water added to

the pycnometer will be greater, resulting in a lower estimate of

the sample volume and a erroneously high calculated grain

density. The XTL recommends modifying the helium porosimeter to

accurately measure the volume of a crushed grain sample rather

than using water in a calibrated pycnometer. It should be noted

that this will provide the dehydrated grain density. If hydrated

grain densities are desired it will be necessary to use a

humidity controlled or vacuum oven to equilibrate the crushed

grain sample at the correct saturation.

The presence of hydratable minerals will result in the alteration

of the pore structure of a sample when water is used as the test

fluid in a permeability test. The expansion of the minerals due

to hydration will cause a decrease in the effective flow channel

radii and an increase in the flow channel tortuosity, both of

which lead to reduced permeability. Consequently water

determined permeabilities will be lower than those determined

using inert liquids or equivalent liquid permeabilities
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extrapolated from gas permeability tests. The NTL recommends

that when only saturated permeabilities are required, that both

water and equivalent liquid permeabilities from gas tests be

determined and compared.

The MTL constructs capillary pressure curves using both the

centrifuge and the mercury porosimeter methods. Although the

curves should correlate the MTL has previously noted significant

discrepancies between the results from the two methods. It now

appears that part of the problem is due to the presence of

hydratable minerals. The measured capillary pressures are

plotted as a function of the percent of the pore volume which

remains saturated. The mercury porosimeter curve is based on the

absolute effective porosity since mercury is an inert fluid in

this situation. However the centrifuge curve, since water is

used, is based on the larger water storage capacity volume. The

result is that the mercury porosimeter curve plots to the left of

the centrifuge curve. This also helps account for previous

discrepancies between the grain densities and bulk densities

calculated from the mercury porosimeter data and those determined

using water based methods. The XTL recommends plotting the

centrifuge capillary pressure curves relative to both the water

storage capacity and the absolute effective porosity. It is

further recommended that the mercury porosimeter and centrifuge

determined curves be compared on the mutual basis of the absolute

effective porosities.
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conclusions

A variety of tests have been performed to determine the effective

porosities of four welded and four non-welded tuff samples. The

good correlation between the results for the welded tuff samples

indicates that water is nonreactive with the samples. Therefore

normal testing procedures followed at the MTL are acceptable for

use in any future testing of welded tuff samples. The results

for the non-welded tuff samples indicate the water based test

methods will yield consistently higher estimates of porosity than

will tests performed using inert fluids. The discrepancy between

the results is believed to be due to the presence of hydratable

minerals in the non-welded tuff samples. The presence of the

hydratable minerals will also affect other water based tests

performed at the MTL.

Work Performed By:

CJne ?

Engineer

Holmes & Narver, Inc.
Materials Testing Laboratory
June 21, 1989
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HOLMES & NARVZk, INC.

lATERIALS TESTING LABORATORY

NZVZDA TEST SITE

TABLE I

CALIBRATION SHEET FOR NLIUI POROSIETER

Project: lMet & Dry Drilling OGecked Ohn 6. moore
Requestor: Dr. Alan L. Flint Check date: */I#"
Organization: USGS FTL Lab N: I/A
Address: Box 327, M/S 721, mercury, IV Request U: GT-38
Phone: 5-5UN ID 5: 50036C
Tested bW: s 5: 1.2.3.3.6.1
Test date: 4-25-89 through 4-26-89 VI 4: YMP:NTS:WI:89-006

OR level: III

ITL: Uncoated: Suhnerged : Water : Water: Core : Bulk : Initial: Final : Pressure
Sample : Weight : Weight : Tenp. : Density : Volume : Density : Pressure : Pressure : Ratio
iumber : (9) (g) : CCelsius) : (g/cc) : (cc) : (g/cc) : (I,psia): (Fepsia) : (I/F)

.......... .. ........ .. . . . . .. . . . .. .. . .. . . . .. . . . .:. . . . ..........

1: 1343.80 : 1174.20: 20.8: 0.9980: 69.93: 7.91: 99.76: 63.60: 1.569
.......... . ........ .. . . . . .. . . . .. .. . .. . . . .. . .. . .. . .. . .........

2 869.00: 758.68: 20.8: 0.9980 :110.54: 7.86: 99.86: 55.44: 1.801

3 : 506.35 : 4"1.84 : 20.8 : 0.9980 : 64.64 : 7.83 : 100.07 : 50.47 : 1.983

4 563.75: 491.90 20.8 0.9980 71.99: 7.83 99.7: 51.07 1.954

5 282.18: 246.23: 20.9 0.9980: 36.02 7.83 100.05: 47.72 2.097

6 112.58 98.22 : 20.9 : o.920 u .39 7.82 : 100.39 46.03 2.181

7 222.25: 193.40: 20.9 :0.9980 :28.91: 7.69: 99.63: 46.91 2.124

8 65.66 : 57.12 : 20.9 : 0.9980 8.56 : 7.67 99.64 45.21 : 2.204

9 76.99 : 67.17 : 20.9 : 0.9980 9.84 : 7.82 : 100.25 : 45.56 : 2.200

10 12.58 10.98: 20.9 0.9980 1.60: 7.85 99.63: 44.63 2.232

11: 6.29: 5.49: 20.9 :0.9980 0.80: 7.85: 100.19: ".83: 2.235

12 0.00 0.00: NIA : N/A : 0.00 N/A : 99.93: 44.64 2.239

EQUIPMENT USED CALIBRATION DUE DATE
Nettler PK 4800 Digital Balance, PTL 4513 6-22-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Despatch Oven V-31-2, PTL 87984 6-28-89
Heise Digital Absolute Pressure Gauge, PTL 8784 8-18-89

REMARKS: gone
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NOIS & I aRVER, INC.

NITZRIJIS TESTING IMORATORY

MVADA TEST SITE

TABLE 2

FIRST MOWIAL IATER SATIMATION DATA SHEET FOR SAMPLE COB
----------. ...---- ------------------------------ -----4¢- ----------- ~--

Project: Wet & Dry Drilling Checked byJr qh aitie
Requestor: Dr. Alan L. Flint Check date: *lln
Organization: USGS NTL Lo b: 2731,Z7M.ZFB9,2795,2800,
Address: Box 327. K/S 721, Nerwry, nV 2802,293%3815
Phone: 5-58C5 ,, Request 5: CT-38
Tested by:U N& ID 5: 50036C
Test date: 3-28-89 through 4-1-89 lBS S: 1.2.3.3.6.1
QA level: III WIN : YNP:TS:W :W--

Saturation Water Temperature CC): 20.1 Saturation Water Density (g/cc): 0.9982
Immersion Water Temperature CC): 20.6 Imnersion Water Density (g/cc): 0.9981

NTL : Core : Depth : Dry : Saturated : Pore : Suberge : Bulk : Effective
Sample : Hole : Interval : Weight : Weight : Volue : Weigh :: Volume : Porosity
Nutmer : Nuwber : (ft) : (9) : (g) : (cc): Cs) : (cc) : )

~~~~~~~~~~~~~. . . ..... .... . . . . . . . .: :._.:.__.:.:.:.___:_.:.

*2781 : U12g.12 DD-1 8.0-8.4 : 152.82 : 172.73 : 19.95 : as.63 83.26 : 24.0
......... . . .. . . . . .. .. . .... . . . .. .. . .. . . . . :.:.:.___:_ ...........

*2788 : U12g.12 DD-1 30.3-30.7 : 92.88 : 131.12 : 38.31 : 54.6. : 76.63 : 50.0
. . . ........ .. . . . . .... . .. . .. . . :._.::.:.... ... ... .. .. . . . .. . .. . .

2789 U12g.12 WD-1 : 1.8-2.3 : 100.59 : 138.67 : 38.15 : 59.73 : 79.09 : 48.2
. . . ........ .. . . . . .. .. . .. . . . . .. .. . ....... :_.... .. . . . .. . .. . .

*2795 : U12g.12 iD-1 : 19.1-19.5 : 12.59 : 151.18 : .22.63 : 3.S73 : 77.76 : 29.1
. . . ........ ::.... .. .. . . . . . . ... . . . . . . .. .. . . . ... . ::::.:...:I

'*2800 : U12g DD-2 : 3.6-4.0 : 168.31 : 179.52 : 11.23 : 104.DZ : 75.66 : 14.8
......... . . .. . . . . .. .. . .. . . . . :.:.:..__:_ .........

**2802 : U12g DD-2 8.0-8.4 : 175.65 : 190.65 : 15.03 : 105.5 82.26 : 18.3
........... .......... : ...... ....... ..... :.:._:__.... ..... .....

''2813 : U12g UD-2 :14.0-14.3 :183.92 : 194.37 :10.47 : 113JI :- 80.82 : 13.07
........ :. . . . . . . .. . . . . .. .. . .. . . . . .. .. . .. . . . . .. . . . ............

'*2815 : U12g WD-2 : 17.7-18.0 : 175.59 : 187.57 : 12.00 : 10.S: 79.14 : 15.2

EGUIPHEMT USED CALIBRATIL VE DATE
KettLer PK 4800 Digital Balmnce, PTL 4513 6-2?-W
Ocega 871A Digital Thermometer, PTL 6976 9-13-I9
Despetch Oven V-31-2, PTL 8784 6-20-E

REKARKS: *Non-welded tuff cores
**Welded tuff cores
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IOLES & UaRVER, INC.

&TEBRIAhLB TZBXBIG LABORATORY

NEVADA !ZSB BIXE

TABLE 3

11ON DIOXIDENATER SATUUTIW DATA SHEET FOR S&WLE CORES
__ _- ___________________- ____ _-_- _ ____-___-___------------------ ss ---------------

Project: Met 4 Dry Drilllag Checked by: NdMoore
Requestor: Dr. ALan L. Flint Check date: OWA
Organization: USCS MTL Lab : 2781,2788,2789,2795,2800.
Address: Box 327, S 721, Mercury, NV 2802,2813,2815
Phone: 5-S c Recpst 0: GT-38
Tested by:F.;? ID #: 50036C
Test date: 4-2-89 throg 4-8-89 WIS 1: 1.2.3.3.6.1
GA Level: III VIN I: YMP:NTS:WI:89-006

Saturation Water Temperature CC): 20.9 Saturation Water Density (glcc): 0.998m
Immersion Hater Temperature tC): 20.7 lm.rsion Hater Density (g/cc): 0.9981

MTL : Core : Depth : Dry : Saturated : Pore : Submerged : Bulk : Effective
Sample : NoLe : Interval : Weight : Weight : Votuoe : Weight : VoLume : Porosity
Number : Number : Cft) : (g) : (g) : (cc) : (9) : (CC) : (1)

...... .............. ........... ........ ........... ........ ........... ......... ............

*2781 : U12g.12 DD-1 : 8.0-8.4 :152.90 : 172.d0 : 19.94 : 89.57 : 83.39 : 23.9
.. . . . . . .. . ........ ........ .. . . . . .. .. . .. . . . . .. . . . ..... .....

*2788 : Ut2g.12 DD-1 : 30.3-30.7 : 93.02 : 131.16 : 38.22 : 54.54 : 76.77 : 49.8
......... . . .. . . . . .. .. . .. . . . . .. .. . .. :. .. . .. . . . .. .. .. ..

*2789 : U12g.12 WD-1 : 1.8-2.3 :100.63 : 138.79 38.24 : 59.73 79.21 48.3
. . . ........ .. . ...... .. .. . .. . . . . .. .. . .. . . . . .. . . . ...........

*2795 : U12g.12 YD-1 : 19.1-19.5 :128.11 151.31 : 23.25 : 73.52 : 77.94 29.!
.. . . . . . .. . ........ ....... .. . . . . .. .. . .. . . . . .. . . . ..... .....

*-2800 : U12g DD-2 : 3.6-4.0 : 168.09 179.67 : 11.60 : 103.92 : 75.90 : 15.3
. . . ........ .......... ..... :... .... . . . .. .. . .. . . . . ... ... . ... . . . .

**2802 : U12g DD-2 : 8.0-8.4 : 175.42 : 190.78 : 15.39 : 108.49 : 82.45 : 18.7
.. . . . . . .. . ........ ........ .. . . . . ........ ... . . . ........ ............

**2813 : U12g YD-2 : 14.0-14.3 : 183.70 : 194.42 : 10.74 : 113.65 : 80.93 : 13.3
............................................ ........ ........... ........ ........... ......... .....................................................

**2815 U12g YD-2 : 17.7-18.0 : 175.38 : 187.68 : 12.32 : 108.53 : 79.30 : 15.5

EQUIPMENT USED CALIBRATION DUE DATE
MettLer PK 4800 Digitat Balance, PTL 4513 6-22-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *Von-uelded tuff cores
* Uelded tuff cres
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NOLNES & NARVER, INC.

NATERIIS TESTING LABORATORY

NBVXDI TEST SITE

TABLE 4

TOLJENE SATUMATION DATA SHEET FOR SAMPLE CrnES
*____ ------ --- _____ - _ ___--_-----_--------.--------------------

Project: Wet & Dry DrlLlrng Checked by: S oore
3equestor: Dr. Alan L. Flint Check date: */wJD
Organization: USGS NTL Lab 5: 2781,27ZB.2789,2795,2800,
ddress: Box 327, N/S 721, Mercury, *v 2802,2313,2815
Phone: 5S-S805.- Request #: GT-38
Tested br: HMS.lelr "' NZN ID I: 500364
Test date: 4-9-89 through 4-14-89 UBS #: 1.2.3.3.6.1
OA levet: III WIN #: TMP:NTS:WL:89-O06

Saturation Fluid Temperature CC): 21.3 Toluene Density (9/cc): 0.8643
I1mersion Water Temperature CC): U/A Inmersion Water Density Cglcc): N/A

PTL : Core : Depth : Dry : Saturated : Pore : Submerged : Bulk : Effective
Saple : Hole : Interval : Weight : Weight : Volume : Ieist-t : Volume : Porosity
number: huber : Cft) : (g) : Ca) : (cc) : (9) : (cc) : X)

....... z........_.:_..... .:... :....... ...... :_... ....... .... ....... ::. .:..........: ......... ...... ......

2781 : U12g.12 D-1 : 8.0-8.4 : 152.91 : 165.11 : 14.12 : /A : 83.31 : 16.9
...... .......... __ ....... ...... ........ ........ ......... ................... ............................... .. .. ..... ........ ................ .

*2788 : U12g.12 DD-1 : 30.3-30.7 : 93.08 : 121.30 : 32.65 : k/A : 76.72 : 42.6
. . . . ...... __::.... . . . .... . ... ....... ........ .. . . . . .. . . . . .........

*2789 : U12g.12 ID-1 : 1.8-2.3 : 100.73 128.81 : 32.49 : N/A : 79.24 : 41.0
...._... ...................................... ................... ........ ........... ........ ........... ............... ............ .

*2795 : U12g.12 WD-1 : 19.1-19.5 : 128.33 : 143.64 : 17.71 : UA : 77.87 : 22.7
.. . . . . . . . ....... .......... ...... ....... .. ........ ........... ......... :...........

* 2800 : U12g DD-2 : 3.6-4.0 : 168.10 : 177.78 : 11.20 : U/A : 75.66 : 14.8
. . . ........ . ........ .. .. . .. . . . . .. .. . .. . . . . .. . . . ... ... ...

' 2802 U12g DD-2 : 8.0-.4 : 175.42 : 188.34 : 14.95 : UVA : t2.27 : 18.2
. . . ........ . ........ .. .. . .. . . . . .. .. . .. . . . . ......... .. . .. . .

**2813 : - U12g ID-2 : 14.0-14.3 : 183.71 : 192.61 : 10.30 : /A : 80.82 : 12.7
. . . ........ . ........ .... . .. . . . . :.:.:.:... .. :. .. . .. . . . .. . .. . .

t2515 : U12g UD-2 : 17.7-18.0 : 175.38 : 185.70 : 11.94 : */A : 79.14 : 15.1

ECUIPMENI USED CALIBRATION MLE DATE
Mettler PK 4800 Digital BaLance, PTL 4513 6-22-89
Omega t7lA Digital Therrometer, PTL 6976 9-13-89
Fisher Scientific Top Loading Balance, PTL 2678 9-3-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARXS: *Non-welded tuff cores
*lWelded tuff cores
Toluene density determined using calibrated pycnoxeter.
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HOLKES & NARVER, INC.

NMTERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 5

SECOND ) AL WATER SATURATION DATA SHEET FOR SMPLE CORES

Project: Wet & Dry Drilling Checked by:tbhnG, Moore
Requestor: Dr. Alan L. Flint Check date: * &OI;
Organization: USGS MTL Lob i: 2781,2788,2789,2795,2800,
Address: Box 327, M/S 721, Mercury, NV 2CZ,2813,2815
Phone: 5;-5Wfi_,,,__ Request 4: nT-38
Tested b y 9P UN&N ID #: S0036C
Test date: 4-16-89 threuqh 4-2D-89 WUS 4: 1.2.3.3.6.1
QA level: III WIN 9: TIP:UTS:VI:89-006

Saturation Water Temperature CC): 21.8 Saturation Water Density Cg/cc): 0.9978
Immersion Water Teaperature CC): 19.9 Imersion water Density (9/cc): 0.99S2

MTL : Core : Depth : Dry : Saturated : Pore : Subierged : Bulk : Effective
Sample : Hole : Interval : Weight : Veight : Volume : Weight : Volume : Porosity
Mumber : Number : (ft) : (9) : (9) : (cc) : (g) : (cc) : (S)

........ . . . ........ .. . . . . .. .. . _.._. .. . ..... . .. . . . . .... ... .... ... ..

*2781 :U12g.12 DD-1 : 8.0-4.4 : 152.28 : 172.70 20.46 : 89.46 : 83.39 : 24.5
......... . . .......... .. .. . .. . . . . .. .. . ...... . . ........ ..... .. ..

*2788 : U12g.12 DD-1 : 30.3-30.7 93.18 : 131.15 38.05 : 54.56 : 76.73 : 49.6
......... . . ........ . .. .. . .. . . . . ..... . .. . . . . .... ... .... ... ..

*2789 : Ut2g.12 WD-1 : 1.8-2.3 : 100.64 : 138.68 : 38.12 59.65 : 79.17 : 48.2
........ .............. .......... ........ ........... ........ ........... ..... ..... . .

'2795 : U12g.12 WD-1 : 19.1-19.5 : 128.04 : 151.25 : 23.26 : 73.52 : 77.87 : 29.9
. . . ........ .. ....... .. .. . ..... .... ....... ..... . .. ......... .. . .. . .

**2800 : U12g DD-2 : 3.6-4.0 : 168.11 : 179.51 : 11.42 : 103.98 : 75.66 : 15.1
. . . ........ .. ....... .. .. . ... . . . .. .. . .. .. .. . .... ... ............ :

**2802 : U12g 00-2 : 8.0-.4 : 175.4 : 190.64 : 15.23 : 108.51 : 82.28 : 18.5
......... . . .......... .. .. . .... __.....:.:. :.._. . ...... ... ......... ...........

**2813 : U12g UD-2 : 14.0-14.3 :183.71 : 194.36 : 10.67 : 113.69 : 80.81 : 13.2
......... . . .......... .. .. . .. . . . . .. .. . .. _. .. . ......... ..... .. ..

**2815 : U12g UD-2 : 17.7-18.0 : 175.40 : 187.55 : 12.18 : 108.57 : 79.12 : 15.4

EQUIPKENT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Salnce, PTL 4513 6-22-89
Omega 871A Digital Thernoneter, PTL 6976 9-13-89
Despatch Oven V-31-2, PTL 87E4 6-28-89

REMARKS: *Mon-welded tuff cores
**Velded tuff cores
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HOLMES & EMERVB INC.

MATERIALS TESING LAWORATORY

NEVADA TEST SITE

TABLE 6

HELIUM POROSIMETER DATA SIEET FOR SAMPLE CORES
_--_-- __-___---_-_---------------------------------------~-'-'s^ S ¢-~~~~--

Project: Wet L Dry Drilling Checked by: dhn aldoore
Requestor: Dr. Alan L. FLint Check date: g /)/90)
Organization: USGS NTL Lab #: 2781,2788,2789,2795,2800,
Address: Box 327, U/S 721, Mercury, NV 2802,2813,2815
Phone: 5- _ Reqaest G: 6T-38
Tested by: OXSV1ri ilR7F N&N ID #: 50036C
Test date: 4-25-89 through 4-26-89 *B5: 1.2.3.3.6.1
QA level: III WIN U: YMP:NTS:UI:89-006

NIL : Core : Depth : Dry : Initial : Final : Grain : Bulk : Effective
Sample : Hole : Interval : Weight : Pressure : Pressure : Volume : Voltume : Porosity
Nuiber : Number : (ft) : (9) : (psia) : (psia) : (cc) : (cc) : (X)

.... .... : :. . . . . . . .. . . . . .. .. . .. . .. . .. . .. . .... . . .. . . . .. .. .. .

*2781 : U12g.12 DD-1 8.0-8.4 : 153.08 : 99.92 : 50.89 : 69.60 : 83.31 : 16.5
...................... ........... ........ .......... .......... ......... ......... ............

*27B : U12g.12 DD-1 30.3-30.7 : 93.32 : 99.90 : 48.36 : 43.70 : 76.72 43.0
......... . . .......... .. .. . .. . .. . .. ... . .. . . . ........ ....... . .

*27J9 : U12g.12 UD-1 : 1.8-2.3 : 100.80 : 99.72 : 48.56 : 46.79 : 79.24 : 41.0
.................................... ...............................................................

'275 : U12g.12 UD-1 19.1-19.5 :128.56 : 100.05 : 49.95 : 59.58 : 77.87 : 23.5
. . . . . .... .... . . . ..... . .. . .. . ... . . . .. . . . .. . . . ...........

'*28O : U12g DD-2 : 3.6-4.0 : 168.12 : 10033 : 50.56 : 64.30 : 75.66 : 15.0
. . . ........ .. . ...... .. .. . .. . .. . .. . .. . .. . . . .. . . . ... ... ..

**Z02 : U12g DD-2 : 8.0-8.4 :175.U : 99.84 : 50.59 : 67.05 82.27 : 18.5
. . . ........ . ........ .. .. . .. . .. . .. . .. . .. . . . .. . . . ... ... ...

**2S13 : U12g WD-2 : 14.0-14.3 : 183.74 : 100.07 : 51.10 : 70.90 : 80.82 : 12.3
. . . ........ . ........ .. .. . .. . .. . .. . .. . .. . . . .. . . . ... ... ..

"*2815 : U12g WD-2 : 17.7-18.0 : 175.40 : 100.31 : 50.85 : 67.27 : 79.14 : 15.0

EOUIPMEMT USED CALIBRATION DUE DATE
Mettler PK 4800 Digital Balance, PTL 4513 6-22-89
cmega 871A Digital Thermometer, PTL 6976 9-13-89
Despatch Oven V-31-2, PTL 8784 6-28-89
Heise Digital Absolute Pressure Gauge, PTL 1985 8-18-89

REMARKS: *Non-Melded tuff cores
"Welded tuff cores
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NOLMES & NARIR, INC.

MATERIALS TESTING LAORATORY

NEVADA TST 8ITE

TABLE 7

2,500 PR Etl SAT1RATION DATA SHEET FOR SAhPLE C

Project: Wet 4 Dry DriLling Checked byflb'A oore
Requestor: Dr. Alan L. Flint Check date: Of V.rl
Organization: USGS PTL Lab 9: 2781,27,2789,2795,2800,
Address: Box 327, N/S 721, Mercury. WV 28O2,ZM3.2815
Phone: 5-5895__,_K -Request G: 6T-32
Tested by: UN ID 9: 50036:
Test date: 4-9-89 through 4-14-89 YBS #: 1.2.3.3.6.1
GA tevel: III WIN 9: YNP:NTS:1.=99-006

Saturation Fluid Tumperature CC): 21.2 2,500 PPM ECL Density (9/cc): 0.9990
Imersion Water Teaperature CC): N/A Imersion Water Oensity Cglcc): N/A

ITL : Core : Depth : Dry : Saturated : Pore : Suba.* d : 8ulk : Effective
Sample : Note : Interval : Weight : Weight : Volume : Wei#,: : Volume : Porosity
number : Number : (ft) : (g) : (9) : Ccc) : CS) : (Cc) : ()

~~~~~~~~~~~~. . . . . . . . . .. - ::::::-------:- ........ .. . .. . .

'2781 : U12g.12 DD-1 : 8.0-6.4 : 152.40 : 172.74 : 20.36 SI& : 83.31 : 24.4
......... :. . . . . . . .. . . . . .. .. . .. . . . . .. .. . .. . . . . ........ .. . .. . .

'2788 : U12g.12 DD-1 : 30.3-30.7 : 92.85 : 131.07 : 38.26 : IVA : 76.72 : 49.9
.. . . . ... .. . . . . ... . . .. . . . . ... .. . - - - - -- . . ... ... . . . .

*2789 : U12g.12 WD-1 : 1.8-2.3 : 100.51 : 138.75 : 38.28 : UA : 79.24 : 48.3
......... . . .. . . . . :.:.:.:.: .......... ... .. .___:-- -- ......... ............

*2795 U12g.12 WD-1 :19.1-19.5 : 127.88 : 151.11 : 23.25 : IA : 77.87 : 29.9
.. . . . ... .. . . . . ... . . .. . . . . ... . . .. . . . . .. . . . ... . . . .

**2800 : U12g DD-2 : 3.6-4.0 : 168.12 : 179.52 : 11.41 : IVA : 75.66 : 15.1
........ ...... ..... ...... ........ ........... ___:......... ............ :

**2802 : U129 DD-2 : 8.0-8.4 : 175.42 : 190.59 : 15.19 : UA : 82.27 : 18.5
.. . . . . .. .. . . . . .. .. . .. . . . . ........ .......... ____ ......... ............

**2813 : U12g WD-2 : 14.0-14.3 : 183.71 : 194.31 : 10.61 : IVA : 80.82 : 13.1
. . . ........ ........... ........ .. . .. . ._ .. .. . .. ....... ......... .. . .. . .

**2815 : U12g WD-2 :17.7-18.0 : 175.39 : 187.52 12.14 : V/A : 79.14 - 15.3

EGUIPHENT USED CALIUUTJON DUE DATE
Mettter Pr 4800 Digital BaLance, PTL 4513 64-2-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Fisher Scientific Top Loading Bal ce, PTL 2678 9-3-89
Despatch Oven V-31-2, PTL 8784 6r289

REMARKS: *Hon-welded tuff cores
**Welded tuff cores
KCI brine density determined using calibrated pycnometer.
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10LU6S & UhEVZRo INC.

NXTERXABL TWBIG LaBORKTORY

NEVZDA ZBST SITE

TAnLE a

20,000 PPM OCI SATURATION DATA S8EET FOR SAIPLf CORES

Project: Wet & Dry Drilling Cheeked by/John p." oore
Requestor: Dr. Alan L. Flint Cbeck date: 4134184
Organization: USGS KTL Lo b: 2781,2788,2789,2795,2500,
Address: a"x 327, A 721m, Mercury, NV 2802,2813,2815
Phone: 5-S Request G: 6T-38
Tested by: KrU ID U: 50036c
Test date: 5-7-89 through 5-10-89 5: 1.2.3.3.6.1
QA level: III VWI : TNP:MTS:WI:89-006

Saturation Fluid Temperature CC): 20.7 20,000 PPM KCL Density Cg/cc): 1.0107
Inmersion Water Te perature CC): NhA Immersion Water Density Cg/cc): K/A

MTL : Core : Depth : Dry : Saturated : Pore : Subeerged : Bulk: Effective
Sarple : Dole : Interval : Weight : Weight : Volume : Weight : Volumne Porosity
Number : Nuiber : Cft) : (g) : C9) : (cc) : (9) : (cc): C)

........ :. . . . ...... .. . . . . .. .. . .. . . . . .. .. . .. . . . . ...... . ..... ....
*2781 : U12g.12 DD-1 : 8.0-8.4 : 152.26 : 172.76 : 20.28 : U/A : 83.31 : 24.3

.. . . . . . .. . ........ ....... .. . . . . .. .. . .. . .. . ., ........ ............
*2788 : U12g.12 DD-1 : 30.3-30.7 : 92.61 : 131.79 : 38.77 : I/A : 76.72 : 5C.5

.. . . . . . .. . ........ ....... .. . . . . .. .. . .. . .. . ., ........ ........... :
*2789 : U12g.12 ID-1 : 1.8-2.3 : 100.35 : 139.46 : 38.70 : N/A : 79.24 : 4.86

~~~~~~~~~~~~~.......... ....... :: . ......... ......... .....
*2795 : U12g.12 ID-I : 19.1-19.5 : 127.69 : 151.54 : 23.60 : N/A : 77.87 : 3D.3

................... ...........................................................................

**2800 : U12g DD-2 : 3.6-4.0 : 168.02 : 179.57 : 11.43 : N/A : 75.66 : 15.1
........... ......... ..... ...... ..... , ::::................. ......

**2802 : U12g 00-2 : 8.0-8.4 :175.39 : 190.77 : 15.22 : /A : 82.27 : 1.5
................................ ........... ........ ........... ........ ........... ......... .............................

**2813 : U12g UD-2 : 14.0-14.3 :183.69 : 194.43 : 10.63 : N/A : 80.82 13.1
. . . ........ . ........ .. ... .. . . .. ........ :...... . . ......... .. . ...

**2815 : U12g WD-2 : 17.7-18.0 :175.36 : 1U7.64 : 12.15 : N/A : 79.14 15.4

EQUIPMENT USED CALIBRATION DUE DATE
Nettler PK 4800 Digital BaLance, PTL 4513 6-22-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Fisher Scientific Top Loading Balance, PTL 2678 9-3-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *Won-welded tuff cores
*'Ielded tuff cores
XCl brine density determined using calibrated pycnometer.
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30LU39 & NARVERs INC.

NPAERITLS TESTING LPMRATORY

XNZVDZ TEST BITE

TABLE 9

BEZYL AL0WOL SATIRATION DATA SHEET FOR SAMPL1 RES

Project: Wet & Dry Drilling Checked by:#5ii:if. 2oe
Restor: Dr. Alan L. Flint Check date: IVW/&
Organization: USGS ITL Lab : 2781,2788,z789,2795,2800,
AJress: Box 327, N/S 721, Neraury. NV 2=,Z513,2815
Phtw: 5-58!;' Request 9: GT-39
Tested by: UN N&N ID 9: 5003
Test date: 5-16-89 through 5-18-89 UBS 9: 1.2.3.3-6.1
GA levet: III WIN 5: YNP:NTS-IW:89-006

Satur tion Fluid Temperature tC): 21.4 Benzyl Alcohol Oenity (9Jcc): 1.0428
Imersion Water Temperature CC): I/A Immersion Wate- Density (g/cc): N/A

VTL : Core : Depth : Dry : Saturated : Pore : Submerged : Bulk : Effective
Sa pe : Hole : interval : Weight : Weight : Volume : Weight : Volume : Porosity
Iumber : Nuiber : Cft) : Cg) : (g) : (cc) : g9) : (cc) : CX)

...... :. . . . . . .. .... . . . ... . . ..... .... ....... ........ . .... . . .... ... ..
'271 : U12g.12 DD-1 : 8.0-8.4 : 153.18 : 168.05 : 14.26 : /A : 83.31 : 17.1

. . . . . .... .... ... .. ... . . ...... :..... .. . . . .. :. .. . .. . . . .. . .. . .

*27 : U12g.12 DO-l 30.3-30.7 : 93.25 : 127.41 : 32.76 : IVA : 76.72 : 42.7
. . . ........ .. . . . . .. .. . ..... .... .... . . ........... .. . . . ............ :

'2709 : U12g.12 WD-1 : 1.8-2.3 : 100.95 : 135.05 : 32.70 : UA : 79.24 : 41.3
. . . ........ .. . . . . .... . .. . . .. ........ .. :......... ......... .. . .. . .

*2795 : U129.12 WD-1 : 19.1-19.5 : 128.51 : 147.21 : 17.93 : UA : 77.87 : 23.0
. . . . . .... .. . . . . .. .. . ...... :..... .. .. . .......... ......... .. . .. . .

*22SDO : U12g DD-2 : 3.6-4.0 : 168.05 : 179.64 : 11.11 : VA : 75.66 : 14.7
......... . . .. . . . . .. .. . .. . . . . ... . . .. . . . . :.:.:._... ...........

* 2S02 : U12g DD-2 : 8.0-8.4 : 175.43 : 190.90 : 14.84 : IVA : 82.27 : 18.0
.. . . . . ... .... . . . ... . . ...... .... ..... . :.:.:.:..... ...... . ...........

**213 : U12g WD-2 : 14.0-14.3 : 183.74 : 194.32 : 10.15 : A/A : 80.82 : 12.6
. . . . . .... .... . . . ..... . .... . . . .. .. . .. . . . . ...... :... .... ... ..

"*2tl5: U12g WD-2 : 17.7-18.0 : 175.40 : 187.71 : 11.80 : IVA : 79.14 : 14.9

EQUIPMENT USED CALURATION DUE DATE
Nettler PK 4800 Digital Balance, PTL 4513 6-22-89
0 ega 871A Digital Thermometer, PTL 6976 9-13-89
Fisher Scientific Top Loading Balance, PTL 2s78 9-3-89
Despatch Oven V-31-2, PTL 8784 6-2t-89

REIAR[S: *Non-welded tuff cores
'*Uelded tuff cores

Benzyl alcohol density determined using calibrated pycnome:e-.
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KOLKES & NARVZR, INC.

XATERIALS TESTING LABORATORY

NEVADA TEST SITE

TABLE 10

THI1 A.L WATER SATURATION DATA SHEET FOR C NP7 E CORES

Project: Wet & Dry Drillinr Checked by John M. Ioore
Requestor: Dr. Alun L. Flint Check date: 6/eq
Organization: USGS MTL Lo b: 2781.2788,2789.2795,2800.
Address: Box 327, WS 721. Mercury, NV 2802,2813,2815
Phone: 5-58 Q. Request I: GT-38
Tested by: N. 1i e ID 1 : 50036C
Test date: 5-22-89 through 5-26-89 WBS 5: 1.2.3.3.6.1
QA level: III WIN : "WP:NTS:WI:89-006

Saturation Water Temperature CC): 21.2 Saturation Water Density (glcc): 0.9979
Immersion Water Temperature CC): 19.5 Immersion Mater Density (g/cc): 0.99S3

MTL : Core : Depth : Dry : Saturated : Pore : Submerged : Bulk : Effective
Sample : mole : Interval : Weight : Weight : Volu e : Weight : Volume : Porosity
Number : Number : (ft) : (g) : tg) : (cC) : CO) : (cc) : Ct)

......... :... .. .. .... .. . . . . .. .. . .. . . . . .. .. . .. . . . .. .. . . . .. . . . .

*2781 : U12g.12 D0-1 8.0-8.4 : 152.86 : 172.52 : 19.70 : 89.37 : 83.29 23.7
~~~~......... .......... .. .. . .. . . . . ..... . .. . . . . .. . . . ..... .....

'2788 : Ui2g.12 DD-I : 30.3-30.7 : 93.22 : 131.43 : 38.29 54.75 : 76.81 : 49.8

*2789 : U12g.12 WD-1 : 1.8-2.3 :101.46 : 139.20 : 37.82 : 59.87 : 79.46 : 47.6
......... . . .. . . . . .. .. . ...... . . .. .. . .. . . . . .. .. .. .......... :.:

*2795 : U12g.12 WD-1 : 19.1-19.5 :128.89 : 151.56 22.72 : 73.71 : 77.98 : 29.1
.. . . . . . . . . . ... .. .. . .. . ... . . . . . . . . . .. .. . . . - .. . . . .

**2800 : UM2g D0-2 : 3.6-4.0 :168.61 : 179.61 11.02 104.08 : 75.66 : 14.6
........... . .. . . . . .. .. . ...... . . ........ .. :.. .. . .. . . . ... .. .

**2802 U12g DD-2 : 8.0-8.4 :175.83 : 190.32 15.02 : 108.69 : 82.27 *8.3
.. . . . ..... .... . . . .. .. . .... . . . ....... . .. . .. . .. . . . ....... . .

**2813 : U12g WD-2 : 14.0-14.3 : 184.01 : 194.43 : 10.44 : 113.74 80.83 : 12.9
........... ........... ....... ....... ........ .......... :.:.:..:.: ........ ....

**2815 : U12g YD-2 : 17.7-18.0 :175.69 : 187.62 : 11.95 : 108.58 : 79.17 : 15.1

EQUIPMENT USED CALIBRATION DUE DATE
Nettler PK 4800 Digital Balance, PTL 4513 6-22-89
Omega 871A Digital Thermometer, PTL 6976 9-13-89
Despatch Oven V-31-2, PTL 8784 6-28-89

REMARKS: *'on-welded tuff cores
"Welded tuff os
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bOuLl & NIVR, XNC.

KhTZRIALs 1WBIG LUORATORY

NE3VADA VEST SITZ

TUL 11

PARISON OF RESULS FM S&WLE INUMER Ml

Project: Met & Cry Drilling Checked bWA kin A.e
apmstor: Dr. Alan L. Flint Oneck dte:Jmijec >O),pq

Orwnizatian: USGS mNL Lob 9: 781
ss: box 327, MS 721, Mercury, IY Request #: 11-38
bon: S-O5N,, U ID : 50036C

Tested bUSWi *elmQ- BS #: 1.2.3.3.6.1
Test dote: 3-28-89 through 4-1-89 WIN 9: TIP:NTS:InW-006

A level: IlI

but welded tuff cample from core hole Ut2g 12 0D-t at depth interval of 8.0 to 834 feet.
Awerage effective porosity from water saturatien, in porosity units, is 24.1
Average effective porosity from inert fluid tests, in porosity units, is 16.8

Test a Measured : Difference From : Error to : Difference From : Error to
lest : Type Effective : Avg. Iter Avg. Wter : Avg. Inert : Avg. Inert

OL ber : Performed : Porosity (pu) : (PU) : CS) : (pu) : (C)
......... .. . . . ...... .. .. . . . . ... . . .. . . .. ... . . .. . . . . . . . .. .. .. ..

Om: Morsel iater : 24.0: -0.1: -0.4 7.2: 42.9
. . . . ........ ......... . . .. . . . . .. . ... .. . . .. . . . . . . . ....... __ :

Two Carbon Dioxide 23.9 : -0.2 : -0.8 : 7.1 42.3
. . . ......... ........ . . . .. . . . . .. . ... .. . . .. . . . . . . . ... ... ...

Three *ToLuene 16.9 : -7.2 -29.9 : 0.1 0.6
............ ...... ... . .. . ... ... ........... .............. . ... .. ..

Far: Morsel Water: 24.5: 0.4 1.7 7.7 45.8
. . . . ........ ...... . . . . .. . . . . .. . .. . ... . .. . . . . . . . ... ... ...

five: *Kelium : 16.5 -7.6 : -31.5 : -0.3 -1.8
. .. . ........ .......... . .. .. .. ... .. ... . . .. . . . . . . . ... ... ...

Six 2,500S Pp Cl : 24.4: 0.3 1.22 7.6: 45.2
.. .. ........ ...... . . . . .. . . . . . .. ... ... . .. . . . . . . . ... ... ...

Seven 20,000 ppn KCl 24.3 0.22 0.8 7.5 :6
. ........... .. .. .. .. ............ .. ...... . .. . . . .. . . ... ......

Eight :*Senzyl Alcohol : 17.1 : -7.0 : -29.0 0 3 : 1.
...... .. :. . . . . . . . .. . . . . . . .. . . . . .. . .. . .. .. .. . . .. . . . .. . .. . .

Rine : boratl Water : 23.7 : -0.4 : -1.7 : 6.9 : 41.1

*EmmR:S * inert fluid tests
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NOLXES A NIRV Rp INC.

3OTRMl BBATIG LTESOTIN

NEDA t!BT Sm

TALE 12

OWA RISO OF IEWLTS FM1 SAPLE MEU WE

Project: Mlet Z Dry Drillig Chckd *75 v.. Ibo0re
Requestor: Dr. Atan L. Flint Check dte:Jne A, f9i
Organization: USGS MTL Lab W
Address: kx 327, MNS 721, MercuryKw Requt e : 6T-3B
Phone: 5 5 ~ UN ID #: Se3ca
Tested by: WBer S : 2.3.3.6.1
lest date: 3-28-89 thrm.~ 4-1-89 WIM 8 : STS:WI:89-006
GA level: III

lon-welded tuff sample from core bole U12g.12 DD-l at depth interval of 30.3 to 30.7 feet.
Average effective porosity from meter saturations, in porosity units, is 49.8
Average effective porosity from inert fluid tests, in porosity units, is 42.8

lest : Measured : Differerre From : Error t: Difference Free : Error to
Test : Type : Effective: Avg. Water: Avg. Wter: Avg. Inert : Avg. Inert

Numer : Performed : Porosity (pu) : Cpu): CZ) Cpu) : CZ)
........ :................::_ ......... _:.. .... .. _.... . .. ... .... ............ .. .. _....

One: Normal ater: 50.0: 0.2: .4: 7.2: 16.8
.. .......... ............... :..........:..... ............ .............. . ....

Two: Carbon Dioxide: 49.8: 0.0: *A: 7.0: 16.4
........ .......... ... ::_:... ......... ......... :.. .. _.:... :. ........... ............. .... .......... ..

Three : *Toluen: 42.6: -7.2: -4.5: -0.2: -0.5
............ ........... ::_.... ............. :..: ........ :.... ................. ._.._...

Four: Norvt Vater: 49.6: -0.2: -6A: 6.5: 15.9
. . . . ........ .. . . . . . . .. . . . . . . . .. . .. . . .. . . . . . . . ... ... ...

Five: *Helism : 43.0: -6.8 -U3.7: 0.2: 0.5
~~~~~. .. . . . . . ......... :. . . . . . . .... .... : .. :.. . .. .. . _.._. .. .

Six: 2,500 ppF :Il : 49.9: 0.1 : S : 7.1: 16.6
... .. ................ . . ............ :.__:__....... ........... :...... .......

Seven: 20,000 p KCl: 50.5: 0.7: 14: 7.7: 18.0
. ........... .............. .. :_.............. ........... ................ :............

Eight :-enzyl Alcohol: 42.7: -7.1: -U3: -0.1 : -0.2
, :,...... , :.. .. ........ _..:. . ... . .... ........... .... . .. ... . . .. . .. . . ... . . . .

Mine: Normal Water: 49.8: 0.0: &A: 7.0: 16.4

REHARKS: * Inert fluid tests
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Iowzs & Umirn INC.

URTERIALS TZBBNOLBO=!

ULE 13

CWPARISO OF ULTS FM SMPLE tU 2V9
*--------------------- --------------------- - --------------------- ------ .

Project: Wet & Dry Drilling Chocked by: i . Ilre
Requestor: Dr. Alan L. Flint Check date : nt 20,I9.e
Organization: UlSS ITL Lob *: 2789
Aess: Sax 327. WS 721, Mercury, W Request 9: 01-38
Phone: -S_- _ _,,_ U ID a : 50136C
Tested by: zivF--IE UeS 9: 1.2.3.3.6.1
Test dote: 3-28-89 through 4-1-89 VIi 9: YF:ETS:VI:89-006
GA level: III

Mcn-uetded tuff *ampte froa core hole U12g.12 WD-1 at depth interval of 1.8 to 2.3 feet.
Average effective porosity frao uater saturations, In porosity units, is 48.0
Average effective porosity from inert fluid tests, in porosity units, is 41.1

Test : Measured : Differenee Fron : Error to : Difference Frc : Error e;:
Test : Type : Effective : Avg. Water : Avg. Meter : Avg. In rt : Avs. Inert

Yumber : Petfoed :Porosity (pu) : (p) : (1) (pU) :
... ................. ...................... ............... ...................... .. ............. ................... ...................... ... .........

One: Norv a eter: 48.2: 0.2: 0.4: 7.1: 17.3
.. . . . .. . . ............... .. .. .. .. .... .. . . . ... ........... _...... .. . .......

Tuo : Carbon Dioxide : 48.3 : 0.3 : 0.6 : 7.2 17.5
.. . . . . . . . . . . .. . . . . . . . . . . . . .. .. .. . . . . ..... . ... ... : ... ............ :

Three: *Toluene : 41.0 : -7.0 : -14.6 : -0.1 -0.2
......... .. .. ._:. .::......... ._.. .::................................ ..... ...... :_.

Four Norn l Woter: 48.2 : 0.2 : 0.4 : 7.1: 17.3
. .. _:............. ................ ......... ::__.... .... ............ ::_: ................. .......

Five : elium : 41.0 : -7.0 : -14.6 : -0.1 : -0.2
............ .............. ......... ... ....... :.......... ........ ::.._.

Six: 2,S0 P Cl: 48.3: 0.3: 0.6: 7.2: 17.5
................. ............ :........... :......:._.:.: ............. ...... ......

Seven :20,000 ppCl : 48.8: 0.8: 1.7: 7.7: 18.7
............ ............... .............. .......... ................. :.........

Eight :*Benzyl Alechol : 41.3 : -6.7 : -14.0 : 0.2 : 0.5
~~~~.......... ............... ...... :..........:. __.::. .......... ................ :..__....

ief: Norma Meter : 47.6 : -0.4 : -0.8 : 6.5 : 15.8

REMARKS: * Inert fluid tests
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TABLE 14

PISM OF RESULTS FOR SAIPLE 1BU 2795
-----------------------------.---------.---------------------------- -------------------

oject: Wet & Dry Drillirt Checked bS:
Re*s tor: Dr. Alan L. Flint Check dfte:J*Intz W 5 c
n ization: USS NTL Lob 27

aess: Box 327, /S 721, Neary, WV Request : CT-35
Pme: S-5NU _ _ ID 5: 50036C
Tested by: MhdgimCs e W 5 §: 12.3.3.6.1
lest date: 3-28-89 through 4-1-89 WII N: 1W.TS:VI:89-006
O Level: III

No relded tuff saple from mre bole U12g.12 UD-1 at depth interval of 19.1 to 19.5 feet.
Aveage effective porosity from _mter caturation, In porosity units, is 29.4
Awerage effective porosity from inert fluid tests, in porosity units, is 23.1

Test : easured : Difference From : Error to : Difference From : Error to
lest : Type : Effective : Avg. Vater : Avg. Water : Avg. Inert : Avg. Inert

Numer : Performed : Pri ity uW): CpU) : CZ) : (pu) : CZ)
........ .......... : : :: .. ............. ................ ....... ......... ........

One: Normal Water: 29.1: -0.3: -1.0: 6.0 26.0
. . . . ........ ........ ... .. . . . . .. . .. . .... .. ... . ... . ..........

To :Carbon Dioxide: 29.8: 0.4: 1.4: 6.7: 29.0
_............. ............ ............ ........ ............. ..........

1bree: *Toluene : 2.: -6.7 : -22-6 : -0.4 : -1.7
.. . . ........ ........ ... .... . . . . . ......... ................ ..........

Four: Normal Water: 29.9: 0.5: 1.7: 6.8: 29.4
............ ........... ............. ............ ................ .......

Five : *eLium : 23.S : -5.9 : -2D.1 : 0.4 : 1.7~~~~.......... ........... ......... :.:.:.:...... ......... .........
Six: 2,500 ppOKP l : 29.9 0.5 : 1.7: 6.8: 29.4

........ .......... . . ........ .... . . . .. .. ..... ...... ......... .........
Seven: 20,OO ppe KCl: 30.3: 0.9: 3.1: 7.2: 31.2

. . . . ........ ........... .... .. .. . ... .... .. .. ... .. .........
Eight :*Bernyl Alcohol : 23.0 : -6.4 : -21.8 : -0.1 : -0.4

........ ............. ........ .............. ....... ............ .......
Mine : Norm elWater: 29.1: -0.3: -1.0: 6.0: 26.0

: * Inert fluid tests
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TALE iS

WARISON OF UUATS FM SAWLE UMBER 2300
_______________________________________------------------------------- 1

Project: Wet a WY brillig Checked b/: O e
Requestor: Dr. Alan L. Flint Check dote: J640 )-v0,
Organization: UC IUTL Lob : 2800
Address: 5OX 32. S 7m, Mercury, IV Request I: CT-38
Phone: S-W NM ID #: 50036c
Tested ty: _ L 0 WS 1: t.2.3.3.6.1
Test dote: 3-23-89 throush 4-1-89 WII N: YWP:NTS:WI:89-006
GA evel: III

ion-welded tuff sample from core hole U12g DD-2 at depth interval of 3.6 to 4.0 feet.
Average effective porosity from water saturations, in porosity units, Is 14.6
Average effective porosity from Inert fluid tests, in porosity units, is 14.3

: Test : Measured : Difference From : Error to : Differenice fros : Error to
Test : Tppe : Effective : Avg. Water : Avg. Water : Avg. Inert : Avg. Inert

Number : Perforned : Pfrosity (pu) : Cpu) : CX) : (pu) : CZ)

One: oft iMter : 14.3: 0.0: 0.0: 0.0 0.0
............ Z.............:._ .... ..... _:......,.: ............ ..... ... ... :::...... ....... ...

Two : Carbon Dioxide : 15.3 : 0.5 : 3.4 : 0.5 3.4
............ ........... :.:.: ....... ... :.......: ........... .......... ........

Three: Toluene: 14.8: 0.0: 0.0: 0.0: 0.
............ ......... :.:.:._ ................ ....... ................. :.._....

Four: onmt iWater: 15.1: 0.3 2.00 0.33 2.0
.. .......... ........... :.::._. .................. ........... .............. . .....

Five : 'etliu : 15.0 : 0.2 : 1.4 : 0.2 : 1.4
..................... ................. ........... : .... :............. .......

Six: 2,S40 pp KCt : 15.1: 0.3: 2.0: 0.3: -2.0
.................................. ............... ................. ................................................. _.... .. ............. ............ _

Seven :20,000 pp KCl: 15.1: 0.3 2.0: 0.3: 2.0
............ ......... :.:.:.. .......... :.._.... .............. ........

Eight :Uenzyt Alcohiot : 14.7 : -0.1 : -0.7 : -0.1 : -0.7
...... _.:__: :. . . . . . . . .. . . . .. . .. . . . . . . . .. . .. . . .. . . .. . . . . ... . .. .

Nine : hormt Water : 14.6 : -0.2 : -1.4 : -0.2 : -1.4

RENARKS: * Inert fLuid tests
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'FALE 16

tWUARIS3 OF ILTS FOR SAILE 1ME
----------------------------------------------------------------------- l -2
Project: Wet & Dry Drilling Checked by
Rojs tor: Dr. Alan L. Flint Check date: Jie Zoec3
&Vonizatien: USGS ITL Lob J.: 302
Aress: Box 327, N/S 721, Mercury, H eqest 9: 67-38

plsted: --*I ID #: 5006CTested by:- 9dfM kf EWVS 1: 1.2.3.3.6.1
lest date: 3-28-89 through 4-1-39 WIN 8: UW:UTS:Vl:89-006
" level: III

lon-uelded tuff sample from core hole u129 D0-2 at depth interval of 8.0 to 8.4 feet.
Average effective porosity from water saturaticn, in porosity units, is 1.4
Average effective porosity from inert ftuid tests, in porosity units, is 1.2

Test : Measured : Difference From : Error to : Difference From : Error to
Test : Type : Effective : Avs. Water : Avg. Weter : Avg. Inert : Avg. Inert

Nsker : Performed : Porosity (pu) : pu) :) : (pu) : X)
........ ........... ........ .......... ............ :................

One: ormal iater: 18.3: -0.1: -0.5: 0.1: 0.5
........ ........ : ............ ::...............

Tuo : Carbon Dioxide : 16.7 : 0.3 : 1.6 : 0.5 : 2.7
.. . . ........ ........ . . . .. . . . . . . . ............ ................. ........

Three *ToLuene : 18.2 -0.2 : -1.1 : 0.0 : 0.0
............ .............. :............... ........ _ ........... ......

Four: Normal Water 18.5: 0.1: 0.5 : 0.3: 1.6
............ ........... ......... ......... ................ .........

Five: *eLium: 18.5: 0.1: 0.5: 0.3: 1.6
..................... ............... ............ ........... .......

Six: 2,500 ppo KCL : 18.5 : 0.1 : 0.5: 0.3: 1.6
......... ......... :.:.:.: ................. ....... ............ .. :....

Sevi: 20,O0O ppm KCL: 18.5: 0.1: 0.5: 0.3: 1.6
......... ........... ............. ....... ................. :..__.....

fight :*Ienzyl Alcohol : 18.0 : -0.4 : -2.2 : -0.2 -1
........ ..... ~~~~~~~~~...... :::........._. ..... :... ...... ................ :___:

line : Dormel Water : 8.. 3 : - 0.1 : -0.5 : 0.1 0.5

insURXS: * Inert fluid tests
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3EVRD1 TEST SITE
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C4PARISON OF RESULTS FOR SUPLE JIUI t13
-- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - -- 21t. e -- - -- -- -- -
Project: Wet & Dry DriLting Cfeeked by . o
Requestor: Dr. Alan L. Fint beck date:J. KICS
Organization: USGS XTL Lo b 263
Address: Box 327, N/S 721, Mercury, NV Rqest & 6n-38
Phone: 55 Wm D 03.3.6c
Tested b2: e3r3.6.1
Test date: 3-28-89 throh 4-1-89 WINN : VNPzTS:W!:89-006
aA level: III

Non-welded tuff sanple from core hole U129 1D-2 at depth Interval of 14.0 to 14.3 feet.
Average effective porosity from water saturations, in porosity units, is 13.0
Average effective porosity frow inert fLuid tests, in porosity units, is 125S

Test : Measured : Difference From : Error to : Difference From : Error to
Test : Type - Effective : Avg. Water : Avg. Wter : Avg. Inert : Avg Inert

Number : Perfored :Porosity (pu) : (pu) : CZ) : pu) : (X
........ ........... :_:........ ......... ............... ::........... _:........ _: ..............

Ore: Norl Water : 13.0 : 0.0 : 6.0 : O.S : 4.0
............ ............. .. __:...... ............ ::..:....... ...........

Two : Carbon Dioxide : 13.3 0.3 : 2.3 : 0.6 :6
............ .............. ......... ......... ............. :.:.: ..........

Three : Toluen : 12.7 : -0.3 : -2.3 : 0.2 1.6
..... ..... .. :_._.:...... :::_.:..... . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . .. . . . . . .

Four: Normal Wate- : 13.2 : 0.2 : 1.5 : 0.7 : 5.6
..................... ..................... ................................ ..... ........ ..... ................... .......................... ..

Five : *elium : 12.3 : -0.7 : -4 : -0.2 : -1.6
.. . ......... ............ . .... . . . .. ............ .... . . . . .. ...........

Six: 2,500 pp L : 13.1 0.1: 6.8: 0.6 4.8
~~~........ ............ :__::.......:__:. ............. _.: ____.. ... . . .... ... . .... .

Seven : 20,000~~L FF : 13.1: 0.1 .8-: 0.6 : 4.8
............ ............. ......... ............ .. :....... ........... :

Eight :-Benzyl AlOdc : 12.6 : -0.4 : -3.1 : 0.1 : 0.8
.. . ........ . . .......... ................. :... __.:.............. .. .. .. .. .. .. .. .

Nine : Normal ate- : 12.9 : -0.1 : -0.8 : 0.4 : 3.2

REMARKS: * Inert fluid tests
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3011M35 & 5 RER, INC.

1KATERIALS TESTIG LABORATORY

BIVMAD TEST SITE

TALE 18

LC ARIS0N OF E S fC &WLE IWER U15
_____,,____........................,__ .----------------------------- z------ -~~ ------------- &I X -----------------

Project: Wet & Dry Drilling Checked : ' 16;
Rteustor: Dr. Alen L. Flint Check date: Joe s t S
Organization: US ff11 Lob M: 15
Adress: Sox W. NUS 721, Mercury, NV Request : CT-38
PhIe: S-SUIIIV 10 I: SO
Tested by: . UBS *: 1.2.33.6.1
Test date: 3-2u-99 through 4-1-89 VWI 9: IIP:lTS:UI:V9-0%6
CA level: III

Mon-telded tuff sample from core hole U12g D-2 at depth interval of 17.7 to 18.0 feet.
Average effective porosity from water saturstions, in porosity units, is 15.2
Average effective porosity from inert fluid tests, in porosity units, is 15.0

Test : Measured : Difference From : Error to: Differente From : Error to
Test : Type : Effective : Avg. Water : Avg. Water : Avg. Inert : Avg. Inert

Umber : Performed : Porosity (pu) : (pu) : CZ): (pu) : C)
........ :............ ............ ......... _._ ......... ......... .... .

Om: ml iWater: 15.2 0.0: 0.0 0.2: 1.3
.. .......... ............ ................. ...... ... ..... .. . .. .

Two : Carbon Dioxide 15.5 : 0.3 : 2.0 : 0.5 : 3.3
i;... ..... ...... ............. .. . ... ... :.._. .. ... .... .... . ...........

Three : Toluene : 15.1 : -0.1 : -0.7 0.1 : 0.7
. . . ......... ........ . . . .. . . . . . . . .. . .. . . .. . .. . .. . . ...........

Foar: lowel Water: 15.4: 0.2 13: 0.4 2.7
. . . ......... ........... . .. . . . . . . . .. . .. . . .... ... ... ... .... ..

Five : 'Meliua : 15.0 : -0.2 : -1.3 : 0.0 : 0.0
.. . ........... ........... ... .. . . .. .... .. .. ...... .. .. .. ... ....

Six: 2,S00 pp KCL : 15.3 0.1 : 0.7 : 0.3: 2 0
............ ............. ......... ....... _.:....... ..... :.

Seven :20,CO pp KCl: 15.4 0.2 1.3 : 0.4 2.7
. ........... .......... .. .. . .. . .. . . ......... . :..___. .... .... .... . .. .

Eight :-Benzyt Alcohol : 14.9 : -0.3 : -2.0 : -0.1 : -0.7
. . . . . .. ...... ...... . ... :........ . . . . .. . . .. . . .. . . . . . . :..__:.........:_._

hine : kbril Water : 15.1 -0.1 -0.7 : 0.1 0.7

BIARKS: * Inet fLuid tests
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FIGURE 1
Helium Porosimeter

Calibration Curve
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FIGURE 2
C.mpmison of kdtol Dry Wights. Non-Wlded Tuif Samples

H*"i & Norvwr Mabrb Tit Lo (JNW)
6-7-

160 -w

150

140

M,3

IM 1300-

0 120

.4.,

110

100j

#1M
~---* . .. *_ # - *-_ --- * - -.. * ...-

*7in

I. -.... . . . ----

5 _278_
2

90 r
1 A I 12 3 4

I] 1- I ]-
a S 7 a 9

Test Number
USGS Wet & Dry DrUo

Wusei .3Z.L1
onto

A4:40



FIGURE 3
Comparison of Iltil Dry Weights. Welded Tuff Samples
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FIGURE 4
Comparison of Porosity Measurwnent Methods

Non-Welded Tuff Sample f2781
Hobnme & Narver Materiab Teg Lo (JNW)

0-7-rn

26

24 -

U
U,
n

4I-
wa

Wx

16 .1n
x E

16

Wobw C Tbm W wnm Wdor hean 1J= .UO 3uul Uab
nob W pm loli

LO= Wet & Dry Offlb
WBS G1 ± 3 3.6 1

GA LMW

A4:42



FIGURE 5
Comparison of Poroetty Measurement Methods

Non-Vadind Tuff Sample #278B
Holmes & Nova Materials Test Lab (JNW)
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FIGURE 6
Comparison of Porosity Measurement Methods

Non-Welded Tuff Sample U27U
Holmes & Narvr Materal. Tb Lob (IW)
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FIGURE 7
Comparison of Porosity Masurement Methods

Non-Welded Tuff Sample #2795
Holmes & Narvur MrAtWl! Test Lob (JNW)
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FIGURE 8
Comparison of Porosity Measurement Methods

Wded Tuff Sample G280
Holmes & Naver Materials Test Lab (JNW)

20

15

L...

0

IL
I.

w..

18

14

12

10
VihrCrbm~ Tduum d INAM MOO

O1=d& PPM~~"r
20= §wW Wdw

PPM Ahaw
w

USGS Wet & Dry Drgfng
WBSl 1.2.3.36.1

CA Leel DII

A4:46



FIGURE 9
Comparison of Porosity Measurement Methods

Welded Tuff Sample 12802
Holmes & Narver Materials Tog Lab (JNW)
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FIGURE 10
Comparison of Porosity Measurement Mcethos

Wkied Tuff Sample #2813
Holmes & Narvy Materials Test Lab (JNW)
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FIGURE 1 1
Comparison of Porosity Measurement MeUto

Welfed Tuff Sample 92815
Halm.. & Narwr Materials Tet Lob (JNW)
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APPENDIX A5

Preliminary results of permeability tests
performed for the YMP wet and dry drilling project

WBS # 1.2.3.3.6.1
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TABLE 1. NITROGEN GAS PERMEABILITY (API RP27)
Project: YMP Wet & Dry Drilling Print date: January 10, 1990 684.0 - atmospheric pressure (mm Hg)
Roquestor: Dr. Alan L. Flint Request #: GT-38 6.081 n diameter (cm)
Organization: USGS H&N ID #: 50036 C 29.043 - cross-sectional area (cm2)
Address: Box 327, MIS 72t, Mercury, Nv WBS#: 1.2.3.3.6.1 2.992 -length (cm)
Phone:5-5805 WIN #: YMP:NTS:WI:89406 113.69 -weight(g)
Tested by: J. Moore SCN: Not established 1.307 u density (g/cc)
Test date: 8/7189 OA level: III 0.0 - moisture (I%)
Checked by: Lab #: 2779
Check date: Hole & depth: U120.12 DD-1, 1.7-2.2'

Nitrogen
inlet Outtet (For rotameters) Flow rate Nitrogen via-

pressure pressure Meter Meter Actual Lookup (dtd. temp cosity (P1^2-P2^2)2L (QbPb)IA 1I((P1+P2)/2) Permeability
(psig) (psig) code type dTldF dT/dF cc/sec) (C) (cp) (atm^21cm) (cm atm/sec) (1/atm) (millidarcys)

5.00 0.00 pip Pipette&stopwatch NA 2.284 21.80 0.01759 0.1187 0.078 0.958 11.678
10.00 0.00 pip Pipette & stopwatch NA 4.852 21.80 0.01759 0.2761 0.167 0.824 10.669
15.00 0.00 pIp Pipette & stopwatch NA 7.494 21.80 0.01769 0.4721 0.259 0.723 9.836
20.00 0.00 pip Pipette & stopwatch NA 10.426 21.90 0.01769 0.7069 0.360 0.643 8.959
25.00 0.00 pip Pipette & stopwatch NA 13.650 21.90 0.01759 0.9803 0.408 0.580 8.396
30.00 0.00 pip Pipette & stopwatch NA 10.945 22.00 0.01760 1.2925 0.585 0.528 7.989
40.00 0.00 pip Pipette & stopwatch NA 23.891 22.10 0.01760 2.0328 0.825 0.448 7.147
50.00 0.00 pip Pipette & stopwatch NA 311.696 22.10 0.01780 2.9279 1.095 0.388 8.583
60.00 0.00 pip Pipette & stopwatch NA 40.356 22.10 0.01760 3.9777 1.394 0.343 6.170
80.00 0.00 pip Pipette & stopwatch NA 57.020 22.20 0.01761 6.5416 1.971 0.278 5.304

100.00 0.00 pip Pipette & stopwatch NA 74.649 22.20 0.01761 9.7246 2.580 0.234 4.671
120.00 0.00 pip Pipette & stopwatch NA 94.990 22.30 0.01761 13.5265 3.284 0.202 4.276

Equipment used: Control No.: Calibration due date:
Meltler PM6100 balance PTL-2684 9/3/89
Brown & Sharpe Digit-Cal 11 micrometer PTL-6786 1/17190
Omega Model 871 digital thermometer PTL-6976 9/13/89
Heise digital barometer PTL-5298 6/19/90
Heise CMM 61188 0-200 psl gauge PTL-4481 8/16/89
Wallace & Tiernan FA145 0-30 psi gauge PTL-388 8/18/89
Markson Science I18573 digital stopwatch S/N 006543 Manulacturer's undated certficate
SKC soap film flowmeters None Not calibrated

Permeability from Base Flow vs. Pressure Gradient. Lab #: 2779 Klinkenberg Extrapolation from Nitrogen Gas Data, Lab #: 2779
4.21 md - beat flt K (NItrogen) 2.66 md -Equivalent liquid permeability
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TABLE 2. WATER PERMEABILITY (API RP27)

Project: YMP Wet & Dry Drilling Print date: January 8, 1990 6.081 - diameter (cm)
Requestor Dr. Alan L Flint Request #: GT-38 29.041 - cross-sectional area (cm2)
Organization: USGS H&N ID#, 50036C 2.992 - length (cm)
Address Box 327. MIS 721, Mercury, Nv WBS#- 1.2.3.3.6.1 113.59 .drywt. (g)
Phone: 5-S805 WIN # YMP:NTS:WI:89-006 3639.49 - dry potted wt. (g)
Tested by. J. Moore SCN: Not established 3679.06 - wet potted wt. (g)
Test date: 11122189 QA level: III 1.763 - density (glcc)
Checked by: Lab # 2779 25.8 - moisture (%)
Check date: Hole & depth (ft): U12G.12, psi = pressure unit: cm - cm of

__________________ DD-1. 1.7-2.2' water; psi - psig
Pressures, psi Differential pressure Water vis-

Temp., a, QIA, PIL. cosity, Permeability,
Inlet Outlet deg. C psi atm cc/sec cm/sec atm/cm cP millidarcys
5.00 0.00 26.00 5.00 0.3402 0.001168 4.02E-05 0.1137 0.870 0.308

10.00 0.00 26.00 10.00 0.6805 0.002415 8.32E-05 0.2274 0.870 0.318
15.00 0.00 26.00 15.00 1.0207 0.003626 1.25E-04 0.3411 0.870 0.319
20.00 0.00 26.00 20.00 1.3609 0.004812 1.66E-04 0.4548 0.870 0.317
25.00 0.00 26.00 25.00 1.7011 0.005999 2.07E-04 0.5685 0.870 0.316
30.00 0.00 26.00 30.00 2.0414 0.007183 2.47E-04 0.6823 0.870 0.316
40.00 0.00 26.00 40.00 2.7218 0.009369 3.23E-04 0.9097 0.870 0.309
50.00 0.00 26.00 50.00 3.4023 0.011836 4.08E-04 1.1371 0.870 0.312
60.00 0.00 26.00 60.00 4.0828 0.013921 4.79E-04 1.3645 0.870 0.306
80.00 0.00 26.00 80.00 5.4437 0.018342 6.32E-04 1.8193 0.870 0.302

100.00 0.00 26.00 100.00 6.8046 0.022969 7.91 E-04 2.2742 0.870 0.303
120.00 0.00 26.00 120.00 8.1655 0.026962 9.28E-04 2.7290 0.870 0.296

Equipment used: Control No.: Calibration due date:
Mettler PM6100 balance PTL-2684 3121/90
Brown & Sharpe Digit-Cal lI micrometer PTL-6786 1117/90
Omega Model 871 digital thermometer PTL-6976 3127/90
Heise digital barometer PTL-5296 6119/90
Heise CMM 61186 0-200 psi gauge PTL-4481 1li190
Wallace & Tieman FA145 0-30 psi gauge PTL-388 2124190
Markson Science #16573 digital stopwatch S/N 006543 Manufacturer's undated certificate
Coming pipettes None Not calibrated
Kimble pipettes None Not calibrated

Permeability from Flow Rate vs. Pressure Gradient. Lab #: 2779
0.297 md = Beat fit K (Water)
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TABLE 3. NITROGEN GAS PERMEABILITY AT VARIOUS DEGREES OF SATURATION (API RP27)

Project: YMPWet&DryDriling Testdate: 11128-11/30/89 WBS#: 1.2.3.3.8.1 672.6 uatmospheriopressure(m 113.59 -drysamplewt (g)
Requestor: Dr. Alan L. Flint Chocked by: WIN 1: YMP:NTS:WI:89-006 6.081 a diameter (cm) 3639.49 * dry potted wt. (g)
Organization: USGS Chock date: SCN: Not establIshed 29.043 * cross-sectional area (cm 3679.06 - saturated potted wt. (g)
Addrese: Box 327. M/S 721. Mercury, Nv Print date: January10. 1990 OA level: III 2.992 - length (cm) 223.42 -empty water jar wt. (g)
Phone: 6-5805 Request #: GT-38 Lab#: 2779 1.703 - saturated density (gcc) 153.16 *saturated samplewt, (g)
Tested by: J.Moore H&N IDO: 60036c Hole&depth:U12G.12DD-1 1.7-2.2' 25.8 -moisture(% bywt.) 45.5 -moisture(%byvolume)

Nitrogen Relativo
Inlet Outlet Flow rate Nitrogen vis- As-tested Water jar Dry-core permeability

pressure pressure Meter Meter Actual Lookup (old. temp cosity Pt12-P2^2)/2L (QbPb)/A permeability + water Saturation permeability to nitrogen
(psig) (psig) code type dT/dF dT/dF cc/sec) (C) (cp) (atm^21cm) (cm atm/soec) (millidarcys) wt. (g) (18) (mililidarcys) (ratIo)
5.00 0.00 pip Plpette&stopwatch NA 0.000 26.20 0.01778 0.1200 0.000 0.000 223.42 100 11.578 0.000

10.00 0.00 pip Pipette & stopwatch NA 0.004 25.90 0.01777 0.2786 0.000 0.009 224.17 98 10.669 0.001
16.00 0.00 pip Pipette & stopwatch NA 0.048 25.70 0.01776 0.4760 0.002 0.063 226.33 93 9.636 0.007
20.00 0.00 pip Pipette & stopwatch NA 0.151 28.30 0.01787 0.7120 0.005 0.134 228.11 88 8.959 0.015
25.00 0.00 pIp Pipette & stopwatch NA 0.296 28.00 0.01788 0.9868 0.010 0.189 228.93 86 8.396 0.022
30.00 0.00 pip Pipette & stopwatch NA 0.569 28.90 0.01781 1.3002 0.020 0.273 230.17 83 7.969 0.034
40.00 0.00 pip Pipette & stopwatch NA 1.203 26.40 0.01779 2.0431 0.042 0.307 231.20 80 7.147 0.051
50.00 0.00 pip Pipette & stopwatch NA 2.048 26.10 0.01778 2.9408 0.072 0.433 232.07 78 8.583 0.066
60.00 0.00 pip Pipette&stopwatch NA 3.201 25.80 0.01770 3.9932 0.112 0.498 232.81 76 6.170 0.081
80.00 0.00 pip Pipette & stopwatch NA 6.085 25.60 0.01775 6.5823 0.213 0.576 233.84 74 5.304 0.109

100.00 0.00 pip Pipette & stopwatch NA 10.034 25.30 0.01774 9.7504 0.350 0.638 234.45 72 4.071 0.130
120.00 0.00 pip Pipette & stopwatch NA 14.819 25.00 0.01773 13.5576 0.517 0.676 235.18 70 4.276 0.158

Equipment used: Control No.: Calibration due date:
Motler PM6100 balance PTL-2684 3/21/90
Brown & Sharpe Digit-Cal tl micrometer PTL-6786 1/17/90
Omega Model 871 digital thermometer PTL-6976 3/27/90
Helse digital barometer PTL-5298 6/19/90
Holes CMM e1186 0-200 psi gauge PTL-4481 1/10/90
Wallace & Tiernan FAI45 0-30 psi gauge PTL-388 2/24/90
Markson Science #16573 digital stopwatch S/N 006543 Manulacturer's undated ceoriflcate
Corning and Kimble pipettes None Not calibrated
SKC soap film llowmelers None Not calibrated

Relative Permeability to Nitrogen
Lob f: 2779
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TABLE 4. NITROGEN GAS PERMEABILITY (API RP27)
Project: YMP Wet & Dry Drilling Print date: January 10. 1990 684.0 - atmospheric pressure (mm Hg)
Requestor: Dr. Alan L. Flint Request /: GT-38 6.081 a diameter (cm)
Organization: USGS H&N ID #: 50036 C 29.043 - cross-sectional area (cm2)
Address: Box 327. MIS 721, Mercury, Nv WBS #: 1.2.3.3.6.1 3.084 * length (cm)
Phone:5-5805 WIN #: YMP:NTS:WI:89-008 114.37 .weight(g)
Tested by: J. Moore SCN: Not established 1.277 - denaity (gIcc)
Test date: 817189 GA level: III 0.0 = moisture (%)
Checked by: Lab #: 2789
Check date: Hole & depth: U12C.12 WD-1, 1.8-2.3

Nitrogen
Inlet Outlet (For rotameters) Flow rate Nitrogen vis-

pressure pressure Meter Motor Actual Lookup (std. temp cosity (P1^2-P2^2)/2L (ObPb)/A 1I((PI+P2)/2) Permeability
(psig) (psIg) code type dT/dF dT/dF co/seec) (C) (cp) (alm^2/cm) (cm atm/sec) (I/atm) (milidarcys)

5.00 0.00 pip Pipelte&stopwatch NA 1.152 22.80 0.01763 0.1151 0.040 0.958 6.107
10.00 0.00 pip Pipette & stopwatch NA 2.559 22.80 0.01763 0.2678 0.089 0.824 6.834
15.00 0.00 pip Pipette & stopwatch NA 4.218 22.80 0.01763 0.4580 0.146 0.723 6.622
20.00 0.00 pip Pipette & stopwatch NA 5.968 22.80 0.01763 0.e858 0.207 0.643 5.313
25.00 0.00 pip Pipette&stopwatch NA 8.066 22.80 0.01763 0.9511 0.279 0.580 S.179
30.00 0.00 pip Pipette & stopwatch NA 10.459 22.80 0.01763 1.2539 0.362 0.528 5.093
40.00 0.00 pip Pipette & stopwatch NA 15.508 22.80 0.01763 1.9721 0.537 0.448 4.801
50.00 0.00 pip Pipette & stopwatch NA 21.122 22.80 0.01763 2.8405 0.731 0.388 4.541
60.00 0.00 pip Pipette & stopwatch NA 27.537 22.80 0.01763 3.8590 0.954 0.343 4.357
80.00 0.00 pip Pipette & stopwatch NA 42.126 22.80 0.01763 e.3465 1.459 0.278 4.053

100.00 0.00 pip Pipette & stopwatch NA 57.851 22.90 0.01764 9.4345 2.004 0.234 3.746
120.00 0.00 pip Pipette & stopwatch NA 75.607 22.90 0.01784 13.1230 2.e19 0.202 3.520

Equipment usesd: Control No.: Calibration due date:
Mottler PM6100 balance PTL-2684 9/3189
Brown & Sharpe Digit-Cal 11 micrometer PTL-6786 1/17/90
Omega Model 871 digital thermometer PTL-6978 9/13/89
Heise digital barometer PTL-5296 6/19/90
Helse CMM 61186 0-200 psl gauge PTL-4481 8/11189
Wallace & Tiernan FAI45 0-30 psi gauge PTL-388 8/18/89
Markson Science 016573 digital stopwatch SIN 006543 Manulacturer's undated certificate
SKC soap film fiowmeters None Not calibrated

Permeability from Base Flow vs. Pressure Gradient. Lab #: 2789 Klinkenberg Extrapolation from Nitrogen Gas Data, Lab #: 2789
3.52 md - beat fit K (Nitrogen) 3.12 md - Equivalent liquid permeability
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TABLE S. WATER PERMEABILITY (API RP27)

Project: YMP Wet & Dry Drilling Print date: January 8,1990 6.081 -- diameter (cm)
Requestor: Dr. Alan L Flint Request # GT-38 29.043 - cross-sectional area (cm2)
Organization: USGS H&N ID #: 50036C 3.084 l length (cm)
Address: Box 327, MIS 721, Mercury, Nv WBS #: 1.2.3.3.6.1 114.37 dry wt. (g)
Phone: 5-5805 WIN #- YMP:NTS:WI:89-006 3641.54 -dry potted wt. (g)
Tested by: J. Moore SCN: Not established 3682.20 , wet potted wt. (g)
Testdate: December4,1989 QA level: III 1.731 -density (g/cc)
Checked by: Lab#. 2789 26.2 -moisture (%)
Check date: Hole & depth (t): U12G.12, psi p pressure unit: cm = cm of

WD-1, 1.8-2.3 water; psi - psig
Pressures, psi Differential pressure Water vis-

Temp., a. QIA, PIL, cosity, Permeability,
Inlet Outlet deg. C psi atm cc/sec cm/sec atm/cm cP millidarcys
5.00 0.00 25.90 5.00 0.3402 0.001832 6.31E-05 0.1103 0.872 0.499

10.00 0.00 25.80 10.00 0.6805 0.003765 1.30E-04 0.2206 0.874 0.514
15.00 0.00 25.80 15.00 1.0207 0.005597 1.93E-04 0.3310 0.874 0.509
20.00 0.00 25.80 20.00 1.3609 0.007371 2.54E-04 0.4413 0.874 0.503
25.00 0.00 25.80 25.00 1.7011 0.009219 3.17E-04 0.5516 0.874 0.503
30.00 0.00 25.80 30.00 2.0414 0.010824 3.73E-04 0.6619 0.874 0.492
40.00 0.00 25.70 40.00 9 7218 0.014335 4.94E-04 0.8826 0.876 0.490
50.00 0.00 25.70 50.00 3.4023 0.017908 6.17E-04 1.1032 0.876 0.490
60.00 0.00 25.70 60.00 4.0828 0.021477 7.40E-04 1.3239 0.876 0.489
80.00 0.00 25.70 80.00 5.4437 0.027942 9.62E-04 1.7651 0.876 0.478

100.00 0.00 25.70 100.00 6.8046 0.035095 1.21 E-03 2.2064 0.876 0.480
120.00 0.00 25.60 120.00 8.1655 0.040782 1.40E-03 2.6477 0.878 0.466

Equipment used: Control No.: Calibration due date:
Mettler PM6100 balance PTL-2684 913t89
Brown & Sharpe Digit-Cal II micrometer PTL-6786 1117190
Omega Model 871 digital thermometer PTL-6976 9/13/89
Heise digital barometer PTL-5296 6119/90
Heise CMM 61186 0-200 psi gauge PTL-4481 8116/89
Wallace &Tiernan FA145 0-30 psi gauge PTL-388 8/18/89
Markson Science #16573 digital stopwatch SIN 006543 Manufacturer's undated certificate
Coming pipettes None Not calibrated
Kimble pipettes None Not calibrated

Permeability from Flow Rate vs. Pressure Gradient. Lab #: 2789
0.466 md = Best fit K (Water)
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TABLE 6. NITROGEN GASPERMEABLITY AT VARIOUS DEGREES OF SATURATION (API RP27)

Project: YMP Wet & Dry Drilling Test date: 12/5-12M/9 WtS #: 1.2.3.3.6.1
Requestor: Dr. Alan L. Flint Checked by: WIN #: YMP:NTS:Wi:89-008
Organization: USGS Check date: SCN: Not established
Address: Box 327, MIS 721, Mercury. Nv Print date: January 9, 1990 QA level: Ill
Phone: 6-805 Request #: GT-38 Lab#: 2789
Tested by: J. Moore H&N ID#: 50036C Hole & depth: U12G.12 WD-1, 1.8-2.3

6N8.0 - atmospheric pressure (m 114.37 * dry sample wt. (g)
8.081 * dIameter (cm) 3841.64 - dry potted wt. (g)

29.043 a cross-sectional area (cm 3682.20 - saturated potted wt. (g)
3.084 - length (cm) 222.55 - emptywater jar wt. (g)
1.731 * saturated density (g/cc) 155.03 - saturated sample wt. (g)
20.2 - moisture (I% bywt.) 45.4 - moisture (% by volume)

Inlet Outlet
pressure pressure Meter Meter Actual

(pslg) (ps1g) code type dT/dF

Nitrogen Relate 1
Flow rate Nitrogen vis- As-tested Waler jar Dry-core permeability

Lookup (old. temp cosily P1^2-P2^2)12L (ObPb)/A permeability + water Saturation permeability to nitrogen
dT/dF cc/sec) (C) (cp) (alm^2/cm) (cm atm/sec) (millidarcys) wt, (a) (I6) (millidarcys) (ratio)

--- - . . - -

5.00 0.00 none No gas Hlow
10.00 0.00 none No gas flow
15.00 0.00 pip Pipette & stopwatch
20.00 0.00 pip Pipette & stopwatch
25.00 0.00 pIp Pipette & stopwatch
30.00 0.00 pip Pipette & stopwatch
40.00 0.00 pip Pipette & stopwatch
50.00 0.00 pip Pipette & stopwalch
60.00 0.00 pip Pipette & stopwatch
80.00 0.00 pip Pipette & stopwatch

100.00 0.00 pip Pipette & stopwatch
120.00 0.00 pip Pipette & stopwatch

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.000 26.10 0.01778 0.1154 0.000 0.000 222.55
0.000 25.70 0.01770 0.2684 0.000 0.000 224.78
0.027 27.70 0.01784 0.4589 0.001 0.037 228.88
0.099 26.90 0.01781 0.0870 0.003 0.090 228.68
0.21B 26.50 0.01779 0.9526 0.006 0.143 229.70
0.382 261.40 0.01779 1.2557 0.013 0.190 230.40
0.89. 26.30 0.01778 1.9745 0.031 0.283 231.89
1.686 27.60 0.01784 2.8435 0.059 0.372 233.13
2.600 27.10 0.01782 3.8628 0.091 0.421 233.83
4.767 26.60 0.01780 6.3512 0.167 0.468 234.58
8.068 25.90 0.01777 9.4404 0.282 0.531 235.33

13.607 25.10 0.01773 13.1301 0.476 0.841 237.06

: 4^^ 0 4AX ^ AAA

1u0
95
89
85
82
B1
77
74
72
70
69
64

o.Iu,
5.834
6.622
5.313
5.179
5.093
4.801
4.541
4.357
4.053
3.746
3.520

u.uuu
0.000
0.007
0.017
0.028
0.037
0.069
0.082
0.097
0.116
0.142
0.182

Equipment used: Conlrol No.:
Mettlier PM6100 balance PTL-2084
Brown & Sharpe Digit-Cal 11 micrometer PTL-6786
Omega Model 871 digital thermometer PTL-6976
Heise digital barometer PTL-5296
Heise CMM 61186 0-200 psi gauge PTL-4481
Wallace & Tiernan FA145 0-30 psi gauge PTL-388
Markson Science b16573 digital stopwatch S/N 006543
Corning and Kimble pipettes None
SKC soap fIlm llowmeters None

Caiboralion aue dale:
3/21/90
1/17/90
3/27/90
6/19/90
1/10/90
2/24/90
Manutacturer's undated certilicate
Not calibrated
Not calibrated

00 Relative Permeability to Nitrogen
Lab #: 2789
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TABLE 7. NITROGEN GAS PERMEABILITY (API RP27)

Project: YMP Wet & Dry Drilling Print date: January 8, 1990 683.2 - atmospheric pressure (mm Hg)
Requester: Dr. Alan L. Flint Request #: GT-38 6.025 * diameter (cm)
Organization: USGS H&N ID e: 50030 C 28.510 - cross-sectlional area (cm2)
Address: Box 327, MIS 721, Mercury, Nv WBS I: 1.2.3.3.6.1 3.848 = length (cm)
Phone: 5-5805 WIN 9: YMP:NTS:WI:89-006 237.93 * weight (g)
Tested by: J. Moore SCN: Not establIshed 2.169 * density (g/cc)
Test date: 8/4189 OA level: III 0.0 * moisture (4O)
Checked by: Lab 9: 2800
Check date: Hole a depth: U12G.12 00-2.3.6-4.0'

Nitrogen
Inlet Outlet (For rotameters) Flow rate Nitrogen via-

pressure pressure Meter Metor Actual Lookup (otd. temp cosily (P1^2-P2^2)/2L (QbPb)/A 11((P1+P2)/2) Permeability

(psig) (psig) code type dT/dF dT/dF cc/sec) (C) (cp) (atm^2/cm) (cm atm/sec) (1/atm) (milildarcys)

5.00 0.00 pip Pipette & stopwatch NA 0.136 23.10 0.01765 0.0922 0.005 0.959 0.919

10.00 0.00 pip Pipette&stopwatch NA 0.302 23.10 0.01765 0.2145 0.011 0.825 0.877

15.00 0.00 pip Pipette & stopwatch NA 0.502 23.20 0.01765 0.3668 0.018 0.723 0.854

20.00 0.00 pip Pipette & stopwatch NA 0.732 23.20 0.01765 0.5493 0.026 0.644 0.831

25.00 0.00 pip Pipette & stopwatch NA 0.988 23.20 0.01765 0.7618 0.035 0.580 0.809

30.00 0.00 pip Pipette & stopwatch NA 1.289 2320 0.01765 1.0044 0.046 0.528 0.800

40.00 0.00 pip Pipette & stopwatch NA 1.990 23.20 0.01765 1.5799 0.070 0.448 0.785

50.00 0.00 pip Pipette & stopwatch NA 2.750 23.20 0.01765 2.2757 0.097 0.389 0.753

60.00 0.00 pip Pipette & stopwatch NA 3.542 23.20 0.01765 3.0918 0.125 0.343 0.714

80.00 0.00 pip Pipette & stopwatch NA 5.469 23.20 0.01765 5.0850 0.193 0.278 0.671

100.00 0.00 pip Pipette & stopwatch NA 7.662 23.20 0.01765 7.5595 0.271 0.234 0.632

120.00 0.00 pip Pipette & stopwatch NA 10.103 23.20 0.01765 10.5154 0.357 0.202 0.599

Equipment used: Control No.: Calibration due date:
Mettiler PM61O0 balance PTL-2684 913189
Brown & Sharpe Dlgit-Cal 11 micrometer PTL-6786 1/17190
Omega Model 871 digital thermometer PTL-6976 9/13189
Hoise digital barometer PTL-5295 6/19190
Helse CMM 61186 0-200 psi gauge PTL-4481 8/1t6/89
Wallace & Tiernan FA145 0-30 psi gauge PTL-388 8/18/89
Markson Science 916573 digital stopwatch S/N 006543 Manufacturer's undated certificate
SKG soap film flowmeters None Not calibrated

Permeability from Base Flow vs. Pressure Gradient. Lab #: 2800 Klinkenberg Extrapolation from Nitrogen Gas Data, Lab #: 2800

0.601 md -bet fit K (Nitrogen) 0.567 md - Equtvolent liquid permeability
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TABLE 8. WATER PERMEABILITY (API RP27)

Project YMP Wet & Dry Drilling Print date: January 8, 1990 6.025 - diameter (cm)
Requestor Dr. Alan L Flint Request#, GT-38 28.510 =cross-sectional area (cm2)
Organization: USGS H&N ID # 50036C 3.848 - length (cm)
Address: Box 327, MIS 721, Mercury, Nv WBS # 1.2.3.3.6.1 237.93 -dry wt. (g)
Phone: 5-5805 WIN#, YMP:NTS:WI:89-006 3736.96 -dry potted wt. (g)
Tested by J. Moore SCN: Not established 3756.04 - wet potted wt. (g)
Test date: 1218/89 OA level: III 2.343 -density (g/cc)
Checked by. Lab # 2800 7.4 , moisture (%)
Check date: Hole&depth(Rf): U12G.12, psi , pressure unit cm - cm of

DD-2, 3.6-4.0' water: psi - psig
Pressures, psi Differential pressure Water vis-

Temp., 0, Q/A, PIL, cosity, Permeability,
Inlet Outlet deg. C psi atm cc/sec cm/sec atm/cm cP millidarcys
5.00 0.00 25.00 5.00 0.3402 0.000632 2.22E-05 0.0884 0.890 0.223

10.00 0.00 25.10 10.00 0.6805 0.001246 4.37E-05 0.1768 0.888 0.220
15.00 0.00 25.10 15.00 1.0207 0.001860 6.52E-05 0.2653 0.888 0.218
20.00 0.00 25.10 20.00 1.3609 0.002602 9.13E-05 0.3537 0.888 0.229
25.00 0.00 25.10 25.00 1.7011 0.003230 1.13E-04 0.4421 0.888 0.228
30.00 0.00 25.20 30.00 2.0414 0.003797 1.33E-04 0.5305 0.886 0.222
40.00 0.00 25.20 40.00 2.7218 0.005327 1.87E-04 0.7073 0.886 0.234
50.00 0.00 25.20 50.00 3.4023 0.007040 2.47E-04 0.8842 0.886 0.247
60.00 0.00 25.20 60.00 4.0828 0.008490 2.98E-04 1.0610 0.886 0.249
80.00 0.00 25.20 80.00 5.4437 0.012007 4.21E-04 1.4147 0.886 0.264

100.00 0.00 25.20 100.00 6.8046 0.015322 5.37E-04 1.7683 0.886 0.269
120.00 0.00 25.20 120.00 8.1655 0.018742 6.57E-04 2.1220 0.886 0.275

Equipment used: Control No.: Calibration due date:
Mettler PM61 00 balance PTL-2684 9/3189
Brown & Sharpe Digit-Cal 1I micrometer PTL-6786 1117/90
Omega Model 871 digital thermometer PTL-6976 9/13=89
Heise digital barometer PTL-5296 6119/90
Heise CMM 61186 0-200 psi gauge PTL-4481 8/16/89
Wallace &Tiernan FA1 45 0-30 psi gauge PTL-388 8/18/89
Markson Science #16573 digital stopwatch SIN 006543 Manufacturer's undated certificate
Coming pipettes None Not calibrated
Kimble pipettes None Not calibrated

Permeability from Flow Rate vs. Pressure Gradient. Lab #: 2800
0.279 md = Best fit K (Water)

0.7 -
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P/Lt Ftm/cm
E3 Data Best fi Figure I11.
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TABLE 9. NITROGEN GAS PERMEABILITY AT VARIOUS DEGREES OF SATURATION (API RP27)

Project: YMPWet&Dry Driling Testdate: 12/11/89 WBS#: 1.2.3.3.6.1 872.8 uatmosphericpressure(m 237.93 -drysamplewt.(g)
Requestor: Or. Alan L. Flint Checked by: WIN#: YMP:NTS:WI:89-00t 6.025 * diameter (cm) 3730.96 w dry potted wt. (g)
OrganizatIon: USGS Check dale: SCN: Not established 28.510 - cross-sectional area (cm 3756.04 - saturated potted wt. (g)
Address: Box 327, M/S 721, Mercury, Nv Print date: January 9, 1990 OA level: ill 3.848 *length (cm) 221.21 *empty water jar wt. (g)
Phone: 5-5805 Request d: GT-38 Lab#: 2800 2.343 -saturated density (g/cc) 257.01 wsaturated sample wt. (g)
Tested by: J. Moore H&N ID#: 500360 Hole&depth: U120.12D0-2,3.6-4.0 7.4 -moIsture (% bywt.) 17.4 *moisture (% by volume)._

Nitrogen Relative
Inlet Outlet Flow rate Nitrogen vis- As-tested Water far Dry-core permeability

pressure pressure Metor Motor Actual Lookup (aId. temp cosity PIl2-P2^2)/2L (QbPb)IA permeabilIty + water Saturation permeability to nitrogen
(psig) (pslgI) code type dT/dF dT/dF cc/sac) (C) (cp) (atm^2fcm) (cm atm/sec) (mlilldarcys) wt. (o) (%) (mllldarcys) (ratio)

5.00 0.00 none No gas low NA 0.000 0.0165 0.0933 0.000 0.000 221.21 -00 - 0.919 o.0oo
10.00 0.00 none Nogasflow NA 0.000 0.01665 0.2167 0.000 0.000 221.21 100 0.877 0.000
15.00 0.00 none Nogasfiow NA 0.000 0.01665 0.3702 0.000 0.000 221.68 98 0.854 0.000
20.00 0.00 pip Pipette & stopwatch NA 0.026 0.01665 0.5538 0.001 0.026 222.02 96 0.831 0.031
25.00 0.00 pip Pipette & stopwatch NA 0.078 0.01665 0.7874 0.003 0.055 222.69 92 0.809 0.088
30.00 0.00 pIp Pipette&stopwatch NA 0.153 0.01685 1.0111 0.005 0.082 223.02 91 0.800 0.103
40.00 0.00 pIp Plpone & stopwatch NA 0.363 0.0,165 1.6889 0.012 0.124 223.43 88 0.785 0.158
50.00 0.00 pip Pipette & stopwatch NA 0.702 0.01665 2.2869 0.023 0.167 223.72 87 0.753 0.221
60.00 0.00 pip Pipette & stopwatch NA 1.200 0.01665 3.1053 0.039 0.210 224.17 84 0.714 0.293
80.00 0.00 pIp Plpette & stopwatch NA 2.424 0.01685 5.1030 0.079 0.257 224.81 81 0.671 0.384

100.00 0.00 pip Pipette&stopwatch NA 3.736 0.01885 7.5820 0.122 0.207 225.45 78 0.e32 0.423
120.00 0.00 pip Pipette & stopwatch NA 5.160 0.01665 10.5423 0.168 0.265 226.17 74 0.599 0.443

Equipment used: Control No.: Calibration due date:
Mettler PM6100 balance PTL-2684 3/21/90
Brown & Sharpe Digit-Cal 11 micrometer PTL-8788 1/17/90
Omega Model 871 digital thermometer PTL-6976 3/27/90
Heise digital barometer PTL-S296 6/19/90
Helse CMM 61186 0-200 pal gauge PTL-4481 1/10/90
Wallace & Tiernan FA145 0-30 psi gauge PTL-388 2/24/90
Markson Science #16573 digital stopwatch SIN 006543 Manufacturer's undated certificate
Corning and Kimble pipeltes None Not calibrated
SKC soap film flowmeters None Not calibrated

Relative Permeability to Nitrogen
Lob f: 2800

0.40

0.35

0.30

2:1 0.25

'! 0.20

0.15

0.10

0.05

0.00

74 78 82 86 90 94 98

X soturotlon FIgure 12.



TABLE 10. NITROGEN GAS PERMEABILITY (API RP27)

Project: YMP Wet & Dry Drilling Print date: January 10, 190 63.4 . atmospheric pressure (mm Hg)
Requestor: Dr. Alan L. Flint Request A1: GT-38 6.096 a diameter (cm)
Organization: USGS H&N ID 0: 50036 C 20.186 - cross-sectional area (cm2)
Address: Box 327, MIS 721. Mercury, Nv WBS : 1.2.3.3.6.1 3.785 a lenglh (cm)
Phone: 5-5805 WIN #: YMP:NTS:WI:89-00o 239.93 * weight (g)
Tested by: J. Moore SCN: Not established 2.172 * density (g/cc)
Test date: 814189 QA level: IlI 0.0 .moisture (%)
Checked by: Lab e: 2818
Check date: Hole & depth: U12G.12 WD-2, 22.2-22.0'

Nltrogen
Inlet Outlet (For rotameters) Flow rate Nitrogen via-

pressure pressure Meter Meter Actual Lookup (std. tomp cosity (P1-2-P2V2)/2L (QbPb)/A 1/((P1+P2)/2) Permeability

(psig) (psig) code type dTldF dT/dF cc/sac) (C) (cp) (atm^21cm) (cm atm/sac) (1/atm) (miltidarays)

5.00 0.00 pip Pipane stopwatch NA 0.018 22.60 0.01762 0.0938 0.001 0.9 9 0.t17

10.00 0.00 pip Pipette & stopwatch NA 0.039 22.60 0.01702 0.2181 0.001 0.024 0.108

15.00 0.00 pip Pipette & stopwatch NA 0.082 22.00 0.01762 0.3730 0.002 0.723 0.100

20.00 0.00 pip Pipette & stopwatch NA 0.086 22.60 0.01762 0.6585 0.003 0.644 0.093

25.00 0.00 pip Pipette & stopwatch NA 0.113 22.60 0.01762 0.7746 0.004 0.580 0.088

30.00 0.00 pip Pipette & stopwatch NA 0.143 22.60 0.01702 1.0213 0.006 0.528 0.085

40.00 0.00 pip Pipette & stopwatch NA 0.207 22.60 0.01762 1.6064 0.007 0.448 0.078

50.00 0.00 pip Pipette & stopwatch NA 0.277 22.60 0.01762 2.3138 0.010 0.388 0.073

eo.oo 0.00 pip Pipette & stopwatch NA 0.356 22.70 0.01763 3.1436 0.012 0.343 0.069

80.00 0.00 pip Pipette & stopwatch NA 0.530 22.70 0.01763 6.1701 0.018 0.278 0.062

100.00 0.00 pip Pipette & stopwatch NA 0.739 22.70 0.01763 7.6860 0.025 0.234 0.058

120.00 0.00 pip Pipette&stopwatch NA 0.969 22.70 0.01763 10.6911 0,033 0.202 0.055

Equipment used: Control No.: Calibration due date:
Mettier PM6100 balance PTL-2684 9/3/89
Brown & Sharpe Digit-Cal 11 micrometer PTL-6786 1/17/90
Omega Model 871 digital thermometer PTL-6976 9/13/89
Heise digital barometer PTL-6298 6/19/90
Hatse CMM 61186 0-200 psi gauge PTL-4481 8/11/89
Wallace & Tiernan FA145 0-30 psi gauge PTL-388 8118189
Markson Science ff16573 digital stopwatch SIN 006543 Manufacturer's undated certificate
SKC eoap film flowmeters None Not calibrated

Permeability from Base Flow vs. Pressure Gradient. Lab #: 2818 Klinkenberg Extrapolation from Nitrogen Gas Data. Lab #: 2818

0.0544 md - beat fit K (Nitrogen) 0.0398 md - Equlvoltnt liquid pemecabilty

st 0.0_ - 0.12 -

0.0 
/0.11

0.0

0.0~~~~~~~~~~~~~~~~~~~~~~~~~00

0.0 i
E '~~~~~~~~~~~~~~~~~~~~~ ~~~~ 0.08

0.0 0.07

0 1 ~~~~~~~~~~~~~~~~~~~~~~~~~0.06
0.0~~~~~~~~~~~~~~~~~~~~~~~~~00
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0.0~~~~~~~~~~~~~~~~~~~~~~~~00
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Summary of variography and spatial variability analyses

Experimental variograms were calculated for the nonwelded borehole (Figures A.6a
and b) by using a fixed 0.1 m pair spacing and variable pair number with no pair
number less than 30. The experimental variograms for bulk density, sorptivity,
porosity and saturation provided some insight into the structure of the spatial
variability. The undulation or "hole effect" in the variogram for the nonwelded dry
drilled borehole (Fig. A.6a and b) is the result of the alternating zeolitic and silicified
beds penetrated by the borehole. This effect for porosity is more subtle because it is
less sensitive to lithology differences than the other three parameters. The beds
alternate at approximately 2 m distance as does the experimental variogram.

A Gaussian model with a nugget was fit to each experimental variogram. A Gaussian
model fit better than a spherical model due to small scale continuity that showed up
at the sample spacing of 0.1 m but not at larger spacings. The nugget values for
porosity and bulk density are relatively small because their physical characteristics are
independent of any other variable and should show a greater continuity at the
sampling scale. Sorptivity and saturation both depend on porosity but introduce
additional variables thus increasing the inherent variability displayed in their higher
nugget values. Sorptivity has the highest nugget value due to flow processes being
influenced by variables such as tortuosity, clays and zeolites.

The range of each model variogram was 1.12 m. Even though visually the beds repeat
at 2 m, the contacts are fairly diffuse when judged using hydrologic properties. The
range of 1.12 m indicates that a sample may not be representative of the rock more
than a meter away and a minimum of 5 samples would be required to use the model
variogram to any advantage to estimate properties at all unmeasured locations. If
classical statistics such as mean and standard deviation were to be used instead, it
would be calculated that 7 samples would be needed to characterize bulk density, 14
would be needed for porosity, 6 for saturation, and 75 samples would be needed to
characterize sorptivity in this 10 m borehole. These sample numbers are for
calculating mean values and do not attempt to characterize the spatial structure as
does the geostatistical analysis. Using a knowledge of the spatial structure of the flow
parameter, sorptivity, is certainly an advantage in limiting the number of
measurements needed.

Variograms on were done as above on the core measurements from the welded
borehole (Figure A.6c). Linear models were fitted to the sample variograms using
regression. There is some evidence of very weak spatial correlation for bulk density
and saturation at this scale and sample spacing provided by the small positive slope of
the models. The degree of spatial correlation, however, is extremely small, and the
application of geostatistics (using a "pure nugget" model, for example) or any other
technique utilizing a spatial model may not provide any advantages over classical
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statistical methods in estimating mean values, confidence intervals, and minimum
sample sizes for the purpose of characterization. Although it is likely that significant
spatial correlation for some parameters within the welded unit does exist at some
scale, either a closer sample spacing or a larger sample domain (i.e., a longer borehole)
is needed before such spatial structure can be identified and correctly modeled.
Classical statistics in this case provided estimates of these parameters and was
satisfactory for determination of number of samples necessary to describe the
properties in the welded unit It can be calculated that 3 samples would be necessary
to characterize bulk density, 5 would be needed for porosity and saturation, but
approximately 126 samples would be required to characterize sorptivity. It would be
understandably useful, therefore, to be able to define the spatial structure of the
welded borehole in order to reduce the number of samples required.

A comparison of sample variograms between the welded and nonwelded samples
indicates that the absolute variability for all parameters is less for the welded samples.
With the exception of saturation, the overall variability for the welded unit is less than
or approximately equivalent to the nugget values of fitted models for the nonwelded
unit. It can be concluded that, although the spatial correlation of most parameters in
the welded unit is poor relative to the nonwelded unit, the total variablity of
measured values is much less throughout the welded borehole.
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Figures A.6a, b, c. Variograms of a) bulk density, b) sorptivity, relative saturation and
porosity all with fitted models in nonwelded borehole, and c)
saturation, bulk density, sorptivity and porosity in welded
borehole.
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Rock temperature measurements during borehole drilling
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Rock temperature measurements during borehole drilling.

Borehole rock temperatures were measured using 15 thermocouples inside a borehole immediately
after the termination of drilling. Figure A.7a is the temperature 1 minute after drilling stopped.
Higher temperatures are evident in the kerf marks where the diamond core bit makes contact.
A low temperature area exists below the center of the core. Figure A.7b is the temperature 20
minutes after cessation of drilling and Figure A.7c is the temperature after 1 hour. The ambient
rock temperatures were approximately 17.5 C and were reached within 2 hours.
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G-TUNNEL BOREHOLE TEMPERATURE (C): TDD20.DAT
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Figure A.7a. Isohyetal representation of-rock temperature field in the end of dry drilled
welded borehole, DD-2 based on rock temperature measurements with 15
thermocouples, 1 minute following cessation of drilling.



G-TUNNEL BOREHOLE TEMPERATURE (C): TDD21.DAT
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Figure A.7b. Isohyetal representation of rock temperature field in the end of dry drilled
welded borehole, DD-2 based on rock temperature measurements with 15
thermocouples, 20 minutes following cessation of drilling.
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Figure A.7c. Isohyetal representation of rock temperature field in the end of dry drilled
welded borehole, DD-2 based on rock temperature measurements with 15
thermocouples, 1 hour following cessation of drilling.
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Example data sets.

Example data sets are represented in the following figures corresponding to 1)
physical and hydrologic measurements on core samples, (8 figures), 2) neutron
logging measurements in 4 boreholes, (4 figures), and 3) in situ measurements
of borehole conditions following drilling in 4 boreholes (3 figures).
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Measurements of porosity and bulk density on core
samples collected from dry drilled nonwelded and
welded boreholes. Almost mirror images of each other,
porosity and bulk density show a lower variability in
physical structure in the welded DD-2 samples, with a
much lower porosity and higher bulk density than for
the nonwelded DD-1 samples.
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Figure A.8c and d. Volumetric water contents measured on welded and
nonwelded core samples obtained from wet and dry
drilled boreholes. On average, the welded samples
were half as wet as the nonwelded samples, due to
their lower porosity. The wet drilled samples were
wetter than the dry drilled in both rock units. The
samples from the nonwelded boreholes have water
contents that reflect the higher porosity in the
zeolitized zones (see Figure 2 in section 3.1.1) and
lower porosity silicified zones.
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Figure A.8e and f. Water potential measured using a Richards'psychro-
meter, on chips taken directly adjacent to core
samples from 4 boreholes. Welded boreholes show much
higher water potentials and less variability than the
nonwelded boreholes except in the two locations where
lower potentials reflect air flow patterns through a
large fracture zone (WD-2) and low porosity in a
silicified zone (WD-1). DD-1 shows lower potentials
in the silicified zones, while DD-2 shows much
variability throughout the highly fractured welded
borehole, probably indicating air flow through
fractures.
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measuring water potential on chips from core samples
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Figure A.8h. Volumetric water content of core samples from DD-1 and
corresponding adjacent chips upon which water potential was
measured immediately followed by water content measurements.
This indicates an error introduced by sample handling during
the water potential measurement causing drying of the
sample.
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Figure A.8i and j. Volumetric water content determined in nonwelded
boreholes using neutron moisture meters. Logs were
run immediately following drilling and approximately 3
months later, assuming equilibration to ambient pre-
drilling moisture conditions. There was very little
change in water content in DD-1, however wet drilling
in WD-1 contributed water to the formation throughout
the depth of the borehole. This is especially true in
the more porous nonwelded rock (See Fig. A.81).
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Figures A.8k and 1. Volumetric water content determined in welded
boreholes using neutron moisture meters. Logs were
run immediately following drilling and approximately 3
months later. An additional log was run in DD-2 2
weeks following drilling, which suggests that ambient
conditions were reached in 2 weeks in this borehole.
The data in DD-2 also suggests there may have been
drying effects from the drilling in the welded tuff
that weren't seen in DD-1, probably due to higher air
flow through the fractured welded system. Water
content increases were lower in WD-2 compared to WD-1
but elevated water contents were found in some areas.
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Figure A.8m. Water potential measured at 3 stations separated by
inflatable packers using two peltier type thermocouple
psychrometers at each station. Station 1 is approximately 1
meter into the borehole, station 2 is in the middle and
station 3 is approximately 7.5 m into the borehole. On day
82 the instrument string was removed to determine the
effects of instrument equilibration without drilling
effects. This suggests that the two weeks it took to
equilibrate following drilling were probably only a function
of the instruments, rather than the formation.
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Figure A.8n. Air temperature, C, measured with thermocouples at three
stations (described in Figure A.8m) in DD-1 and ambient
temperature in the tunnel. All stations within the borehole
show very little fluctuations, station 2 and 3 changing very
little over the 9 months measured. Station 1 raises in
temperature about 3/4 of a degree C as the ambient
temperature raises over the season about 3 1/2 C.
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Figure A.8o. Barometric pressure measured in tunnel and air pressure
measured at each station in DD-1. Over a 10 day period is
shown a lag in station pressures. The station more closely
matching barometric pressure is station 3 which is close to
a fault, while the next closest line is station 1.
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APPENDIX B1

Validation studies for assessing unsaturated flow
and transport through fractured rock
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Validation Studies for Assessing Unsaturated Flow
and Transport Through Fractured Rock

Todd C. Rasmussen & Daniel D. Evans
Department of Hydrology and Water Resources

College of Engineering and Mines
University of Arizona, Tucson AZ 85721

INTRODUCTION

This document outlines the various experimental stages completed and currently
underway related to providing datasets for model validation studies with
respect to unsaturated flow and transport in fractured rock. The experimental
stages progress from relatively simple laboratory experiments for uncoupled,
unfractured processes, to more sophisticated laboratory experiments which
include nonisothermal and fracture processes, to complex field experiments
under nonisothermal, unsaturated, fractured conditions. The following
sections describe the five experimental stages for tests which have been
completed, as well as for those which are currently underway.
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STAGE 1: Laboratory Core Measurements

Purpose:

The objective of this problem is the characterization of fluid flow, including
air and water, thermal energy and solute transport in unfractured, variably
saturated tuffaceous rocks at laboratory scales. The data from these measure-
ments will be used in the simplest flow models which do not incorporate
fractures or coupled processes. Additional complexity is introduced in
subsequent stages.

Background:

The rock matrix excluding fractures is highly heterogeneous with substantial
porosity and other material properties changing rapidly over short distances.
In order to determine the magnitude and correlation structure of the heteroge-
neities, as well as to determine the effect of variable fluid saturation on
material properties, a large number of measurements on cores obtained at
various locations are required. The cores examined in this analysis were
removed from borehole cores at three meter intervals from nine boreholes. A
total of 105 core locations were examined.

Conceptual Model:

The rock is assumed to be a homogeneous porous medium at the scale of the
laboratory measurement. Samples are tested at matric suctions of 0, 10, 25,
50, 100, 300 and 500 kPa and oven-dry conditions, whenever feasible. Physi-
cal, hydraulic, pneumatic, and thermal transport parameters are investigated
using the core segments.

Measurement Techniques:

Hydraulic:

- Saturated samples maintained at steady state gradient. Flow rate per unit
area is measured and divided by gradient to determine saturated hydraulic
conductivity.

- Characteristic curves are determined in wet range using pressure extraction
vessel maintained at constant pressure. In the dry range, a thermocouple
psychrometer is used to measure atmospheric moisture potential surrounding
rock maintained at a constant water content.

- Unsaturated conductivity is measured using incremental changes in applied
pressure in Tempe Pressure Cell and measuring cumulative outflow.

Pneumatic:

- Unsaturated samples are tested at two pressure gradients in permeameter.
Moisture potentials of the rock is prescribed by allowing samples to
equilibrate in the pressure extraction vessel prior to insertion in per-
meameter.
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Thermal:

- Two small holes are drilled into the core. A heater coil is placed inside
a hole drilled in the center of the core, and a thermistor is used to
measure the temperature a short distance away. A constant amperage is
prescribed through the heater coil for a finite duration. The experiments
are repeated at various moisture potentials prescribed using the pressure
extraction vessel.

Available Data Sets:

Rock matrix physical and hydraulic properties, including porosity, bulk
density, and moisture characteristic curves are available. Also available are
the pneumatic and thermal conductivities as a function of water content.

Sampling Strategv:

- Sampling of rock matrix at three meter intervals in nine boreholes.

- Replication of tests on same sample to determine reproducibility.
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STAGE 2: Laboratory Fractured Rock Experiment

Purpose:

The objective of this problem is the characterization of fluid flow and solute
transport in variably saturated fractures in tuff rocks at laboratory scales.
The data is to complement the Stage I experiments which exclude fracture
characterization. The scale of Stage II experiments is designed to allow
processes to be examined in the laboratory, and the resultant model used to
predict phenomena at field scales, which are to be tested in Stage III
experiments.

Background:

Fractures and other macropores provide conduits of high conductivity for flow
through saturated rock. Because flow velocities through fractures may be
orders of magnitude greater than matrix velocities, the confinement capability
of fractured rock may be compromised. Fractures in unsaturated rock may not
provide these pathways, however, because large cavities are empty except very
near saturation. To investigate the behavior of unsaturated fractured rock, a
series of experiments have been and are being performed to characterize the
hydraulic properties of fractures and the rock matrix for a range of matric
suctions.

To perform the analysis, various rock blocks measuring approximately 60 cm
high, 20 cm wide and 20 cm deep have been collected which contains a fracture
oriented in the longer plane. Three porous plates are used on both upper and
lower rock surfaces to impose negative pressure boundary conditions over a
range of suctions from 0.1 to 1.5 kPa. On both the upper and lower surfaces,
one plate lies immediately over the fracture, while the other two plates lie
beside the fracture plate over the matrix only.

Conceptual Model:

1 A single discrete fracture bisects a tuff rock along the long axis of
blocks measuring approximately (20 x 20 x 50 cm).

2 The permeability of the fracture when saturated is much higher than the
surrounding matrix, but the relative permeability decreases to near zero at
a matric suction between 0 and 1.5 kPa.

3 The rock matrix is initially dry, approximately 50 MPa.

4 Porous plates are positioned above and below the matrix, with separate
plates positioned above and below the fracture.

5 At matric suctions greater than 1.5 kPa, the fracture remains unsaturated,
while the matrix is saturated.

6 At matric suctions greater than 1.5 kPa, flow is vertically downward due to
gravity, and also due to capillary forces when a wetting front is present.
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7 At matric suctions of 0 kPa, fluid flow is through both the matrix and the
fracture, with some flow from the matrix into the fracture.near the porous
plates.

8 Solute transport occurs in the fracture and matrix in response to fluid
convection, as well as to convection-induced dispersion.

9 Solute transport may also result from diffusion.

10 Preferential flow within the fracture may cause nonuniform advancement of
solutes in channels.

Boundary Conditions:

- Top and bottom surfaces of matrix and fractured maintained at a constant
suction.

- Sides of block are enclosed within a chamber held at nearly constant
temperature and saturated vapor pressure.

- Alternating concentrations between 0.1 and 0.001 M CaCl solutions are
applied to the upper surface as steps and pulses.

Initial Conditions:

- Block is initially dry, with a relative saturation between 10 and 20
percent, corresponding to matric suctions about 50 MPa.

Available Data Sets:

Rock matrix physical and hydraulic properties, including porosity, bulk
density, and moisture characteristic curves are available. The unsaturated
hydraulic conductivity of the rock matrix is available from measurements of
flow rates through the rock matrix for constant matric suctions and a constant
vertical gravitational gradient. During these tests, the absence of fracture
flow can be confirmed using visual evidence of wetting front advance and by
comparing flow rates through the plate over the fracture with flow rates
through the porous plates over the matrix.

Time series of matric potentials are monitored in a vertical fracture and in
the rock matrix surrounding the fracture in response to a step increase in the
matric potential at the inflow surface. Flow rates and fluid potentials in
the matrix and fracture at the inflow and outflow surfaces are also monitored
before and after the step change in matric potential.

Time series of solute concentrations at interior sampling ports and at the
outflow surface resulting from a step change in solute concentration at the
inflow surface are being monitored. A steady influent concentration of CaCl2
is used until a steady outflow concentration is observed. Once steady outflow
concentrations are obtained, a step change in the influent CaC12 concentration
is imposed. The complete data requirements for simulation studies include:
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- Matrix/Fracture material properties including fracture aperture distribu-
tion, fracture surface characteristics, porosity, matrix and fracture
permeabilities, and relative fracture permeability.

- Temperature, relative humidity and matric potential of chamber.

- Initial and time-dependent water contents as a function of depth.

- Initial and time-dependent rock matric potentials as a function of depth
and distance from fracture.

- Solute concentrations as a function of time, depth, and distance from
fracture.

Sampling Strategies:

- Sampling of fractures and matrix at various horizontal and vertical
locations.

- Sampling of outflow from lower porous plates.
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STAGE 3: Field Imbibition/Redistribution Experiment

Purpose:

The purpose of this experiment is-to evaluate the magnitude and distribution
of fluid flow in unsaturated fractured tuff. Results from Stage I experiments
conducted on unfractured rock are combined with Stage II experiments conducted
on fracture segments in the laboratory in order to form a prediction model for
flow through fractured rock under in situ conditions. Results from Phase III
activities will be combined with Phase IV experiments in nonisothermal rocks
under laboratory conditions for the purpose of designing Phase V experiments
in nonisothermal in situ conditions. The dimensions of this experiment are
larger than the Stage I and Stage II experiments, with the range of investiga-
tion ranging from 1 to perhaps 30 meters.

Background:

When a borehole is flooded with water, fractures may allow the rapid movement
of water away from the boreholes. Subsequent movement of the fluid from the
fractures into the matrix may result in fingers of saturation along planar
discontinuities around the injection region. The fingers may not develop if
the matrix intake is large due to low fracture transmissivity, a high matrix
hydraulic conductivity, or a high initial water content. Also, if the matrix
permeability is practically zero, the fingers will not be observable using the
neutron probe due to low water contents over the intervals being monitored.
Following the injection phase, the matric suction will decrease, causing a
decrease in fracture transmissivity and matrix hydraulic conductivity, with
the fracture transmissivity decreasing faster than the matrix hydraulic
conductivity. While flow during the injection phase may be dominated by the
physical and hydraulic properties of fractures, flow during the redistribution
phase may be dominated by matrix properties.

The use of equivalent continuum models is to be tested for describing the
processes associated with water infiltration into unsaturated fractured rock
and the redistribution of infiltrated water over time. Instead of modeling
flow through discrete fractures, the equivalent continuum models assume that
an anisotropic tensor can be used to represent the fractured medium. Of
particular concern are the potential effects of multiple porosity (i.e.,
matrix and fracture porosities) on fluid movement during the injection and
redistribution phases. The dependency of flow regime on matric suction may or
may not be accurately represented using equivalent continuum models.

Conceptual Model:

1 Liquid water will move in response to a gradient of total hydraulic head.
The total head is the sum of elevation, pressure, osmotic, thermal,
electric, and other heads.

2 The magnitude of liquid water flux is dependent on the product of the total
hydraulic head gradient and the hydraulic conductivity of the medium.

3 In unsaturated rock, the hydraulic conductivity and the water content
decreases with increasing matric suction (i.e., the negative of pressure
head)
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4 The fracture 'transmissivity' (i.e., conductivity parallel to the fracture
multiplied by the fracture aperture) may decrease to near zero at matric
suctions between 0 and I kPa.

5 The fracture 'conductance' (i.e., conductivity perpendicular to the
fracture divided by the fracture aperture) may decrease less rapidly and at
larger matric suctions than fracture transmissivity.

Imbibition Phase:

1 Outward water flow from a flooded borehole will occur through fractures and
through the matrix.

2 Near the flooded borehole, fracture flow away from the borehole will be
greater than flow through the matrix.

3 Away from the borehole, fracture flow may be attenuated by infiltration
into fracture walls.

Redistribution Phase:

1 Water in fractures will be imbibed into fracture walls.

2 Movement of water will be away from the injection borehole through the
matrix, with a preference for downward movement.

3 If drained fractures inhibit matrix flow, zones of increased saturation
within the matrix on one side of a fracture may develop.

Initial Conditions:

- Ambient water contents of approximately 70 to 80 percent of saturations and
ambient matric potentials of approximately 50 to 100 kPa.

Boundary Conditions:

- Upper surface: covered, no flow.

- Sides: no flow at infinity.

- Lower surface: constant total head gradient, or zero pressure head gradi-
ent.

Available Data Sets:

Time series of water injection volumes in four boreholes are available. Water
was maintained at a constant total head within inclined boreholes for more
than three weeks. Injection volumes were measured approximately every 20
hours. Two of the boreholes are 15 m long, while the other two are 30 m long.
Final injection rates varied from a low of 1.27 1/hr in a 15 m long borehole,
to a high of 34.68 1/hr in a longer borehole.

Rock matrix and fracture hydraulic properties are available at three-meter
intervals for 105 locations in nine boreholes, including the four flooded
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boreholes. The properties were obtained from oriented cores and single hole
testing for bulk density, effective porosity, saturated and relative matrix
hydraulic conductivity, moisture characteristic curves, fractured rock
saturated hydraulic conductivities, fracture density and fracture orientation.
Initial water contents of the rock matrix are also available.

To augment the data sets obtained from the existing boreholes, it is planned
to conduct another experiment of longer duration and to monitor the experiment
with greater spatial detail. Water contents using the neutron probe will be
monitored in the boreholes. The injection phase will maintained for an
extended period of time, and then monitored for a year or two after the
flooding period. Specific design specifications can be modified as a result
of simulation experiments using existing data sets. The complete data
requirements for simulation analysis include:

- Rock material properties, including fracture locations, fracture/ matrix
permeabilities, and characteristic curves.

- Water contents as a function of space and time.

- Rock matric potentials as a function of space and time.

- Evidence of free water in boreholes.

Solutes will be used during the course of the experiment as tracers to
indicate travel rates and paths.

Sampling Strategies:

- Intensive sampling of fractures and fracture zones above and around
injection intervals at various distances.

- Intensive sampling of matrix around fractures and fracture zones.

- Moderate sampling of matrix away from fractures.
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STAGE 4: Laboratory Tuff Core Heating Experiment

Purpose:

The purpose of this experiment is to evaluate the magnitude and distribution
of induced fluid flow and solute transport along a partially saturated tuff
core. The complicated influences of fractures will be removed in this
experiment so that coupling between fluid, heat, vapor, and solute flows can
be separated. Stage 5 experiments using in situ experiments will incorporate
results from both isothermal experiments conducted in Stages II and III, as
well as nonisothermal matrix flows conducted here. The scale of this experi-
ment is rather small, on the order of 5 to 10 cm.

Background:

The processes affecting the movement of water and entrained solutes near a
high-level nuclear waste repository are of interest for predicting the
performance of the waste repository. A thermal source in an unsaturated
fractured rock can dramatically affect saturation levels, as well as air,
vapor, water and solute movement due to the effect of forced convection and
the effects of heat on vapor and air density driven free convection. A
laboratory experiment is being conducted to provide calibration and validation
data sets for thermal, solute, liquid and air transport as a result of a
thermal gradient.

The system to be modeled consists of coupled liquid, vapor, solute and thermal
transport in nonisothermal, variably saturated rock. The physics of multiple
phase fluid flow under conditions of steady heat flux will be tested using
laboratory data sets. Also, theories used to predict the migration of a
conservative solute in the liquid phase within a closed system will be
evaluated for conditions of an equilibrium thermal gradient. Various complex-
ities can be evaluated including: water plus water vapor only; water plus
water vapor and air; and water plus water vapor plus air and solutes. Each
additional level of complexity incorporates additional parameters.

Conceptual Model - Heating Phase:

1 Liquids around a heat source will vaporize in response to an increase in
the vapor pressure deficit, forming a zone of desiccation near the heat
source.

2 The vapor will move to zones away from the heat source due to pressure
gradients and diffusion.

3 Heat flux away from the source will occur as sensible heat conduction and
latent heat transfer in the vapor phase.

4 As the temperature decreases away from the heat source, the vapor will
condense at some distance from the heat source, forming a zone of liquid
water accumulation.

5 Liquid water will move from the zone of accumulation due to a potential
gradient.
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6 Solutes will accumulate in the zone of desiccation due to their low vapor
pressure.

Cooling Phase:

1 Once the heat source has been removed, rock temperatures will decrease over
time due to redistribution along the core.

2 Vaporization of liquid water will decrease and vapor phase transport will
diminish, except along the boundary between the zones of desiccation and
accumulation where the greatest temperature gradients may be found.

3 Vapor phase redistribution will predominate, with the greatest redis-
tribution occurring between the zones of desiccation and accumulation.

4 Solutes will move toward the heat source due to liquid phase convection and
away from the heat source due to concentration gradients.

Initial Conditions:

- Ambient initial water contents will be varied.

- Initial solute concentration profile.

Boundary Conditions:

- No flow hydraulic and pneumatic boundary conditions on all surfaces.

- Constant temperature over time at either end, with thermal insulation along
the sides of the core.

Available Data Sets:

The physical, hydraulic, pneumatic and thermal properties of the rock matrix
will be measured on the rock sample or on samples next to the core. The
parameters include the bulk density, porosity, saturated and relative hydrau-
lic, pneumatic, and thermal conductivities, moisture dependent heat capacity,
and moisture characteristic curves. The bulk density and initial, transient
and final water content distributions within the core will be determined at
one cm intervals along the core using gamma ray attenuation methods.

The distribution of solutes concentrations, temperatures, and water contents
within the core during the heating experiment will be measured at one cm
intervals during the course of the experiment.
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STAGE 5: Field Heating Experiment

Purpose:

The purpose of this experiment is to evaluate the magnitude and distribution
of induced fluid flow around a heat source in unsaturated fractured tuff at
field scales. Stage III measurements are also conducted at field scales but
neglect the effects of a thermal source. Stage IV experiments were conducted
incorporating thermal variations, but ignore field scale processes such as
fracture flow.

Conceptual Model - Heating Phase:

1 Liquids around a heat source will vaporize in response to an increase in
the vapor pressure deficit, forming a zone of desiccation.

2 The vapor will move to zones away from the heat source due to pressure
gradients and diffusion.

3 Outward vapor flow will be greater in undrained fractures than in the
matrix due to higher pneumatic permeabilities in fractures.

4 Heat flux away from the source will occur as sensible heat conduction and
latent heat transfer in the vapor phase.

5 As the temperature decreases away from the heat source, the vapor will
condense within fractures and the matrix at some distance from the heat
source, forming a zone of liquid water accumulation.

6 Liquid water will move from the zone of accumulation in various directions:

- Radially inward towards the zone of desiccation due to a potential
gradient;

- Radially outward, also due to a potential gradient; and

- Downward due to gravitational forces.

7 Below the heat source, the upward flow of liquid water towards the zone of
desiccation will be small, with accumulated water draining downward through
vertical fractures due to gravitational forces.

8 Within the horizontal plane of the heat source, net liquid water flow will
be downward, away from the heat source, carried away by gravity drainage in
vertical fractures.

9 Above the heat source, the largest zone of accumulation will be found.
Liquid flow will occur back toward the heat source in fractures, and may
reach the heat source, depending upon many factors, including the:

- Strength and horizontal extent of the heating source;
- Downward rate of percolation from above;
- Fracture and matrix permeabilities;
- Initial rock water content;
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- Rock thermal conductivity; and
- Magnitude of free convection.

Cooling Phase:

1 Once the heat source has been removed, rock temperatures will decrease over
time due to conduction and convection outward.

2 Vaporization of liquid water will decrease and vapor phase transport will
diminish, except along the boundary between the zones of desiccation and
accumulation where the greatest temperature gradients may be found.

3 Vapor phase redistribution will predominate, with the greatest redis-
tribution occurring between the zones of desiccation and accumulation above
the heat source.

4 The rate of liquid phase invasion of the zone of desiccation will be
greatest from the zone of accumulation above the heat zone.

5 Initial drainage through fractures from the zone of accumulation will occur
quickly, while redistribution of rock matrix water contents will occur at a
slower rate.

Initial Conditions:

- Ambient water contents of approx. 80 percent of saturation and matric
potentials of approx. 100 kPa.

Boundary Conditions:

- Thermal, hydraulic, pneumatic (controlled vs. natural).

Data Requirements:

- Matrix/Fracture material properties including permeabilities, charac-
teristic curves, thermal conductivities, vapor diffusivities.

- Temperatures, relative humidities, water contents, matric potentials.

- Evidence of free water in boreholes.

Sampling Strategies:

- Intensive sampling of fractures and fracture zones above and around heating
borehole at various distances.

- Intensive sampling of matrix around fractures and fracture zones.

- Moderate sampling of matrix away from fractures, and lateral and below
heating borehole.
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APPENDIX B2

Two-phase flow simulations in a
heated tuff drillcore
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ABSTRACT

This study include simulations of an experiment on a heated tuff drillcore performed at the
Apache Leap Tuff Site near Arizona, USA. The water transport in both liquid and vapor
phase in the drillcore have been simulated with the Integrated Finite Difference Code,
TOUGH. Tracer transport was calculated in a second step, with the results from the water
transport simulations, using the Integrated Finite Difference Code, TRUMP.

The TOUGH calculation includes flow of both liquid and gaseous phases due to pressure,
viscous and gravity forces according to Darcy's law, with interference between the phases
represented by means of relative permeability functions. In addition, vapor transport by
diffusion is accounted for. A number of calculations have been made, varying the saturated
hydraulic permeability, thermal conductivity and van Genuchten parameters.

Tracer transport was modelled using the unsaturated version of the convection-dispersion
equation. The dispersion coefficient dependence on temperature and water content are
considered, but the dependence on water flow rate is not.

The simulations give qualitatively expected saturation, temperature and concentration
profiles. However, even varying the input parameters within "resonable" bounds still give
significant deviations from the experimental curves. This may be due to material
heterogeneities or measurement errors.
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1 TEST CASE DESCRIPTION

The experiments on the tuff drillcore is one part in a series of experiments performed at
the Apache Leap Tuff Site near Arizona, USA. These laboratory experiments were carried
out on anonfractured, nonwelded tuff core with a diameterof 6.4 cm and a length of 12.99
cm. The aim of the experiments was to study water and tracer movement in tuff under
impact of heating.

Before the heating started the bulk density was measured gravimetrically. The core was
partly wetted with a potassium iodine solution. The average initial saturation degree was
48% and the average KI concentration was about 870 ppm. Five thermocouple ports were
drilled into the core to a depth of 1.5 cm. The core was coated in order to prevent moisture
from leaving the core.

The prepared core were placed in the heating apparatus, see Figure 1. The hot end were
held at a temperature of 70 OC and the cold end at about 5 'C. The heating was continued
for 32 days. During the experiments gamma measurments were made at 1 cm intervals.
The saturation degree can be calculated from the intensity of the beam passing through the
core compared to the beam passing through air.

After heating the core was sliced into 8 sections and each section was cut into an upper
and a lower half. The iodine content in each piece were analyzed with high performance
liquid chromatography. The analysis gave no differences between the upper and lower
halves.

ROCK CORE
ENDPLATE RESERVOIRS
ALUMINUM ENDPLATE
THERMOCOUPLE PORTS

(FIVE TOTAL)
PRECOOLED WATER INLET
PRECOOLED WATER OUTLET
PREHEATED WATER INLET
PREHEATED WATER OUTLET
ENDPLATE RESERVOIR

THERMOCOUPLE

Figure 1 Apparatus used to heat the tuffdrillcore (from Davies, 1987).
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2 MATHEMATICAL MODEL

2.1 Physicochemical processes

The model is based on the theory of unsaturated flow of liquid, vapor, heat and tracer in
porous media. The simulations are carried out in two steps, the first including water and
heat transport and the second a tracer calculation using flow, saturation degrees and
temperatures from the first step. A one dimensional model representing the length of the
core is used.

Water and heat transport

The model used takes into account that fluid flow in both liquid and gaseous phases occurs
under pressure, viscous and gravity forces according to Darcy's law, with interference
between the phases represented by means of relative permeability functions. Capillary and
phase adsorption effects are taken into account for the liquid phase, using capillary
pressure (moisture characteristic) curves. In addition binary diffusion in the gas phase is
considered, but no allowance is made for vapor pressure lowering. Air is treated as an
ideal gas, and additivity of partial pressure is assumed for air/vapor mixtures. Air
dissolution in water is represented by Henry's law, excluding the temperature dependence
of Henry's constant.

Heat transport occurs by means of conduction, with thermal conductivity dependent on the
saturation degree, and convection and binary diffusion, including both sensible and latent
heat.

Tracer transport

The tracer transport is modelled as simultaneous convective and diffusive/dispersive
transport, where the dispersion is assumed to be diffusion-like and dependent of
temperature and saturation degree, but independent of velocity. Preliminary estimates
indicate that with the pertinent velocities and grain diameters hydrodynamic dispersion is
negligible. The tracers are assumed not to interact with the solid surfaces in the tuff
(nonsorbing specie).

2.2 Mathematical formulation

Water and heat transport

The calculations have been carried out using the integrated finite difference code TOUGH,
developed at Lawrence Berkeley Laboratories IPruess, 1983/. TOUGH is a multi-
dimensional numerical model for simulating coupled transport of water, air and heat in
porous and fractured media. The code solves an integrated form of the basic mass- and
energy-balance equations for an arbitrary flow domain V :
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d f M()dv FK) n dr + q()dv (1)

K = 1: water
K = 2: air
x = 3: heat

The mass accumulation terms (K = 1,2) are:

M( - CE SO PX (2)
P-4g p

The heat accumulation term contains rock and fluid contributions:

MO3 ) - (1-C)PR CPR T + e E SPPPuP (3)
P-1i'

The mass flux terms contain a sum over phases:

Fig- E Fat) (4)

where the flux in each phase is:

(x.) _ k
Fp - k -rE p X() (VPP - ppg) - 8pgDppVX(" (5)

This is the usual formulation of Darcy's law for multiphase systems with an additional
term accounting for gas phase diffusion. The first term on the right-hand side represents
flow due to pressure forces and the second flow due to gravitational forces.

Heat flux contains conductive and convective components (no dispersion):

F( e XVT + E h(K)F(K) (6)

K-1,2

Henry's law was assumed for solubility of air in liquid water:

(air) MHO(7
P. KHX( . - Maj(7)

The vapor-air diffusion coefficient is written as:

D. Sg (8)w g ~P ( 273.15)(8

Heat conductivity was assumed to be dependent on the square root of the saturation
degree: B2:7



X(S1) - X(S1 - 0) + FS, * (,(SI 1) - X(S, - 0)) (9)

a linear dependence was also tested:

X(S,) - X(S1 - 0) + S.- (X(S, - 1) - X(S, - 0) (10)

Relative permeabilities and capillary pressure were assumed to follow the van Genuchten
equations Ivan Genuchten, 1980/. A dimensionless saturation degree is defined by:

S* - St Si,
SL - St,

(11)

The relative liquid permeability is given by:

k- {- {S_+ (1 - (1 - (S ) l-)Im)2

1
if Si < Ss
if Si 2 SS

(12)

and the relative gas permeability by:

k,,, - I-kri (13)

The capillary pressure is given by:

0 if SSi 2

cP. ~ -1((S+)-lm_ 1)1r-m

-P{ m if 1 ((S:

Si

(14)

P)�Iirn 1)1-m r P

Tracer transport

The tracer transport calculations are made with a modified version of the integrated finite
difference code TRUMP. This code is originally written for transient heat transport
calculations in multi-dimensional heterogeneous media with arbitrary geometry /Edwards,
1972/.

Q + v ac - V(DVc) - V(oc) + G -
( c )at

PQa cl- abPQ- at (15)

accumulation diffusion! convection source chemical reactions
dispersion

The diffusion coefficient dependence of the temperature can be predicted for an electrolyte
at infinite dilution using the equation /Perry, 1973/:
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Do - 8.931 .10-10 (T +z+-
0~~~ ~A ~Z+Z)

(16)

where the ionic conductance, 1°, is given by:

o1 Cc + a(t-25) + b(t-25)2 + c(t-25)3 (17)

The constants for K+ and r are given in Table 1.

Table 1 Constantsfor calculating ionic conductance (from Perry, 1973).

Ion a b-10& C 104

K 1.433 0.406 -0.318

r 1.509 0.438 -0.217
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3 CALCULATIONS

3.1 Input data

The calculations were performed in one dimension, assuming radial differences to be
negligible. The length used in the calculations was 12.99 cm. The length was divided into
40 equal elements. All calculations were performed in a transient mode simulating the
processes for 32 days. In all cases except the case with the lowest permeability steady state
conditions were obtained. The boundary conditions at the ends were 5 'C and 70 'C
respectively. All boundaries were isolated for water transport.

Water and heat transport

The material data needed in the simulations were primarily taken from measurements on
the core IDavies, 1987/ and secondary from measurements on 105 small cores taken from
the same area fRasmussen et al, 1989/. The porosity was 0.19 and the initial saturation
degree was 48%. The specific heat used was 770 J/kg,0 C. The heat conductivi 7 was
varied between 1.0 and 1.8 W/m,0C. The permeability was varied between 4-10- 5 and
4-10-18 m 2 and the van Genuchten parameter a between 0.046 and 0.01 and n between
1.3 and 1.55. The residual water content was set to zero in all cases except case V2
(Sr=0.05). The calculational cases are specified in Table 2 and the capillary pressure and
permeabiltiy curves are depicted in Figure 2-3 together with experimental values.

Tracer transport

The tracer calculation was performed for one water and heat transport calculation, case V2
in Table 2. The same material data as in the water and heat transport simulations were
used. The diffusion/dispersion coefficient was calculated for each node from the saturation
degree and temperature achieved in the heat transport calculations according to:

D - D0(7) SI e (18)

where Do is calculated according to equation (16).
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Figure 2 Characteristic curves used in the calculations. Measured valuesfrom the 105
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B2:11



3.2 Calculation cases

A summarized description of the water and heat transport calculation cases is presented
in Table 2.

Table 2 Calculation cases

KI REF K2 K3 LI VI V2

0.19 0.19 0.19 0.19 0.19 0.19 0.19

ks 4-10-15 410-6 4 0-'1 410Y1 410-16 4 104-16 4.10-16

cc 0.046 0.046 0.046 0.046 0.046 0.01 0.01

| n t 1.3 1.3 1.3 1.3 1.3 1.45 1.55

Sr 0 0 0 0 0 0 0.05

Cp 770 770 770 770 770 770 770

X(S=0) 1.3 1.3 1.3 1.3 1.0 1.3 1.3

X(S=1) 1.8 1.8 1.8 1.8 1.8 1.8 1.8

: n=l/(l-m)
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4 RESULTS

Water and heat transport

The saturation degree as a function of the length for the different calculation cases in
comparison with the experimental data are shown in Figure 4. The variation in temperature
in the calculations compared to the experimental data is depicted in Figure 5. Some cases
(KI, Vl, V2) have been excluded, they are all more linear than those shown in the figure.
The results, theoretical and experimental, are given after an elapsed time of 32 days. This
also represent steady state conditions except for case K3.
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Figure 4 Saturation degree along the core, simulations compared to experiments.

B2:13



60

so

50 ~~~~~~~~~~~~~~~I I

-- -C Ex~perimental

Distonce from cold face (cm)

Figure 5 Variation in temperature along the core, simulations compared to
experiments.

Tracer transport

The concentration from the calculation compared to the experimental data is shown in
Figure 6.
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Figure 6 Relative iodine concentrations along the core, simulations compared to
experiments.
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5 DISCUSSION

As indicated in Figure 4, the measured saturation degree shows a rather erratic behavior
with a gradual decrease towards the hot end of the core. In contrast, all the simulated
results indicate that a steep gradient (front) in the saturation degree should occur with
almost complete dryness at the hot end. The anomalous result for case K3 is caused by the
very low permeability and still after 32 days instationary conditions prevails. All other
cases show the same general shape during the instationary period. Even when the
hydraulic parameters are varied within the large bounds as given in Table 2 it is
impossible to get a good agreement between experimental and simulated saturation
degrees. One explanation might be that the core is heterogeneous with cracks providing
faster transport of water.

As depicted in Figure 5 the experimental temperature profile indicates a significant dip
quite close to the hot end. In the simulations there is also a dip in temperature but not so
significant and not so close to the hot end. The simulated dip follows rather closely the
sharp change in saturation as shown in Figure 4. A dip in temperature is expected since
at the saturation front heat is taken from the liquid water for the evaporation. This energy,
however, may be supplied from the hot end if the heat conductivity and moisture content
is high enough. In this case less lowering of the temperature occurs. The largest deviation
from linear temperature profile is obtained for case LI, where the heat conductivity is
lowered. It should be noted that the large dip in the experimental temperature profile
originates mostly from one measuring point. If this point is in error the profile may change
substantially.

As indicated in Figure 6 a fairly good agreement is obtained between experimental and
calculated tracer concentration profiles. However, since the agreement between
experimental and calculated saturation degrees is not very good it is not possible to assert
too much significance to this result.
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6 CONCLUSIONS

Simulating transport of water and heat in the tuff drillcore using the computer code
TOUGH works generally well and the saturation and temperature profiles obtained show,
qualitatively, the expected behavior. However, the agreement with the experimental results
is less good and significant deviations occur. One reason for this are due to uncertainties
in material data, mainly because they are not measured on the used core. However, even
varying the input parameters within "reasonable" bounds still give significant deviations
from the experimental results. This may be caused by heterogeneities or measurement
errors.

Simulations of tracer transport with TRUMP using water flow data from the TOUGH
calculations also works well. In this case a fairly good agreement with the experiments is
obtained.
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NOTATION

a Constant for calculation of ionic conductance

b Constant

c Constant

c Tracer concentration (units/m3 water)

Cp Specific heat (J/kg,0C)

D Diffusion coefficient (m2/s)

Dva0 Air/Vapor diffusivity at standard conditions (P=1 bar, T=00 C)

F Flux

G Source or sink

g Gravitational acceleration (m/s2)

h Specific enthalpy (J/kg)

KH Henry's constant (N/m2 )

k Permeability (m2 )

1° Ionic conductance at infinite dilution (mhos/equivalent)

M Accumulation term

M Molar weight (g/rnol)

m van Genuchten parameter (m=1-1/n)

n van Genuchten parameter (n=1/(1-m))

P Pressure (N/m2)

Pa Solubility of air in liquid (N/m2)

Pcap Capillary pressure (N/m2 )

Q Amount of sorberd tracers (units/rn3 bed)

q Fluid flux (m3/m 2,s)

S Saturation degree (in3 H2 0/m3 void)
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T Temperature (K)

t Temperature (0C)

V Volume (MI3 )

X Mass fraction

z Absolute valence of ion (-)

Greek letters

a van Genuchten parameter

0 Material constant

F Boundary surface of an element (m2)

e Porosity (m3/m )

e Water content (M3 H2 0/M3 total)

AP Electrolyte conductance at infinite dilution (mhos/equivalent)

Heat conductivity (W/m,0 C)

Dynamic viscosity (Nsin2)

p Density (kg/m3)

Tortuosity factor

Total potential (m H2 0)

Subscripts

a air

g gas phase

1 liquid phase

R rock

r relative or residual

s saturated
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v vapor

cationic

anionic

State of aggregation

SuvsqpRits

IC x=1 < water: K--2 X air: K=3 < heat

Dimensionless

Mathematical operations

V "Nabla" operator, the gradient of a scalar
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LARGE BLOCK MODELING EXERCISE'

by

William Ford, Jeffrey Pohle, Richard Codell, and Timothy McCartin

U.S. Nuclear Regulatory Commission
Washington, D. C.

ABSTRACT

This report describes computer simulations of water flow through a block of unsaturated fractured
rock. These simulations were performed to help design future experiments and to assess the
ability of an existing code to simulate this type of ground water flow. While the simulations did
mimic the concept of a fracture acting as a barrier to moisture flow it is not clear that the
experimental design or the equivalent porous media approach used in the simulations is the
correct way to test this concept. It is also unclear how to obtain, either experimentally or
theoretically, equivalent porous media properties for a fracture.

INTRODUCTION

The University of Arizona is conducting field and laboratory investigations of flow and transport
phenomena in unsaturated rock. Using rock matrix laboratory data from some of these
investigations, exercises modeling a hypothetical block of tuff with a single fracture were
conducted. These exercises provided the opportunity to evaluate the usefulness of the preliminary
experimental design to the INTRAVAL program and to test current fractured rock unsaturated
ground water flow and transport concepts using a two dimensional equivalent porous media code.

UNSATURATED FRACTURED ROCK FLOW CONCEPTS

Concepts of ground water flow in unsaturated fractured rock have evolved from theories of
unsaturated ground water flow through soil. Conceptualizations of unsaturated flow in a
fractured-porous medium are "based on capillary bundle theory (e.g., Wang and Narasimhan
(1985)) which states that there is a relationship between pore size and equilibrium pressure head.
Thus, the saturation of a material containing pores of many different sizes is related to the
equilibrium pressure head in the material..." (Klavetter, 1986a, p. 6). Because of the higher
capillary suction (tension) forces exerted by small pores; as water is added to a rock or soil; water
will fill small pores in preference to large pores. For the same reason, when a rock matrix is at
low saturation, a fracture with a larger average aperture than the average matrix pore diameter

'This paper was prepared by an employee of the United States Nuclear Regulatory
Commission. It presents infonnation that does not correctly represent an agreed-upon staff
position. The Nuclear Regulatory Commission has neither approved nor disapproved its technical
content.
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will be essentially dry. Under these conditions, water flow will be confined to the matrix with
little or no flow across or down fractures.

For most fractures, it is assumed that the pore spaces caused by matrix grain to grain contacts
across the fracture (asperities) are smaller across the fracture than longitudinally within the
fracture. Therefore, as saturation increases and the water occupies larger pore spaces, water
movement across a fracture will tend to occur, with little or no water flowing down the fracture.
At slightly higher saturations, fracture conductivity in the plane of the fracture should become
nonzero allowing water to flow longitudinally in sinuous channels in the fracture. Finally, when
the matrix and the fracture are almost completely saturated the fractures become efficient
contributors to water flow (Klavetter, 1986).

This concept indicates that in unsaturated rock, fracture flow is a function of saturation and
aperture size. This implies that, because fractures are generally irregular in shape and have
irregular apertures it is possible to have water flow in regions of the fracture with small aperture
and not have flow in other areas of the fracture with larger apertures (Klavetter, 1986). Similarly,
it is also possible to have water flow in fractures with small average apertures while little or no
flow is occurring in fractures with larger average apertures. When a rock is completely saturated,
the situation is reversed. "The majority of the flow in the fracture occurs in those regions where
the fracture aperture is large, with little flow occurring where the fracture aperture is small
because the flow rate is proportional to the cube of the aperture" (Klavetter, 1986, p. 13).

To summarize this concept, "the average fracture conductivity for water movement in the plane
of the fracture is a highly nonlinear function of fracture saturation or pressure head. If the flux
is less than the saturated conductivity of the matrix, then the water will tend to flow only in the
matrix as it moves downward. If the flux is greater than the saturated conductivity of the matrix,
then the matrix will saturate, and the fractures will carry water also" (Klavetter, 1986, p. 15).

EQUIVALENT POROUS MEDIA APPROACH

An equivalent porous media approach was used in the simulations. In the equivalent porous
media approach, unsaturated zone hydrologic properties are represented by characteristic curves
which describe moisture content and conductivity as a function of pressure head. This approach
is commonly used to represent the hydrologic properties of the rock matrix. However, the
equivalent porous media approach also assumes that, like the rock matrix, flow in the fractures
can also be modeled as an equivalent porous medium. Therefore, under unsaturated flow
conditions, the hydrologic properties of the fracture can be represented by characteristic curves
which describe moisture content and conductivity as a function of pressure head. However, at
this time, while moisture characteristic curves for rock matrix have been generated from
experimental data, this has yet to be done for a fracture.

DESCRIPTION OF BLOCK EXPERIMENTS

To obtain experimental data on flow and transport processes in fractured rock, the U.S. Nuclear
Commission has a contract with the University of Arizona to conduct unsaturated flow tests on
blocks of tuff. These studies have been undertaken because the hydraulic properties of partially
saturated fractures are poorly understood and because flow through fractures may result in
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accelerated ground water flow velocities from a high level nuclear waste repository located in
unsaturated fracture rock. To develop an experimental design preliminary laboratory tests have
been performed on two blocks of tuff containing natural fractures. These blocks measure
approximately (20 x 20 x 50 cm) and (20 x 20 x 70 cm) respectively. Both blocks contained a
natural fracture oriented vertically near the center of the block. Each block was enclosed within
a chamber to prevent evaporation during the experiments. Ceramic porous plates placed on the
upper surface of the rock controlled water flow through the blocks. Details of these experiments
have been published in Chuang (1990).

SIMULATIONS

All simulations used the computer code VAM2D (Huyakorn, 1989), a proprietary code developed
by Hydrogeologic, Inc. with the help of funding from the U.S. Nuclear Regulatory Commission.
VAM2D is a two-dimensional, finite element code that simulates moisture movement and solute
transport in variably saturated porous media. Material heterogeneities and anisotropy are handled
using quadrilateral finite elements. Further information on VAM2D can be obtained from
Huyakorn (1989).

SIMULATION PARAMETERS

Effective porosity data for the rock matrix were obtained from laboratory tests of small cores
taken from the blocks (Table 3.10 of Chuang, 1990, p. 91). A saturated hydraulic conductivity
was obtained for the rock matrix by averaging the saturated hydraulic conductivities derived from
Block Number One core (Chuang, 1990, Table 3.9). A rock matrix moisture release curve was
derived from Block Number One core (Chuang, 1990, Table B.22) by treating the core data if
they had all been obtained from a single sample. A computer program (El-Kadi, 1987) was then
used to estimate a best fit van Gneuchten characteristic curve to simulate the hydrologic properties
of the matrix.

The fracture effective porosity was arbitrarily set at almost 100 % (0.97). A van Gneuchten
characteristic-curve for the fracture was obtained from Table 2 of Dudley (1988). This table
contains assumed properties of unsaturated zone, hydrologic units at the proposed high-level waste
repository at Yucca Mountain, Nevada. Properties of Topopah Springs Unit fractures were chosen
for use in the simulations, since it was felt that this unit might be closer to .the actual properties
in the experimental blocks than other geologic units in the table.

Both fracture and matrix hydrologic properties used in the block simulations were isotropic. The
following table contains the matrix and fracture properties used in the simulations.
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TABLE 1: MATRIX AND FRACTURE PROPERTIES

MATRIX PROPERTIES
HORIZ. K SAT. 0.00253 cm/hr
VERT. K SAT. 0.00253 cm/hr
SAT. H20 CONT.(POR) 0.189
VAN GENUCHTEN

ALPHA 0.001214 /cm
BETA 1.953
RESIDUAL SAT. 0.027

FRACTURE PROPERTIES
HORIZ. K SAT. 6.12 cm/hr
VERT. K SAT. 6.12 cm/hr
SAT. H20 CONT.(POR) 0.97
VAN GENUCHTEN

ALPHA 0.0128 /cm
BETA 4.23
RESIDUAL SAT. 0.005

SIMULATION GRID

The block was modeled in two dimensions having a width of 20 cm and a length of 60 cm. A
grid spacing of 0.2 cm was used in the vertical direction (y axis), whereas a variable grid spacing
ranging from 0.005 cm to 1.5 cm was used along the x axis. The variable x axis grid spacing
allowed for detailed definition of the simulated fracture. For VAM2D this resulted 1122 nodes
and 1056 elements (33 elements in the y direction and 32 elements in the x direction). In an
attempt to explicitly model a vertical fracture in the center of the block, fracture hydrologic
properties were assigned to those cells between 9.995 cm and 10.025 cm in the x direction and
from 0.0 cm to 60 cm in the y direction. This simulated a fracture aperture of 0.01 cm. The
fracture was simulated by 33 elements in the Y direction and 2 elements in the X direction.

SIMULATIONS 1 AND 2

The initial simulations modeled a block of tuff where all sides of the block were no flow
boundaries with the exception of the block bottom and the top left 1/4 boundary. The top left
1/4 boundary was defined as a constant potential boundary of -1000 cm, while the bottom of the
block was designated a constant potential boundary of -1500 cm. Initial matric potentials for both
matrix and fracture elements were set at -1500 cm over the rest of the block. This combination
of initial and boundary conditions caused water to flow in the 2 dimensional model from the
upper left corner of the block towards the bottom. A maximum of 30 days were simulated. The
objective of this hypothetical experiment was to observe how the flow field changed as water
from the top left corner of the block encountered the fracture. To observe the effect of the
fracture, two simulations were done; one simulation without a fracture (Simulation 1) and one
simulation with a fracture (Simulation 2). The matric potentials at the end of 10 hours and 30
days from these two simulations are plotted in Figures 1, 2, 3, and 4. In Simulation 2, the
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fracture performed as a barrier to flow, because fracture hydraulic conductivities were always very
small because of the low moisture contents.

SIMULATION 3

Simulation 3 is similar to Simulation 2, with the exception that dryer initial conditions and a
wetter top boundary were simulated. It was hoped the increased contrast between the wet and
dry matrix properties would create a sharper wetting front and that water saturations would
increase enough to allow water to cross over the fracture. As in the previous simulations, all
boundaries were defined as no-flow boundaries with the exception of the block bottom and the
top left 1/4 boundary. The top left 1/4 boundary was designated a constant potential boundary
of 0 cm, while the block bottom was defined as a constant potential boundary of -4000 cm.
Initial matric potentials were set at -4000 cm over the rest of the block. Again this combination
of initial and boundary conditions caused water to flow from the upper left corner of the block
towards the bottom. The model simulated a maximum of 35 hours. As can be seen in the matric
potential plots of this simulation (Figures 5, 6, 7, 8, 9, and 10) the contrast between the initial
conditions and the upper boundary condition produced a sharp wetting front. Further, the fracture
acted as a lateral flow barrier until at 5 hours, water contents in the fracture were high enough
that water could cross the fracture. For all later time periods the fracture acted as a barrier to
lateral flow where water contents were low and matric potentials high (large negative values) and
less of a barrier where water contents were high and matrix potentials low (small negative values).

While water saturations were high enough to allow significant water flow laterally across the
fracture, they were not high enough to generate significant flow vertically down the fracture. It
was anticipated that significant vertical flow would occur when the matric potentials were almost
zero in the matrix. Computer requirements from the previous simulations indicated that it would
take too long to simulate this aspect of the problem.

To better assess the results of this simulation, matric potential and hydraulic conductivity profiles
were prepared (Figure 11) of the 35 hour simulation. In these profiles the fracture is
approximately located at 10 cm. width. Profile A (Figure 12) was constructed across an area
where the infiltrating water had not yet reached. Therefore, it essentially represents the initial
conditions in the block. From this profile it can be seen that the matric potential is the same in
the fracture and the matrix, but the hydraulic conductivity of the fracture is dramatically lower
than the matrix. Profile B (Figure 12) was constructed across an area where the fracture is acting
as a barrier to flow. From this profile it can be observed that matrix potentials reflect wetter
conditions on the left side of the fracture, but on the right side of the fracture conditions have not
changed from their initial values. Also the hydraulic conductivity on the left side of the fracture
has increased along with the hydraulic conductivity of the fracture, but the fracture hydraulic
conductivity is still much lower than matrix values. Profile C was constructed across an area
where water has just begun to flow across the fracture and Profile D was constructed in an area
where a larger volume of water has crossed the fracture (Figure 13). In both profiles matric
potentials reflect wetter conditions on both sides of the fracture. However, while the hydraulic
conductivity of the fracture has significantly increased, it is still lower than the matrix. This is
why flow vertically and horizontally is always faster in the matrix than the fracture.
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SIMULATION 4

A laboratory imbibition experiment has been conducted on test Block Number Two, for about 30
days (Chuang, 1990). In this test the visual wetting front was observed (Chuang, 1990) as the
water moved down the block. Matric potentials and water contents were not known before,
during, or after the test, however, it was observed that after 28 days the visual wetting front had
moved to an elevation of about 37 cm. While it is not known how visual wetting fronts compare
with water contents or matric potentials, a one dimensional model was built to see how close the
matrix wetting front of Simulation 5 approximated the visual wetting front of the imbibition
experiment. At the end of 23.52 hours the wetting front in the simulation had penetrated about
22 cm into the block. This compares rather poorly with the visual wetting front which had moved
approximately 5 cm into the block (Figure 14). If the visual wetting front observed in the
experiment correlates with the steep matric potential front generated by the model, then the
simulated wetting front moved faster than the visual wetting front.

DISCUSSION AND OBSERVATIONS

The simulations were an attempt to assist the development of experiments to test the hypotheses
of unsaturated fracture matrix flow. According to these hypothesis, significant fracture flow
would not occur until the flux of water through the rock approaches the saturated conductivity
of the matrix. One of the design concerns of this type of experiment is that instrumentation is
not available to measure fracture hydrologic parameters or flow. However, it was felt that the
hydrologic conditions on either side of the fracture could be monitored, allowing flow across a
fracture to be detected. Therefore, the simulations were configured to allow flow both
horizontally and vertically from one side of the fractured block to the other. The objective of a
laboratory experiment would be to see if conceptual models could acceptably predict when water
would cross the fracture.

While the model did mimic the concept of a fracture acting as a barrier until moisture saturations
increased sufficiently in the rock matrix, it is not clear that this is the correct experimental design
to test the concept of unsaturated fracture matrix flow. In the simulations the fracture aperture
was considered to be uniform over the length of the block, whereas in reality the aperture of the
fracture is expected to be nonuniform. Therefore, theory would predict that as moisture increased
in the matrix, water would cross the fracture in those areas where the aperture is smallest. Since,
it is unlikely that detailed fracture aperture data can be obtained it may be very difficult to predict
when water would cross the fracture. At this time the final experimental design of the block
experiments have yet to be determined.

The model may have been too simple to simulate fully the hypothesis of unsaturated ground water
flow through fractured rock. In the simulations it was assumed that fracture hydrologic properties
were isotropic with respect to direction. However, present theory would predict that fracture
apertures should be larger parallel to the direction of the fracture and smaller transverse to the
fracture. For a two dimensional porous equivalent porous media code to mimic this phenomena
the moisture characteristic curves would have be anisotropic. At this time the authors are not
aware of any two dimensional codes that can mimic this concept.
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Obtaining realistic equivalent porous media parameters for the fracture was another problem
encountered in the simulations. The fracture parameters obtained from the literature were actually
not estimates for individual fractures, but were estimates for large numbers of fractures (calculated
as fracture aperture times 1 square meter times the number of fractures per cubic meter)
(Klavetter, 1986a, page 21). Further, the characteristic curves for these fractures appear to have
not been developed to mimic flow across the fracture, but rather flow down the fracture.
Unfortunately, the literature contains few if any data on equivalent porous media properties within
or across the fractures. Equivalent porous media approaches assume that like the rock matrix,
flow in fractures can be represented by characteristic curves that describe moisture content and
conductivity as a function of pressure head. However, it is not presently known how these curves
can be experimentally determined or what is the appropriate theoretical method to derive them
for use in models.

The use of the equivalent porous media approach to model a single fracture assumes that there
is enough porous material that a representative elementary volume concept is valid. A
representative elementary volume is a volume above which average properties can be used to
describe fluid flow through a rock. Below this volume average properties can no longer be used
to describe the flow of fluid through a rock and the complex distribution of pore channels at the
microscopic level must be considered. For Darcy's law a representative elementary volume is
a size corresponding to a large number of pores. However, the small size of fractures may mean
that a single fracture may not contain a enough pore volume for average values to be used.
Furthermore, the shape of fractures may mean that this could be more of a problem in modeling
flow across a fracture rather than within the fracture. If a single fracture cannot be described
using the average values of a representative elementary volume concept; the porous media
approach to modeling a single fracture may not be applicable. At this time the viability of using
a porous media approach to modeling a single fracture is unknown.
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INTRAVAL Experiments at the
Las Cruces Trench Site

by

P. J. Wierengal
R. G. Hills2

D. B. Hudson1

'Department of Soil and Water Science, University of Arizona, Tucson, AZ 85721

2 Mechanical Engineering Department, New Mexico State University, Las Cruces, NM 88003

ABSTRACT

In order to examine conceptual models of partially saturated flow and transport through
heterogeneous porous media, a series of experiments was performed at the Las Cruces Trench
Site. The site was characterized extensively using in-situ measurements, and core and disturbed
soil samples. Observations of water content, tension, and solute movement from a series of
large-scale field infiltration and transport experiments were made and are available in database
format.

1.0 INTRODUCTION

1.1 Experimental Group Identification

The experimental group was comprised of the U.S. Nuclear Regulatory Commission (USNRC)
Waste Management Branch, Washington, DC (Group Leader); Massachusetts Institute of
Technology (MIT), Cambridge, MA; New Mexico State University (NMSU), Las Cruces, NM;
Pacific Northwest Laboratory (PNL), Richland, WA; and the University of Arizona (UA), Tucson,
AZ.

1.2 Purpose and Overview of the Phase I Experiments

The purpose of the INTRAVAL Phase I Las Cruces Trench experiments was to test stochastic
flow theories by comparing model predictions with observed water flow and transport. To
accomplish this objective, a set of characterization experiments and two infiltration/redistribution
experiments were completed during Phase I of INTRAVAL.

Approximately 600 core and 600 disturbed soil samples were collected for the characterization
experiments. The soil-water retention characteristics and saturated hydraulic conductivities were
estimated using these samples. In addition, the saturated hydraulic conductivities were determined
in-situ through borehole permeameter tests at a similar number of locations.
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The purpose of the Plot 1 experiment was to test the feasibility of using tensiometers and solute
samplers in very dry soils, to develop and test the data acquisition methods used in later
experiments, and to provide long term infiltration and redistribution data. Water was applied at
a rate of 1.82 cm/day for 86 days to an area adjacent to the south side of the trench (Figure 1).
Tritium was applied with the water during the first 10 days of irrigation. Tritium movement and
tension were monitored through solute samplers and tensiometers inserted through the south wall
of the trench during infiltration (Figure 2). Water content was monitored through neutron probe
readings along several vertical plans during infiltration and redistribution. The data analysis for
the Plot 1 experiment is complete and is presently available in the Las Cruces Database.

The experience gained during the Plot 1 experiment was used to design and run the Plot 2a
experiment. During this experiment, water was applied at 0.43 cm/day to an area north of the
trench for 75.5 days (Figure 1). Tritium and bromide were applied with the first 11.5 days of
water application. The movement of tritium and bromide was monitored through approximately
50 solute samplers inserted through the north wall of the trench during both infiltration and
redistribution (Figure 3). The movement of water was monitored through approximately 50
tensiometers inserted through the north wall of the trench and through neutron probe readings
taken at approximately 1000 locations and depths (Figure 1). The data analysis for the Plot 2a
experiment is complete and is presently available in the Las Cruces Database.

2. EXPERIMENTAL DESIGN

2.1 Experimental Location

The experiment is located at the New Mexico State University College Ranch, 40 km northeast
of Las Cruces, NM, USA. The field site is on a basin slope of Mount Summerford, which is at
the north end of the Dona Ana Mountains. The Dona Ana Mountains form a domal uplift
complex of younger rhyolitic and older andesitic volcanics intruded by monzonite (Gile, Hawley
and Crossman (1970)). The sediments on the mid-piedmont have young soils (6500 to 4000 years
B.C.) of the Dona Ana and Onite series (coarse-loamy Typic Haplargids). Sediments on the
lower-piedmont slopes are older soils (mid-late Pleistocene) dominated by the Berino series
(fine-loamy Typic Haplargids). The geologic features, Geomorphic surfaces, soil series and
vegetation types found in the area around the field test area are typical of many areas of southern
New Mexico and are similar to arid and semiarid areas of the southwestern United States.

The climate in the region is characterized by an abundance of sunshine, low relative humidity,
and an average Class A pan evaporation of 239 cm/yr. Average annual precipitation is 23 cm
with 52% of the rainfall occurring between July 1 and September 30. The average monthly
maximum air temperature is highest in June at 36 C and lowest in January at 13 C.

2.2 Details of the Trench and Irrigation System

A trench 26.4 m long, 4.8 m wide and 6.0 m deep was dug in the undisturbed soil to provide
soil samples and to provide horizontal access to the irrigated area through the trench face. The
walls of the trench were excavated vertically and reinforced to prevent cave-in. The trench and
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adjacent irrigated area were covered to prevent surface runoff and infiltration due to rainfall and
to minimize evaporation.

A 4 m by 9 m irrigated area was located on the south side of the trench for the Plot 1
experiment. The drip irrigation system consisted of 60 irrigation lines placed parallel to the trench
face with each irrigation line containing 13 drippers. Laboratory and field uniformity tests of
the drip irrigation system prior to the Plot I experiment indicated extremely small non
unifonnities and a random distribution of the non uniformities.

A 1.2 m by 12 m irrigated area was located on the north side of the trench for the Plot 2a
experiment. The drip irrigation system consisted of 40 irrigation lines placed parallel to the
trench face with each irrigation line containing 4 drippers. The applied water was metered onto
the plot to allow for water balance calculations. Laboratory and field uniformity tests of the drip
irrigation system prior to the Plot 2a experiment indicated extremely small non uniformities and
a random distribution of the non uniformities.

Additional details of the experimental configurations are given in Wierenga et al. (1986), in
Nicholson et al. (1987), Wierenga et al. (1990a, 1990b), and in Hills et al. (1990).

2.3 Parameters Measured

Key measurements include the following:

1. Saturated hydraulic conductivity (both in-situ and laboratory measurements) and 0(h) data
were determined for approximately 600 locations in a vertical plane along the north face
of the trench.

2. Measurements of Or and Os and estimates of the van Genuchten water retention parameters
a and n were determined for each of the 600 locations. Specific water capacity, C, can
be estimated from the resulting van Genuchten curves.

3. Moisture content or moisture profiles as a function of time were monitored using neutron
probes.

4. Tension data obtained from tensiometers placed on two dimensional grids on the north and
south trench walls were monitored as a function of time.

5. Concentrations of the tracers were sampled through the trench wall on two dimensional
grids as a function of time.
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2.4 Sampling Strategy

Two sampling strategies were used:

Scheme 1: HYDROLOGIC PARAMETER CHARACTERIZATION.

Soil samples were collected from each of 9 horizontal morphological soil layers to a depth
of 6 m. The horizontal spacing between samples in each layer was 0.5 m. In addition, samples
were collected from 3 vertical transects down to 6 m with a vertical spacing of 0.13 m.
Measurements of field saturated hydraulic conductivity were made in-situ with a
saturated-borehole technique (borehole permeameter). Cores collected adjacent to these boreholes
were taken to the laboratory for analysis of a) water retention characteristics, b) particle-size
analysis, c) bulk density, and d) soil chemical properties (e.g., CaCO3 content, soil paste pH and
soluble cations and anions). Over 600 measurements of field saturated hydraulic conductivity
were made. Similar numbers of water retention curves, particle-size analysis, bulk densities, and
chemical properties were measured in the laboratory from the core samples.

Scheme 2: INFILTRATION AND REDISTRIBUTION TESTING OF WATER AND SOLUTE
MOVEMENT

The face of the experimental trench was monitored intensively with solution samplers and
tensiometers (Figures 2 and 3). The solution samplers were tensiometer cups connected to a
vacuum line (sometimes called suction lysimeters). These units collected small (2-10 ml)
quantities of soil solution as the water infiltrated into the soil profile. Tracer pulses were
analyzed by periodic collection of samples. A 10 day pulse of tritium was used to trace the
transport of water during the Plot 1 experiment. The Plot 1 experimental results indicated that
the use of solution samplers is a viable technique for monitoring solute transport in unsaturated
soils, particularly when tensions are less than 150 cm. At higher suctions, the water transmission
rate is too low to obtain sufficient quantities of sample. These samplers were also used during the
Plot 2a experiment. Tensiometers placed adjacent to suction samplers were used to monitor
tensions and operated reasonably well after the wetting front had passed. These units do not work
in dry soil. Water tensions in dry soil are inferred from the water retention characteristics
described in Scheme 1. Neutron probes were used to monitor water contents in several planes
located parallel and perpendicular to the trench face (Figure 1). The neutron probe monitoring,
solute sampling, and tensiometer reading was done on the order of days during initial infiltration
and on the order of weeks during the later stages of redistribution.

2.5 Independence Between Data Sets

The soil samples for hydraulic characterization were taken during the excavation of the trench
from an area adjacent to the Plot 1 and 2a infiltration and redistribution experiments. The results
from the Plot 1 and 2a experiments were not used to calibrate or redefine the characterization
data. The characterization data were thus independent of the Plot I and 2a data. The Plot 1 and
Plot 2a data were also independent in that they were taken from opposite sides of the trench for
experiments with different infiltration rates. Water flow in the soil was monitored with both
tensiometers and neutron probes. Since these methods are different, the corresponding data are
independent.
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2.6 Biases Inherent in the Design

The soil retention characteristics determined in the laboratory may not truly represent water
release characteristic in the field. Sampling and measurement techniques are not developed to
the point where the entire (wet to dry) range of the water retention curve can be measured in the
field by a single instrument. Hence, laboratory measurements are used to supplement field
observations. Also, pressure plate techniques may tend to over estimate water contents at high
tensions (1.0 to 1.5 MPa values).

Since tensiometers only operate in the wet range, the useful tension data is in the wet soil
range where tensions are not too large (< 150 cm H20). This biases the data toward wetter
environments than occur naturally in arid regions. In contrast, neutron probes can measure very
small water contents. However, neutron probes cannot define sharp wetting fronts due to the
relatively large effective area of the probe measurement. Sharp wetting fronts tend to be
smoothed.

The unsaturated conductivity functions determined from pore-size models and water retention
data may inadequately describe the actual unsaturated conductivity values in the field. This data
should be checked against laboratory measurements of unsaturated conductivity and possibly using
the instantaneous profile method with fixed data.

2.7 Complementary Experiments

A suite of experiments have been performed to evaluate model capabilities. The large
lysimeter tests (described in Wierenga et al. (1986), Wierenga and van Genuchten (1989), and
Hills et al. (1989)) as well as laboratory column tests were used to estimate transport parameters
(i.e., Peclet number, dispersion coefficients, etc.). These parameters are used to understand field
transport in soils of similar physical and chemical characteristics. The experiments consisted of
infiltration and redistribution tests in uniform and layered soils under flow conditions similar to
those of the field tests. The lysimeter tests are complete.

Plot 2b and Plot 3 experiments are planned for the near future. The Plot 2b experiment will
use the Plot 2a experimental set-up. Different water application rates and tracers will be used. The
Plot 3 experiment will be at a different location on the north side of the trench and will extend
over a larger scale. Information gained during the Plot 2b experiment and suggestions from the
INTRAVAL participants will be carefully considered during the Plot 3 experimental design.

3.0 AVAILABLE EXPERIMENTAL RESULTS

3.1 Raw Data

The Las Cruces Database (discussed below) contains water retention data, density profiles,
particle-size data, and saturated hydraulic conductivities measured through both laboratory and
in-situ techniques during the characterization experiments; and water content data, tensiometer
data, tritium and bromide concentrations, and water applications rates measured during the Plot
1 and Plot 2a experiments. In addition, morphological mapping of the trench face, drip irrigation
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distribution tests, and outflow and inflow measurements from large and small column-support
tests are on file at NMSU and at UA.

3.2 Processed Data

The processed data are reported in two annual reports (NMSU to NRC 1985, 1986), in
Wierenga et al. (1986), in Nicholson et al. (1987), and in Wierenga et al. (1989). The processed
data for the Plot 1 experiment consist of moisture profiles determined from neutron probes,
tensions, tritium breakthrough curves, and wetting front observations obtained through visual
mapping. The processed data for the Plot 2a experiment consist of moisture profiles determined
from neutron probes, tensions, and tritium and bromide breakthrough curves. In addition, the van
Genuchten water retention parameters a and n for each of the 600 core sample locations and the
parameters for uniform and layered soil models are included (Wierenga et al. (1989)).

3.3 Data Storage

Data are stored at Las Cruces in laboratory notebooks, on IBM (5 1/4" floppy) disks, and
on 10 MByte Bernoulli disks. Redundant copies of the digital data are stored in Tucson, Arizona
on 20 MByte Bernoulli disks and in the Las Cruces Database.

3.4 The Las Cruces Database

The Las Cruces Database is installed on a Digital VAX and is backed up regularly by
computer center personnel. The database consists of 27 files in ASCII format and is accessible
at no cost through the international computer networks using FTP. The database is updated on a
regular basis. The database is divided into three subsets of data files: 1) Soil Property Data Files,
2) Plot 1 Data Files, and 3) Plot 2 Data Files. The Soil Property Data Files contain the soil
property characterization data from the Las Cruces Trench Site. These data include laboratory
and in-situ saturated hydraulic conductivities, soil particle size distribution data, measured water
retention data, and estimates of the van Genuchten parameters. The Plot 1 Data Files contains
water and solute application rate information, and measurements of volumetric water contents,
tensions, and relative tritium concentrations for the first trench experiment. The Plot 2 Data Files
contain water and solute application rate information, and measurements of volumetric water
contents, tensions, and relative tritium and bromide concentrations for the second trench
experiment.

All files have the same general tabulated structure. The fields (i.e. columns) are tab
delimitated and carriage returns are used to denote end of records (i.e. lines). The records have
variable lengths. The maximum record length is 87 bytes (or 87 ASCII characters). The first line
of each file contains the column titles. The value -999 is used to denote missing data. All
character strings are surrounded by single quotes. The maximum number of characters in a field
is 15 (17 including quotes). The use of quotes simplifies the FORTRAN code when reading the
data files.
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4.0 EXPERIMENTAL RESULTS

The experimental results, numerical simulation, and the database are documented in Hills et
al. (1989), Wierenga et al. (1989), Wierenga et al. (1990a, 1990b), and Hills et al. (1990).
Experimental and numerical results for water flow and solute transport are also presented in the
following appendices.
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High-Resolution Modeling of Strip Source Infiltration:
Three-Dimensional Synthetic Experiment

Analogous to Las Cruces Trench Experiment

by

Rachid Ababou
Center For Nuclear Waste Regulatory Analyses

Southwest Research Institute
San Antonio, Texas 78228-0510

ABSTRACT

A high-resolution, three-dimensional finite difference model based on a mixed variable
formulation of partially saturated or unsaturated flow is used to model strip source infiltration and
natural drainage in a randomly heterogeneous and imperfectly stratified soil. The flow regime,
soil properties, and boundary conditions are analogous to those of the first Las Cruces strip source
experiment, albeit with some differences. The nonlinear behavior and statistical properties of the
unsaturated soil are inferred, in part, from preliminary hydrodynamic data collected at the trench
site. A 15 m x 15 m x 5 in computational domain is discretized into 300,000 finite difference
cells or grid points. The parameters of the unsaturated conductivity curve are assumed to be
single realizations of spatially correlated random fields. Each finite difference cell possesses its
own, distinct conductivity function. The detailed simulation captures the complex three-
dimensional heterogeneity of the transient moisture plume, and provides direct evidence of
horizontal spreading and moisture-dependent anisotropy due to imperfect, spatially variable
stratification.

1.0 INTRODUCTION

1.1 Modeling Group Identification

The numerical model and simulation results described here were previously generated and
partially analyzed by the M.I.T. group [Ababou 1988; Ababou and Gelhar 1988]. The Center for
Nuclear Waste Regulatory Analyses is currently exploiting these results and developing new
simulations toward model validation [Ababou, 1990].

1.2 Purpose and Overview

The simulations to be described below were developed with two distinct objectives in mind.
The first objective was to test the linearized analytical theory of stochastic flow [Mantoglou and
Gelhar, 1987 a,b,c], and particularly the moisture-dependent anisotropy of effective flow behavior,
under more realistic conditions of nonlinearity, randomness, and flow geometry than allowed for
in theory. The second objective was, given the constraints of the first theoretical objective, to
mimic as closely as possible the conditions of the first Las Cruces strip-source experiment.
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2.0 NUMERICAL EXPERIMENT SET-UP

2.1 Input Data

The problem set-up, described below, involves a strip-source geometry and discharge rate
similar to those of the first Las Cruces strip-source experiment. However, the initial soil moisture
(e 0 0.15, or v F 150 cm) used in the model was higher than that observed at the field site in
order to avoid an excessive conductivity contrast near the wetting front. Note that relatively low
rate infiltration in moderately dry soil can produce large conductivity contrasts, owing to the very
sharp decrease of conductivity with increasing suction for the exponential conductivity model
adopted here.

One of the main reasons for selecting the exponential conductivity model was its convenience
for developing analytical solutions of the stochastic flow equations [Mantoglou and Gelhar, a,b,c].
The exponential relationship is not adequate for modeling the very dry range of unsaturated flow.
Recognizing this restriction, we studied the discrepancy between exponential and other
conductivity models (Mualem-Van Genuchten) for the field site data. The discrepancy was found
to be relatively minor in the suction range 50 cm < v • 150 cm. This is illustrated in Figure 1
from Ababou [1988, Chap. 7, Fig. 7.10].

Besides being highly nonlinear, the two-parameter exponential conductivity curve K(h,x) =

Ksat( ) exp(a(x)h) was highly variable in space as well. The parameters Ksat( U) and a(i ) were
assumed to be spatially correlated replicates of two log-normally distributed, independent random
fields. Furthermore, the three-dimensional correlation structure was taken to be anisotropic, with
a vertical-to-horizontal anisotropy ratio of 1/4 in terms of the directional correlation scales.

A summary of input data is given in Table 1, from Ababou [1988, Chap. 7, Table 7.2]. Note
that the coefficients of variation of Ksat and a are 67% and 22%, respectively. Single-point and
two-point statistics were inferred more or less directly from in-situ field observations such as
those reported in Wierenga et al.[1989]. During infiltration, the top boundary condition was a
fixed flux of 2 cm/day imposed on the 4 m wide strip source, and zero flux elsewhere. The
lateral boundary conditions were zero flux. The bottom boundary condition was gravity drainage
(zero pressure gradient). The gravity drainage condition was quite successful in allowing moisture
plumes to migrate downward, through the bottom boundary, with minimal disturbance. For more
details on problem set-up, see Ababou [1988, Section 7.3.1]. For random field generation by the
Turning Band method, see also Tompson et al. [19891.

2.2 Simulation and Output Data

The numerical code "BIGFLO", previously developed at MIT [Ababou, 1988], was used to
generate the results discussed here. The BIGFLO code is a fully three-dimensional finite
difference simulator for saturated or partially saturated flow in highly heterogeneous porous
media. The algorithms are described in detail in Ababou [1988, Chap. 5]. Summaries of solution
algorithms and model problems can be found in Ababou and Gelhar [1988] for the case of
unsaturated flow, and Ababou et al. [1989] for the case of saturated flow.
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The strip source simulation comprised two phases, an infiltration phase (q=2 cm/day) and a
natural drainage phase (q=0). Given the depth of the computational domain (5 m) and the
particular choice of initial conditions discussed earlier, infiltration was turned off after a relatively
short time (10 days) and natural drainage was simulated for 10 more days. The simulation
outputs were expressed mainly in terms of three-dimensional pressure fields. Output times of
interest here are t=5 days and t=10 days (infiltration phase), and t=15 days (drainage phase).

A preliminary visualization of the results was obtained by contouring the pressure fields along
selected slices [Ababou, 1988, Chap. 7.3]. More recently, the fully three-dimensional pressure
fields have been visualized using 3D color graphics techniques such as perspective views of solid,
color-coded iso-surfaces in 3D space [Ababou, 1990]. Each frame represents a snapshot of the
moisture plume at a fixed, pre-selected output time.

3.0 ANALYSIS OF SIMULATION RESULTS

Some of the heterogeneous suctions obtained for three vertical slices are shown in Figure 2
(t=5days), Figure 3 (t=10 days), and Figure 4 (t=15 days). We recall from the previous section
that the infiltration phase ended at t=10 days. Also, note that the heterogeneous moisture content
distribution follows the same pattern as pressure, due to the fact that a single one-to-one relation
E=eI(T) was assumed, regardless of spatial location.

The detailed moisture patterns at any time differ considerably from section to section, reflecting
the three-dimensional nature of the local flow process. If the soil was uniformly layered, rather
than randomly stratified as here, the moisture patterns in any vertical cross-section would be
nearly the same everywhere except near the free edge of the finite length strip source.

It is interesting to analyze the vertical versus horizontal extent of the moisture movement as
seen in these figures. Let us define the moisture plume by e 2 eF, where eF is a relatively dry
moisture content, e.g. close to the initial value. The contours shown in Figures 2, 3, 4 reveal
significant lateral spread of the moisture plume. A number of localized wet lenses appear to be
hanging over drier regions, reflecting the statistical anisotropy, or imperfect stratification, of the
synthetic soil. This feature can be observed near the geometric center of the x2 =9.8 m cross-
section (around depth x1=2.5m and abscissa x3=0). Another, more subtle phenomenon is the
relatively larger spread of the relatively dry margins of the moisture plume (light gray tones),
compared to the wet core of the plume (dark gray tones). This behavior is consistent with the
moisture-dependent anisotropy predicted by Mantoglou and Gelhar [1987 a,b,c].

The above-mentioned features appear more clearly in full three-dimensional representation. The
attached black-and-white reproductions of color plates, Figure 5 and Figure 6, show three-
dimensional views of the moisture plume after 10 days of infiltration. The amount of detail in
this simulation helps capture the heterogeneity of the moisture pattern over a wide range of scale.
The horizontal spread due to random stratification is clearly far from uniform. Layers have
"holes". Horizontal "fingers" and wet lenses tend to remain suspended over dryer lenses of soil.

These results are encouraging, and suggest the feasibility of similar simulations under conditions
more closely related to the Las Cruces Trench experiment. This may involve, for instance, using

C2:5



both probabilistic and site-specific deterministic input data, combined through stochastic
conditioning techniques (work in progress).

4.0 REFERENCES

Ababou R., Three-Dimensional Flow in Random Porous Media, PhD Thesis, Department
of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, 2
Volumes, 833 pp., Jan. 1988.

Ababou R., High-Resolution Modeling of Three-Dimensional Flow Fields, 4th INTRAVAL
Workshop, Las Vegas, Nevada, Feb. 5-10, 1990.

Ababou R. and Gelhar L. W., A High-Resolution Finite Difference Simulator for 3D
Unsaturated Flow in Heterogeneous Media, in Computational Methods in Water Resources,
Elsevier and Computational Mechanics Publications, Vol. 1, 173-178, June 1988.

Ababou R., McLaughlin D., Gelhar L. W., Tompson A. F., "Numerical Simulation of
Three-Dimensional Saturated Flow in Randomly Heterogeneous Porous Media", Transport in
Porous Media, 4, 549-565, 1989.

Mantoglou A. and Gelhar L. W., (1987a), "Stochastic Modeling of Large-Scale
Transient Unsaturated Flow Systems", Water Resour. Res., 23(1), 37-46.

Mantoglou A. and Gelhar L. W., (1987b), "Capillary Tension Head Variance, Mean Soil
Moisture Content, and Effective Specific Soil Moisture Capacity of Transient Unsaturated Flow
in Stratified Soils", Water Resour. Res., 23(1), 57-67.

Mantoglou A. and Gelhar L. W., (1987c), "Effective Hydraulic Conductivities of
Transient Unsaturated Flow in Stratified Soils", Water Resour. Res., 23(1), 57-67.

Tompson A. F., Ababou R., and Gelhar L. W., Implementation of the Three-
Dimensional Turning Bands Random Field Generator, Water Resour. Res., 25(10), 2227-2243,
1989.

Wierenga P. J., Gelhar L. W., Simmons C. S., Gee G.W., and Nicholson T.J.,
"Validation of Stochastic Flow and Transport Models for Unsaturated Soils: A Comprehensive
Field Study", Report NUREG/CR-4622, U. S. Nuclear Regulatory Commission, Washington,
D.C., 1986.

Wierenga P. J., Toorman A., Hudson D., Vinson J., Nash M., and Hills R. G., "Soil
Physical Properties at the Las Cruces Trench Site," NUREG/CR-5541, U. S. Nuclear
Regulatory Commission, Washington, DC, (1989).

C2:6



TABLE 1

SUMMARY OF INPUr DATA FOR THE SnIQ.E-REALIZATICU SDIMLTION OF SrRIP-SURCE
INFILTRATION IN A STATISTICALLY ANISIYIUPIC SOLL (-TRaENCl UnIE~ r)

Type of Data Description Value

Domain Vertical domain size LI = 5.0 m
Geometry. Transverse horizontal domain size L2 =15.0 M
Boundary Transverse longitudinal domain size L3 =15.0 m
Conditions. Strip source width Ws = 4.0 m

and Initial Strip source length Ls = 99 m

Conditions Flux at the surface of the strip qO = 2 cm/day

Condition at the bottom boundary = - K(h)

Initial pressure head hin = 150 cm

Space-Time Time step Variable
Discretization Mesh size Axi (1=1.2.3) Axi= 0.10.0.20.0.20 m

Unidirectional number of nodes n n1= 52. 76. 76

Total number of nodes of 3D grid N = 300352

Exponential Geometric mean saturated conductivity = 100 cm/d

Conductivity Standard deviation of en Ksaf = 0.6083

Curve (Random) Geometric mean of the en K-slope a. = 0.0494 cm-

Standard deviation of en a a = 0.2202

Anisotropic correlation scales X I =0.25.1.0.1.0 m

Van-Genuchten Saturated moisture content 0 = 0.368

Retention Curve Residual moisture content Or = 0.102

(Deterministic) Scaling parameter = 0.0334 cm 1

Shape factor (real number) n = 1.982
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Figure 5 Front View of Three-Dimensional Moisture Plume, from Stochastic Flow Simulations
of Ababou (1988).

Figure 6 Back View of Three-Dimensional Moisture Pattern, with Moisture Plume Visible in
Purple and Blue (Simulations from Ababou, 1988).
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Stochastic Modelling Of The First Las
Cruces Trench Experiment

Jacob Bensabat, Lynn W. Gelhar and Dennis B. Mc Laughlin
R.M. Parsons Laboratory

Massachussets Institute Of Technology
Cambridge, MA, 02139

1 Introduction

The aim of this study is to demonstrate a model validation approach for the

first Las Cruces trench experiment, based on the stochastic methodology

developed by Mantoglou and Gelhar (1987).

The proposed model uses the effective mass balance equation developed

by Mantoglou and Gelhar (1987), which incorporates the information on

the spatial variability of the soil unsaturated properties and the effective

soil parameters developed by Polmann (1989), which allow extrapolation of

the parameters values far beyond the water content ranges for which data

on the unsaturated soil properties is available. The resulting mathematical

model is a highly non-linear one which is solved using a Galerkin Finite-

Element procedure and a Modified Picard iterative scheme developed by

Bouloutas and Celia (1989). This numerical model allows a high degree

of flexibility in the determination of the initial and boundary conditions,

while converging relatively fast.

Preliminary simulations, based on parameters for a synthetic soil, show

that, for this experiment, a deterministic model is unable to reproduce,

even qualitatively, the experimental results especially for large time scales.
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The results of the simulations show qualitative and quantitative differ-

ences between a deterministic approach and the proposed stochastic one,

which seems to show better qualitative agreement with the experimental

results.

2 Objectives and Methods

The objective of this study is to test the stochastic modelling methodology

of Mantoglou and Gelhar (1987), using the the field data from the first Las

Cruces trench experiment.

The first experiment is uniquely appropriate for this purpose because

of its long duration ( 3 years) and its resulting large spatial extent. The

purpose here is to summarize the results of some preliminary simulations

which have been developed using synthetic soil properties input based on

the Maddock soil data ( Carvallo et al., 1976). The synthetic input was

necessary since unsaturated hydraulic conductivity data is not currently

available at the site. It is expected that unsaturated conductivity data will

be available in the near future and consequently a more definitive evaluation

can be expected as part of the INTRAVAL phase 2. The proposed model

uses:

* The effective mass balance equation developed by Mantoglou and

Gelhar (1987), which incorporates the information on the spatial vari-

ability of the soil unsaturated properties.

* The effective soil parameters developed by Polmann (1989), which

allow extrapolation of the parameter values far beyond the the water

content ranges for which data on the unsaturated soil properties is

available.

* The resulting mathematical model is a highly non-linear one, which

is solved using a Galerkin Finite-Element Procedure and a Modified
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Picard iterative scheme developed by Bouloutas and Celia (1989).

This numerical model allows a high degree of flexibility in the de-

termination of the intial and boundary conditions, while converging

relatively fast.

3 Mathematical Model

3.1 Model Assumptions

1. The soils are assumed to be locally isotropic and homogeneous.

2. At large scales, the soil properties are assumed to behave as stationary

stochastic processes.

3. the local unsaturated hydraulic conductivity is assumed to be a ran-

dom variable log-normally distributed, i.e.,

Ln(K) = y = F + y' (1)

4. The local water content is assumed to be a random variable normally

distributed, i.e.,

a = + e' (2)

where e3 = E[6] and E)' is a zero mean normally distributed variable.

E) is also a non-linear function of the tension.

5. The local tension, P, is assumed to be the sum of a mean term, IQ,

and of a zero mean normally distributed random perturbation h,

O =,Q + h (3)
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3.2 Balance Equation

The effective mass balance equation can be found in Mantoglou and Gelhar

(1987), and takes the form of Richard's equation.

( at ) V * [K (V, Vat t ) + Z)) (4)

where e ( [E] = cms/cm3 ), IQ ( [q] = cm) and K ( [K] = cm/hr) are the

effective water content, tension and conductivity tensor, respectively. In

general, e and K are functions of the mean time derivative, gradient and

tension. Since this dependence of the parameters on the time and spatial

derivatives may modify the parabolic nature of the mass balance equation,
it has been decided, as a preliminary step, to impose zero mean gradient

and and steady state conditions in the evaluation of the parameters.

The hydraulic conductivity tensor is diagonal one with components,

* ~~~~~0V, E[y'-]h
Kzz = Kvy = ep [IV+ 2 + a8 1 +z (5)

aiz

= e2p[± ¶2] (6)

4 Parameters

Even at scales of a few meters, soil properties show usually show a high
degree of variability, both under saturated and unsaturated conditions.
Therefore, we consider these properties as random ones. The parameters
used in this study are the ones developed by Polmann (1989), and represent
a combination of the data available from the Las Cruces site ( water reten-
tion curves and the saturated conductivities) and from the information on
the Maddock soil unsaturated conductivities as reported in Carvallo et al.
(1976).
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5 Numerical Simulations

The flow domain is A 2-d strip, 10 m. in the vertical and 20 m. in the

horizontal ( Fig. 1). At the top of the left corner, we imposed a flux of 2

cm/day during the first 82 days then the system was relaxed. Simulated

moisture distributions for the times 32, 57, 82, 177 and 365 days, 2, 3 and

4 years are shown for a deterministic ( homogeneous) soil ( Figs. 2 and

3) and the stochastic model ( Figs. 4 and 5). The stochastic simulations

clearly show more lateral spreading, this feature is also evident in the field

observations shown in Figs. 6 and 7.

For the same times, moisture transects at z = 0.0, x = 6.0 and z = 7.0

m. are displayed in Figs. 8 to 10. These transects show the simulated mean

moisture content with bands corresponding to 1 standard deviation, and

the observed moiture distributions based on neutron probes measurements

at these locations. Generally the stochastic model seems to capture the

overall trend and variability of the observations.

6 Conclusions

Even for an assumed behaviour of the soil parameters, it has been shown

that the stochastic approach reproduces with better accuracy the experi-

ment results, at least qualitatively. However, it is our feeling that there is

a crucial need for having information on the unsaturated soil properties at

the site itself.

The next phase in this study will be to relax the conditions under which

the effective parameters are evaluated ( steady state and zero mean gradi-

ents).
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APPENDIX C4

Two-dimensional flow and transport predictions
for the Las Cruces Trench experiment 2

C4:1



Table of contents

Page

ABSTRACT 3

1.0 INTRODUCTION 3

2.0 GOVERNING EQUATIONS 4
2.1 Water Flow 4
2.2 Solute Transport 5

3.0 THE NUMERICAL ALGORITHMS 6

4.0 MODEL SELECTION CRITERIA 7

5.0 MODEL CALIBRATION 8

6.0 RESULTS 9

7.0 VALIDATION 11

8.0 UNRESOLVED ISSUES 12

9.0 REFERENCES 13

List of Figures

Figure 1 Observed and modeled initial water contents: y = 2 m.
Figure 2 Observed initial water contents: y = 6 m and 10 m respectively.
Figure 3 Changes in observed and predicted water contents on day 71: y = 2 m.
Figure 4 Changes in observed water contents on day 71: y = 6 m and 10 m respectively.
Figure 5 Observed and predicted relative tritium concentrations on day 71: y = 0.5 m.
Figure 6 Observed and predicted relative bromide concentrations on day 71: y = 0.5 m.
Figure 7 Changes in observed and predicted water contents on day 276: y = 2 m.
Figure 8 Changes in observed water contents on day 276: y = 6 m and 10 m respectively.
Figure 9 Observed and predicted relative tritium concentrations on day 277: y = 0.5 m.
Figure 10 Observed and predicted relative bromide concentrations on day 277: y = 0.5 m.

C4:2



Two-Dimensional Flow and Transport Predictions
for the Las Cruces Trench Experiment 2

by

R. G. Hills1

P. J. Wierenga 2

M. R. Kirkland'

'Mechanical Engineering Department, New Mexico State University, Las Cruces, NM 88003

2 Department of Soil and Water Science, University of Arizona, Tucson, AZ 85721

ABSTRACT

As part of a comprehensive field study designed to provide data to test stochastic and
deterministic models of water flow and transport in the vadose zone, several trench infiltration
experiments were performed in the semi-arid region of southern New Mexico. In one of the
experiments, a 1.2 m wide by 12 m long area on the north side and perpendicular to a 4.8 m wide
by 26.4 m long by 6 m deep trench was irrigated with water containing tracers using a carefully
controlled drip irrigation system. Water containing tritium and bromide was applied during the
first 11.5 days of the study. Thereafter, water was applied without tracers for an additional 64
days. Both water and tracer movement were monitored in the subsoil during infiltration and
redistribution.

Models for water flow and transport were tested by simulating the experiment using finite
difference deterministic models assuming a uniform soil. Comparisons between measurements
and predictions made with a two-dimensional model show qualitative agreement for two of the
three water content measurement planes. Model predictions of tritium and bromide transport were
not as satisfactory. Measurements of both tritium and bromide show localized areas of high
relative concentrations and a large downward motion of bromide relative to tritium during
redistribution. While the simple deterministic model does show larger downward motions for
bromide than for tritium during redistribution, it does not predict the high concentrations of solute
observed during infiltration, nor does it predict the heterogeneous behavior observed for tritium
during infiltration and for bromide during redistribution.

1.0 INTRODUCTION

Prediction of water flow and chemical transport from disposal areas generally requires the use
of computer models. While there are many numerical models available, the validity of these
models for dry soils on the field scale has not been adequately tested. Field studies insoil science
and hydrology conducted during the past decade have demonstrated extensive variability in
saturated and unsaturated hydraulic conductivities and water retention properties. Such studies
cast doubt on the validity of deterministic models on the field scale. This has ledto the
development of stochastic models for the prediction of water flow and chemical transport through
soils and groundwater. However, before such models find widespread use for prediction
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purposes, the advantage of stochastic models over simpler deterministic models must be tested
with field data.

This study is restricted to a simple deterministic model for water flow and transport of
bromide and tritium for the Las Cruces Plot 2 experiment. This simple model provides a
reference for more sophisticated models that are currently being tested. Water flow and transport
is assumed to be two-dimensional and time dependent. The model domain is a vertical plane
parallel to the north trench wall. The soil is assumed to behave as a uniform isotropic media
without hysteresis. A description of the trench and experimental configuration is provided in an
earlier appendix and in Wierenga et al. (1989, 1990a, 1990b) and Hills et al. (1990).

2.0 GOVERNING EQUATIONS

2.1 Water Flow

Richards equation for two-dimensional water flow with isotropic hydraulic conductivity is given
by:

e +a K ah)+ af K+K Dh =0
A)t Ax F ax) Tz _5z)

0 is the volumetric water content, K is the hydraulic conductivity, h is the tension, t is time, x is
the horizontal position, and z is the vertical position measured downward. Writing Eq.(l) in terms
of water content gives

a_ - a D aD I -KI=0 (2)
at axt axJ azt az )

where D is defined by

D-- K
dO (3)
Yh-

While Eq.(2) is not valid across soil layer interfaces, it can be applied to a uniform soil. Here
we use a two-dimensional extension of the one-dimensional algorithm developed by Hills, et al.
(1989). This extension is based on the alternating direction implicit method and is used to model
water flow in a uniform soil.

The initial and boundary conditions on water content are

0(XZ,0) = Oin 1t(z) = 0(hinit(z)) (4a)

(K-D a = 0.43 cm/day, -0.61 m 2 x 2 0.61 m; t 5 75.5 days (4b)
) 1az 0, otherwise
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K-D 7Z Z = 0.0 (4c)

D axt =- 0.0 (4d)

D DOh -0.0 (4e)
) x=a

where a and b are sufficiently large, and the initial water contents sufficiently small so that
significant water movement does not occur normal to these boundaries during the simulation.
Values of a = 5.0 m and b = 6.0 m are adequate for 300 days of simulation.

The van Genuchten models (1980) for water retention and unsaturated hydraulic conductivity
are used.

e 0- 1 (5)

,s -Or [1 + (ah)n]m

m=1 - 1 (6)
n

where 0, Or, and Os are the volumetric water content, residual water content, and saturated water
content, respectively, a and n are parameters that affect the shape of the retention curve, and h
is tension. Given estimates of the parameters in Eq. (5) and the uniform soil value for the
saturated hydraulic conductivity K., the unsaturated hydraulic conductivity is modeled by

K = KsS 1/2 [1 - (1 - S lm)m]2 (7)K=fe [1-1 e

2.2 Solute Transport

To model the transport of tritium and bromide, the convection/dispersion equation is used with
the assumption that the dispersivity is homogeneous and isotropic and that the solute is non
reactive and non decaying. Neglecting the radioactive decay of tritium results in only a 1% error
in concentration on day 71 and a 4% error on day 277 due to tritium's half life of 12.26 years.
The governing partial differential equation is given by

a ac a ac
At c ax OD a qxc) +Z ODT -a qzc) (8)

where R is the retardation factor, D. is the dispersion coefficient, and qx and qz are the Darcian
fluxes and x and z are coordinate directions. A normalized or relative concentration is used for
c where the normalization constant is the average concentration applied during the first 11.5 days
of the experiment. Thus, the normalized or relative concentration for the solute applied at the
surface is unity. The x and z components of the Darcian fluxes are given by
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qx=K.ah = D (9a)

ax A
qz=K +K ah =K -D (9b)

where h represents tension. The dispersion coefficient, D. (the subscript s is used to distinguish
the dispersion coefficient from the hydraulic diffusivity, D), is given by

ODS = EDM +e | (10)

where Dm is the molecular dispersion coefficient, e is the dispersivity, and I is the magnitude
of the Darcian flux.

A zero initial concentration was used. Zero fluxes on the lateral and lower boundaries and a
constant flux on the upper boundary were specified. The initial and boundary conditions for the
relative concentration c(x,z,t) are:

c(x,z,0) = 0.0 (1 la)

q-c D - cO, { 0.43 cm/day, -0.61 m > x 2 0.61 m; t < 11.5 day (lib)
z _z_ =O 0, otherwise

(qzc- OD ac =0.0 (lic)

( ,c -OD ac =0.0 (lid)

( qxc - ODs = 0.0 (le)

Again, the a and b must be taken to be sufficiently large so that the wetting and solute fronts do
not interact with the boundaries during the numerical simulation. Note that the normalized
concentration of the solute applied to the surface is unity and dimensionless. Thus the right hand
side of Eq. ( lib) has the units of cm/day.

3.0 THE NUMERICAL ALGORITHMS

The solutions to the proceeding equations were approximated using alternating direction implicit
finite difference algorithms. The convective terms were handled explicitly with central differences.
The grid size was sufficiently small so that the convective terms did not lead to instability.
During each time step, Richards equation was solved, the water contents and Darcian fluxes were
evaluated, and then the transport equation was solved. Details of the finite difference algorithms
are provided in Hills et al. (1990)

The water flow and transport algorithms were implemented in VAX FORTRAN using double
precision arithmetic. The water flow algorithm was validated by comparing algorithm predictions
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against those obtained from other one-dimensional water content and head based water flow
algorithms (Hills et al., 1989). Separate horizontal and vertical water flow numerical experiments
were performed to validate the two-dimensional algorithm along both coordinate directions. Mass
balance errors were also calculated and found to be within machine precision.

The transport algorithm was validated against one-dimensional analytical solutions of the
transport equation (in both directions) using various boundary and initial conditions. The solute
mass balance errors were calculated and also found to be within machine precision.

A 6 m deep by 10.1666 m wide model domain was used. Symmetry was assumed along the
vertical centerline of the irrigated area to reduce the computational domain to a 6 m deep by
5.0833 m wide area. The grid and time step size used for all numerical simulations were Ax =
0.050833 m, Ay = 0.05 m and At = 0.5 days. A value of 0.050833 for Ax was used to insure that
the irrigation width (1.22 m) could be represented by an integer number of Ax's. To check
convergence and the effect of numerical diffusion, contour plots of water flow and solute
transport on days 71 and 277 were compared to those obtained when the time and spatial step
sizes were halved. The differences between the fine grid and coarse grid contours were very
small.

Here we use contour plots to compare model predictions to field observations. Since the
resulting contours can be very sensitive to the density of the sampling grid used to generate the
contours, model predictions were sampled on a grid with the same density as the corresponding
field observations. This grid is much coarser than the finite difference grid (the full finite
difference grid was used to check convergence). For example, the model predictions were sampled
on a grid with a horizontal increment of I m and a vertical increment of 0.25 m. This is the same
sampling grid as was used for the neutron probe measurements. A 0.25 m by 0.25 m contour grid
was used for the solute predictions. Due to the irregular nature of the measurement sampling grid,
weighted averages of all measurements made within two grid cells of a grid node were used to
estimate the nodal value of concentration. Inverse distance-squared weighting was used. The axis
tick marks shown in the figures represent the intersection of the contour grid with the vertical and
horizontal axes. Once the nodal values for water content and relative concentration were
determined, WingZ (Informix Software, Inc., 1988) was used to generate the contour plots.
WingZ is a Macintosh based spreadsheet and uses B-splines to generate smooth contour
surfaces.

4.0 MODEL SELECTION CRITERIA

The water content based finite difference algorithm for Richard's equation was selected because
it can be applied to unsaturated flow into homogeneous but very dry soils without the need for
fine grid or time step sizes (Hills et al. (1989)). This results in large savings in CPU time. The
transport equation was also modeled using finite differences with explicit center differences used
for the convective terms. The center difference approximation is adequate as long as the grid
Peclet and Courant numbers are sufficiently small to insure stability.
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5.0 MODEL CALIBRATION

The initial water content Ont(z) for the model was determined from the uniform soil water
retention model and observed initial tensions reported in the Las Cruces Database (Wierenga et
al. (1990b)). The upper 1.5 m of the soil was initially wet enough to be in the tensiometer range
(h < 500 cm). These high near-surface water contents were due to heavy rainfall in the weeks
prior to covering the experimental plot. To obtain a depth dependent model for initial tension,
averages of all the tensions obtained from tensiometers at similar depths down to 1.5 m were
taken. The tensions from tensiometers installed through the trench face and from tensiometers
installed vertically through the surface of the irrigated area were used to obtain the averages.
Specifically, the readings from 8 tensiometers at 0.25 m, 5 tensiometers at 0.75 m, 4 tensiometers
at 1.0 m, and 6 tensiometers at 1.5 m depth were averaged. Since only two good readings were
obtained at a depth of 0.5 m, an average value for this depth was not included in the initial
tension model. These measurements were taken on day 1 which was the first day that readings
were available after the plot was fully covered. The initial tensions were too high to be in the
tensiometer range for depths greater than 1.5 m. Initial field tensions for depths greater than 1.5
m were obtained from soil samples using a thermocouple psychrometer. Seven samples were
taken from each of 7 depths (ranging from 2.1 to 6.6 m) and the resulting initial tensions
averaged. These samples were collected during the installation of access tubes along the
centerline of the irrigated area. The resulting average tension versus depth data are shown in
Table 1. For simulation purposes, an initial tension of 143.9 cm H 2 0 was used for depths less
than 25 cm. Linear interpolation was used to estimate the initial tensions at intermediate depths.

Equation (5) was used to model the water retention characteristics and Eq. (7) was used to
model the unsaturated hydraulic conductivity. The parameter values used for these equations are
taken from Wierenga, et al. (1989, 1990a) and are summarized in Table 2.

Field values for dispersivity typically range up to 10 cm or more (Nielsen et al. 1986). Since
the dispersivity has not been determined for the trench experiment, £ = 5 cm was arbitrarily
chosen. The molecular diffusion is Dm = 1.0 cm2/day. The relatively low value for

Table 1: Initial Tensions used for the Numerical Simulation. For z < 1.5 m, tensiometers
measurements were used; for z > 1.5 m, psychrometer measurements were used.

Depth h

(cm) (cm H20)
25 143.9
75 170.2
100 249.3
150 215.5
210 28860
285 36980
360 47090
435 48020
510 53300
585 56330
660 64940
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Table 2: van Genuchten Parameters for the Las Cruces Test Site: Uniform Soil Model.

Os Or a n Ks

(cm 3 cm-3 ) (cm3 cm-3) (crnf1 ) () (cm/day)

0.3209 0.0828 0.0550 1.5093 270.1
1

s is typical of the soils at the Las Cruces Trench Site and results in transport that is dominated
by convection rather than dispersion. Retardation factors of 1.0 for tritium and 0.84 for bromide
were used. The low retardation factor for bromide is based on studies with laboratory columns
and field lysimeters filled with top soil removed from the area surrounding the trench site. No
attempt was made to "calibrate" the model by choosing other values for the dispersivity or the
retardation factor.

6.0 RESULTS

Figures 1 and 2 show the water contents as measured in vertical planes 2 m, 6 m, and 10 m
from the trench wall on day 1. These date were taken from the Las Cruces Database (Wierenga
et al. (1989, 1990b)). The vertical axis in each contour plot represents depth in meters and the
horizontal axis represents horizontal distance in meters from the irrigation area centerline.
Contours were not shown for depths less than 0.25 m since no measurements were made at these
depths. To facilitate the comparison, the initial water contents for the model are presented together
with the observed water contents for the y = 2 m plane. The y = 2 m plane is closest to the plane
of solute samplers (y = 0.5 m) and to the plane from which the soil samples were taken for
characterization (y = -0.5 m). Day 1 represents the first day that measurements were taken after
the plot was covered. As a result of significant rainfall and the lack of a cover on previous days,
the day 1 observations represent the best estimate of the initial conditions that existed prior to the
controlled application of the water and solute. As Figures 1 and 2 illustrate, there is some spatial
variability in the observed water contents and strong indications of layering. The day 1 volumetric
water contents range from less than 0.04 cm3 /cm3 to greater than 0.16 cm3/cm3 with wetter
conditions occurring near the surface at y = 6 m. In contrast, the initial water content
distribution for the finite difference simulation (see Figure 1), which is based on a simple depth
dependent tension model (Table 1), shows no variation in the y direction. Also, the high initial
water contents (>0.08 cm3 /cm3 throughout and >0.16 cm3/cm3 near the surface) suggests that the
uniform soil retention model over predicts the water contents at the initial tensions used,
especially at intermediate depths where the observed initial water contents range from 0.04 to 0.08
cm3/cm3 .

Comparisons between observed and the predicted changes in water contents on day 71 for the
y = 2 m plane are presented in Figure 3. The observed changes in water content are the
differences between the water contents measured on day 71 and those measured on day 1. The
predicted changes in water content are the differences between the predicted water contents on
day 71 and the initial water contents for the model. The change in water contents are plotted
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because they illustrate movement of water better than absolute water contents. Also, the
observed changes show less effect of spatial variability and are somewhat easier to interpret. The
water content changes for the observation planes at y = 6 m and 10 m are shown in Figure 4. As
Figures 3 and 4 illustrate, the water moves in a fairly uniform fashion for all three planes during
the first 71 days of infiltration. More spreading occurs in the y = 6 m plane than in the other
planes. After 71 days of water application, the contours suggest that the leading edge of the
wetting front has generally moved downward to a depth of 2 to 2.5 m while it has moved
laterally from each edge of the irrigated zone by 1 to 2 meters. Overall, the changes in predicted
water contents show lateral spreading and vertical movement that agree qualitatively with the
observations made in the three planes. The large degree of lateral spreading demonstrated in the
numerical predictions (Figure 3) suggests that the tension gradient rather than gravity is the
dominant driving force at the low flow rates present. There is little movement of water during the
first 71 days at depths greater than 3 m. However, very small differences in the measured water
contents can result in negative changes in the water contents at these depths. These small changes
may be due to water movement or simply due to random error in the neutron probe
measurements. Most of the spatial variation in the change in water contents shown below the
wetting front in Figures 3 and 4 is a result of these very small differences.

The observed and predicted relative tritium and bromide concentrations on day 71 in the y =
0.5 m plane are shown in Figures 5 and 6. The tritium and bromide fronts lag far behind the
water front (note that different scales are used for Figures 3 and 5). Displacement of the initial
water in the soil profile causes this lag. Also, the predicted bromide front moves slightly faster
than the predicted tritium front (Figures 5 and 6) because of the lower retardation factor due to
anion exclusion for bromide. In contrast to the day 71 model predictions, this effect is not readily
apparent in the day 71 observations. The 0.05 contours for the model predictions and the field
observations for both tritium and bromide tend to show qualitatively similar downward and
lateral motions of the solute front. However, the observed relative peak concentration of tritium
is much higher than the predicted peak concentrations at 1 m depth and 0.5 m to the right of the
centerline. The observed day 71 relative bromide concentrations are also higher than model
predictions at 1 m depth but do not show as much net horizontal motion.

Figures 7 and 8 show the observed and predicted changes in water contents for day 276. Water
application stopped on day 75.5, so the day 276 results represents 200.5 days of redistribution.
The observations show an overall downward movement in water with a net increase in water
content to the right for the y = 2 plane. This increase in water content is greater after 200 days
of redistribution for the y = 2 m plane than after the 71 days of infiltration. The observations
show that the model under predicts the maximum depth of the wetting front (defined here as the
0.02 contour) for the y = 2 m case and over predicts the wetting front location for the y = 10 m
case for day 276. The comparison improves for the y = 6 m case. However, it is clear that the
deterministic model used here cannot accurately predict point values for water content due to
spatial variation in field hydraulic properties because this variation is not accounted for in the
model.

The relative tritium and bromide concentration profiles for day 277 (no solute samples were
taken on day 276) are shown in Figures 9 and 10. Comparing Figures 5 and 6 with Figures 9 and
10 suggests that tritium moves little during the 201.5 days of redistribution. In contrast, the
bromide shows significant downward and rightward movement during the same period. A
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possible explanation for this contrasting behavior is anion exclusion forces the bromide closer to
the leading edge of the water front where most of the redistribution occurs. As a result, bromide
movement appears to be correlated to the higher day 276 water content changes and the lower
day I water contents which exist toward the right as illustrated in Figures 7 and 1. The model
predictions show a downward motion of tritium during redistribution. This suggests an over
prediction of water movement due to gravity at depths around 1 m. Comparisons between model
predictions and the measured relative bromide concentrations show similar depths of penetration
for the tracer fronts but significant differences in lateral motion. Bromide shows a larger net
movement to the right than does tritium after 201.5 days of redistribution. This is in contrast to
the day 71 results. However, it should be noted that Figure 10 is somewhat incomplete in that
many solution samplers failed to operate to the left of x = 0.5 m because the soil was too dry.

Considering the simplistic nature of the water flow model, the model was surprisingly good at
predicting water flow during the 75 days infiltration for all three planes and during the subsequent
200 days on redistribution for two of the three neutron probe measurement planes. However, there
were large discrepancies between predictions and observations for the y = 2 m plane during
redistribution due to lateral heterogeneities in the soil. These heterogeneities were apparent in both
the day 1 and day 276 observations.

Bromide showed a similar non homogeneous behavior during redistribution. This is not
surprising considering that the solute sampling plane (y = 0.5 m) is close to the y = 2 m neutron
probe plane. The significant differences in the observed motion of tritium and bromide is
surprising. Although they were applied together, tritium showed a stronger non homogeneous
motion during infiltration but little motion during redistribution. In contrast, bromide showed a
fairly homogeneous motion during infiltration but a highly non homogeneous motion during
redistribution. The simple uniform soil transport model can not predict this heterogeneous
behavior.

7.0 VALIDATION

Comparisons between the predicted and measured changes in water content show qualitative
agreement after 71 days of infiltration for all three neutron probe planes. After 200 days of
redistribution, fair agreement was demonstrated in the y = 6 m and y = 10 m planes but poor
agreement was shown in the y = 2 m plane. Comparisons between the predicted and observed
behavior of tritium and bromide show less satisfactory results. Model predictions of bromide
transport were better during the initial 71 days of infiltration than they were after 200 days of
redistribution. Model predictions for the motion of tritium were generally poor. The increased
effect of the spatial variability near the trench face during redistribution appears to be the primary
reason for the larger discrepancies between predicted and observed solute movement.

The results presented here provide qualitative validation (or invalidation) at best. One conclusion
that can be reached is that modeling water flow during infiltration gives better results than
modeling water flow and transport during redistribution for the Plot 2 experiment. The effect of
spatial variability on water flow appears to be more important during redistribution. In addition,
the differences between the observed transport of tritium and bromide through the soil profile
during redistribution cannot be accounted for using the simple non reactive homogeneous model
tested here.
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8.0 UNRESOLVED ISSUES

The uniform soil water flow and transport models presented are the simplest two-dimensional
models being used for the Plot 2 experiment. Comparisons between prediction and observation
clearly indicate that point values for water content and solute concentration cannot be estimated
using such models due to the spatial variability of the soil at the trench site. Whether the use of
heterogeneous models will improve predictions of point values of water content and concentration
for the Plot 2 experiment is not clear.

Comparisons between predicted and observed mean behavior of water flow and solute transport
were not made. Indicators of such behavior include the motion of the center of mass of the water
and solute pulses through the soil profile, and the cumulative mass of water and solute transported
through a horizontal plane as a function of time. Of primary interest is whether stochastic models
will provide significantly better estimates of these mean quantities than the simpler deterministic
models for the Las Cruces Trench Site.

Simple comparisons of model predictions of point and mean behavior with field observations
and predictions from other models can be misleading in the presence of spatially variable soils.
While one model may appear to provide better predictions, the improvements may not be
statistically significant. Quantitative validation methodology must be developed to account for the
random nature of spatially variable soils, and the uncertainties associated with measurement error.
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SUMMARY

The second Las Cruces Trench infiltration experiment was simulated using the VAM2D variably
saturated flow and transport code (Huyakom et al., 1989). The field experiment involves
infiltration and redistribution of water and non-reactive tracers in an initially dry, heterogeneous
field soil. Intense site characterization and monitoring has been conducted at the Las Cruces field
site resulting in a detailed database for calibration and validation of unsaturated flow and transport
models. In this study the level of detail in the flow and transport model required to reproduce
key features as well as the significance of hysteresis and saturation dependent anisotropy of the
observed water and solute plumes were evaluated. In all cases it was assumed that flow and
transport were described by the Richard's and advection-dispersion equation, respectively.
However, effects of soil heterogeneity were accounted for in different ways. Four different
simulation scenarios were evaluated, i.e.: I) uniform, isotropic soil with literature derived
unsaturated hydraulic parameters, IHa) uniform, isotropic soil with unsaturated hydraulic
parameters determined by averaging individual sample values, UEb) uniform, but anisotropic soil
with unsaturated hydraulic parameters determined in a manner analogous to scenario Ila but
different averaging procedure, and Ill) non-uniform but isotropic soil with different soil material
properties assigned to each element in the computational grid in order to represent as closely as
possible the heterogeneity observed in the field. The possible effects of hysteresis in the soil
moisture characteristic on water movement were evaluated as a variant of scenario IHa.

The field experiment simulated involved infiltration and redistribution of a 75.5 day duration
irrigation pulse with conservative tracers (bromide, tritium) supplied during the first 11.5 days.
The irrigation was applied at a low rate resulting in unsaturated conditions throughout the
experiment. Two-dimensional, cross-sectional simulations were performed using the VAM2D
computer code. Even though the experiment was designed to maintain a two-dimensional flow
regime, the field data showed significant migration in three-dimensions. In order to be able to
compare model and field results, the field data were averaged in the third dimension. Salient
features of the field moisture content distribution were the irregular water content contours and
lateral spreading of the applied water. These features were reproduced quite well in modeling
scenario III. Scenario IIb reproduced the horizontal spread of the moisture plume reasonably
well, but not the irregular moisture level contours. The simulated effect of hysteresis was the
opposite of observed field flow behavior, indicating that capillary hysteresis is not a significant
factor in the field experiment. Overall, the results suggest that the observed pattern of water
movement at the second Las Cruces trench experiment may be explained either as resulting from
local heterogeneities in an isotropic soil, or as resulting from a macroscopic anisotropy in a
locally uniform soil. These apparently contradictory results agree qualitatively with the stochastic
unsaturated flow theory developed at the Massachusetts Institute of Technology (MIT) by Dr.
Lynn Gelhar and coworkers. The latter theory predicts among others, that local soil
heterogeneities may manifest themselves in transient unsaturated flow as an apparent large scale
anisotropy. It was attempted to model the trench experiment using a pressure head dependent
anisotropy factor calculated from the stochastic flow theory. This resulted however in a severe
overprediction of the degree of anisotropy of hydraulic conductivity, and a poor prediction of
water movement patterns.
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In addition to unsaturated transient flow, the movement of the tritium tracer which was applied
during the first part of the experiment was also simulated with VAM2D, using the four different
conceptual flow models discussed above. In contrast to the unsaturated flow results, none of the
three modeling scenarios showed good agreement with field concentration data. Maximum
observed concentration levels were several times higher than simulated and the bromide plume
shape was also not well reproduced. However, field solute monitoring data is much less detailed
than available moisture data. It was therefore not possible to resolve whether discrepancies
between model transport predictions and field observations are due to deficiencies in the modeling
or due to a lack of sufficiently detailed data on three-dimensional solute movement.
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1. INTRODUCTION

During the last several years, the U.S. Nuclear Regulatory Commission (U.S. NRC) has
sponsored detailed field experiments conducted at the University of New Mexico's facility near
Las Cruces New Mexico (Wierenga et al., 1986, 1989, 1990). These experiments were designed
to study the movement of water containing chemical tracers through an initially dry, spatially
variable soil. The series of experiments that have been conducted at this site have involved a
very detailed soil characterization and monitoring effort, with the objective of developing a
database for testing deterministic as well as stochastic unsaturated flow and transport models. The
work described herein presents modeling of the second Las Cruces trench experiment using the
VAM2D computer code (Huyakorn, et al., 1989, 1991). VAM2D is a two-dimensional, variably
saturated flow and transport code. The flow solution is based on the pressure head form of the
Richard's equation, while the transport solution is based on the conventional advection-dispersion
equation. One objective of this study was to test the applicability and numerical accuracy of the
code for the difficult Las Cruces trench simulation problem. A second objective was to gain more
insight in the factors and mechanisms controlling flow and transport in the field experiment. This
objective was approached by analyzing a number of different modeling scenarios which differed
in the processes that were accounted for in the transient flow simulation. The emphasis in this
study is on unsaturated flow modeling on the notion that accurate description of water movement
is the first and essential step in assessment of the migration of dissolved chemicals which in many
instances will be of ultimate environmental concern.
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2. MATERIALS AND METHODS

2.1 FIELD EXPERIMENT

A series of unsaturated zone flow and transport field experiments have been conducted at the
New Mexico State University's Jomada experimental site near Las Cruces, New Mexico.
Detailed descriptions of the site conditions, design of the experiments and experimental data are
provided by Wierenga et al. (1986, 1989, 1990). The following is a summary of site and
experimental conditions.

The experimental site is located 40 km north-east of Las Cruces, New Mexico. The field site
is on a basin slope of Mount Summerford, which is part of the Dona Ana mountain range.
Climatic conditions, geologic features, geomorphic surfaces, soil types and vegetation in the area
are typical of many areas of southern New Mexico and are similar to arid and semi-arid areas of
the Southwestern United States. The average annual precipitation is 23 cm/year while the Class
A pan evaporation averages 239 cm/year. The soil profile at the site shows several buried
horizons, indicating a cyclic pattern of sediment accumulation and erosion. Within each of the
four main deposits that have been distinguished in the upper 6m of the soil, several
morphologically different soil horizons have been identified. The sequence of soil layers is
depicted in Figure 1. The soil texture in the various horizons shown in Figure 1 is generally
loamy sand or sandy loam.

The present study involves the second trench infiltration experiment conducted at the site. A
plan view of the field experiment is shown in Figure 2. The central feature of the experiment is
a large trench, 26.5 m long by 4.8 m wide by 6.0 m deep which has been dug in the undisturbed
soil. The actual experiment was conducted in the area labeled as Plot #2 in Figure 2. The trench
itself is not part of the experimental plot, but it provides access to subsurface monitoring
instruments. During trench excavation soil cores and soil samples were taken along the length
of the trench at 0.5 m horizontal intervals. At each sampling location, soil cores were collected
at each of the nine sampling depths indicated in Figure 1 to a depth of 5.8 m. A total
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of 50 cores and samples were collected in this way from each sampling depth. Additional cores
were collected at three locations along the trench, using an approximately 20 cm depth interval,
to further resolve vertical soil variation. A total of 640 soil cores and samples were analyzed for
determination of bulk density, particle size distribution, saturated hydraulic conductivity and the
soil-water retention characteristic.

In addition to the laboratory analyses, saturated hydraulic conductivities were determined in-situ
using the bore hole permeameter method. The in-situ hydraulic conductivity measurements were
performed for all nine soil layers from which laboratory samples were collected. From each
layer, 50 equally spaced measurements along the length of the trench were obtained adjacent to
the locations from which samples were collected.

The infiltration experiment conducted in Plot #2 on the north side of the trench involved
controlled application of water and solute tracers over a 1.22 m wide by 12 m long irrigation area,
as indicated by shading in Figure 2. Water was applied through a grid of drip emitters, involving
a total of 40 parallel irrigation lines. Water was applied twice daily resulting in an average flux
density of 0.43 cm/day over the irrigated area. The application was started on August 8, 1988
and continued for 75.5 days. Tritium and bromide tracers were mixed in with the water during
the first 11.5 days. Tritium was added in a concentration of 0.1 mCi/L; the bromide concentration
was 0.799 gr/L. The irrigation and surrounding area were covered with a plastic liner throughout
the irrigation and subsequent redistribution period, to eliminate both evaporation and infiltration
of rain water.

Water flow and solute movement have been monitored during and following the irrigation event
using tensiometers, neutron logging and solution samplers. A total of 43 neutron probe access
tubes were installed to a depth of 6m in the Plot #2 area. The location of each access tube is
shown in Figure 2. Neutron probe readings were taken at 0.25 m depth increments with a
frequency as high as every 4 to 5 days during the irrigation period and decreasing frequency
during the distribution period. It may be noted that moisture movement could be monitored in
three dimensions (x, y, z) using neutron logging. The tensiometers were installed underneath the
center of the irrigation area, through the trench face at an angle of 100 from horizontal, such that
the sensing cups were located in a two-dimensional (x, z) plane located 50 cm away from the
trench face in the y-direction. The coordinate convention used here is that the x-axis represents
the horizontal direction parallel to the long axis of the trench, the y-axis represents the
perpendicular horizontal direction, i.e., parallel to the long axis of the irrigation plot, and the z-
axis represents the vertical direction. Soil solution samplers were installed from the trench face
in a manner similar to the tensiometers. The location of tensiometers and solute samplers
underneath the experimental plot is shown in Figure 3. Tensiometers and solution samplers were
thus installed in a two-dimensional x-z plane and thus do not provide information on pressure
head and concentration variations in the y-direction.
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2.2 FLOW AND TRANSPORT MODEL

2.2.1 Governing Equations

The flow solution in the VAM2D computer code is based on the two-dimensional Richard's
equation for isothermal flow in a rigid porous medium

a kr av
7x DX + a [zr ( a + 1) dO a'y (1)

where v is pressure head (L), 0 is the volumetric water content, Knox and Kzz are the components
of saturated conductivity (L/T) in the x- and z- direction, respectively, kr is the relative
permeability, x and z are cartesian coordinates (L) and t is time (T). We use the convention that
the z- coordinate points upward. Constitutive relations used in the flow modeling are taken to
be of the form (van Genuchten, 1980)

e s yV 2 0
0 = (2)

Or + (Os Or) [ 1 + (-Ocv)opI < 0
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Figure 3. Cross-sectional view showing location of tensiometers and solute
samplers underneath the irrigation plot (from Wierenga et al.,
1990).
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kr = S 12 [1 - ((3-S)/^)y ] (3)

where Es is the saturated water content, Or is a residual water content, and a, 13 and y are shape
parameters with =1-13. Se is the effective saturation defined as Se=(-0Or)/(9s-0r).

Transport simulations were based on the advection-dispersion equation for a conservative solute

a (Dt a) + at (D a) + ax (Dxz a.)+
(4)

a (Dzxac - V a - Vz a~~c =0D
-vZ =e

where c is solute concentration (M/L3), D~x, DZZ, Dz and Dzx are dispersion coefficients (LOT)
and Vx and Vz are the x- and z- components of the Darcy velocity tensor (L/T). The dispersion
coefficients incorporate the effects of hydrodynamic mixing and molecular diffusion and are
determined as

V 2

DxX = aL l X'

Dz = 01V lV I2

v2

+ c VZ + D °vz

+ aL Z + 'tD
IVI

(5a)

(5b)

(Sc)Dzx = Dxz = (at - a,) X ZD =0~~~~~~~~V

where aL and av are the longitudinal and vertical dispersivity (L), respectively, D' is the bulk
solution coefficient of molecular diffusion (L2 i) and X is a water content dependent tortuosity
coefficient given by (Millington and Quirk, 1959)
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T = 0lo/3( -2 (6)

S

Using the tortuosity factor given by (6) has the effect of reducing molecular diffusion as the water
content decreases. It was found necessary to introduce this tortuosity factor after initial
simulations with a constant effective diffusion coefficient indicated a significant over-prediction
of diffusion.

The flow equation is solved in VAM2D using the Galerkin finite element technique with either
Picard or Newton-Raphson iteration methods. The transport equation is treated using the
upstream-weighted finite element method. The transport solution in VAM2D can account for
linear equilibrium sorption as well as (chained) decay reactions. However, these processes were
ignored in the present analysis. For both flow and transport problems, spatial discretization is
performed using simple rectangular elements or orthogonal curvilinear elements, allowing element
matrices to be computed using highly efficient influence coefficient matrix formulas. The
numerical schemes used are well documented (Huyakom and Pinder, 1983; Huyakom et al., 1984,
1985, 1989) and are not repeated here. Various aspects of the computational procedure that are
related specifically to mass balance accuracy and convergence of the transient, variably saturated
flow solution are discussed in the next section.

2.2.2 Numerical Procedures for Efficient Flow and Transport Simulation

Simulation of transient water and solute movement in very dry soils represents a numerically
challenging problems. Experience with pressure head based solutions of the Richards equation
has shown that it may be difficult to obtain a solution with accurate mass balance, unless very
fine space and time discretizations are employed (e.g. Hills et al., 1989). Typically it is found
that mass is "lost" in the simulation and that computed infiltration depths are less than they should
be. Mass balance errors in numerical solutions of (1) are usually related to the manner in which
the storage terms in the governing equation are treated. Although effective ways to treat this
problem have been known for some time (e.g. Cooley, 1983, Homung and Messing, 1984)
difficulties that have been encountered in modeling of the Las Cruces trench experiments have
caused renewed interest in the mass balance problem in unsaturated flow modeling (Hills et al.,
1989; Celia et al., 1990).

Milly (1985) has discussed several alternative ways to evaluate the moisture capacity C = d0/dyW
in finite element solutions of (1) that can be used to achieve an accurate moisture mass balance.
The usual definition of the moisture capacity as the tangential approximation of d0/dmj will result
in an exact mass balance only for infinitely small space and time discretizations. For more
practical grid sizes and time steps, substantial mass balance errors may occur when sharp moisture
fronts are present. In order to obtain a mass conservative result, Milly (1985) pointed out that
the moisture capacity should be defined in such a way that the following holds at the element
level

f C(it +t - ]Vf)de = ( 0 t+&t - et)de (7)
e e
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in which C is the effective soil water capacity expressed in terms of the finite element

interpolation functions within the element and where integration is performed on an element by
element basis. The resulting expression for the nodal values of C depend on how the finite
element storage matrix is formed, i.e., whether or not a diagonalized (lumped) matrix is used.
The simplest scheme results when mass-lumping is applied so that the element storage matrix is
the same as in finite difference schemes, i.e., a diagonal matrix given by

[C]e Ax K (8)

where a. and A are the element dimensions. In this case the nodal values of Ci are given simply
by

t+At t

t + At t
Vi - vi

The same result has been presented by Homing and Messing (1984). Celia et al. (1990) have
recently reviewed an alternative approach, based on the mixed form of the Richards equation
which yields an equivalent result. In the VAM2D simulations a mass-lumped flow solution was
used with a backward difference time approximation and with nodal moisture capacities evaluated
using (9). The average cumulative mass balance errors expressed as a fraction of the total added
amount of water was 1.2% for all flow simulations. In contrast, initial simulations which used
a non-mass conserving way to evaluate moisture capacities showed mass balance errors as high
as 20%. The mass balance error could presumably be reduced further by using a finer finite
element grid and smaller time steps. However, it was felt that the level of accuracy achieved in
the flow simulations was commensurate with the level of detail in available field data.

While mass balance accuracy of a numerical unsaturated flow solution can be quite sensitive
to the manner in which storage terms are calculated, the mass balance error in solute transport
solutions can be similarly sensitive to the way in which the velocity components (V , V,) are
computed. When saturation and hydraulic conductivity values vary drastically across an element,
it is intuitively clear that transport solutions can be sensitive to the nodal averaging procedures
used to calculate elemental velocity values. Velocities are obtained by local application of
Darcy's Law which requires knowledge of the effective elemental hydraulic conductivity. The
computationally most expedient way to calculate these is to evaluate element water content and
relative conductivities after averaging nodal pressure head values, i.e.,
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1 (lOa)
nj=1

<0 >=0 (<4 >) (10b)

<kr> = kr (<0>) (lOc)

where < > denotes elemental value, kr is the relative permieability and n is the number of nodes
associated with the element. In this case the constitutive relations 0(v) and kr(O) need to be
evaluated only once for each element. However, in the transport simulations of the trench
experiment, the above scheme resulted in solute mass balance errors as high as 10%, even though
very good mass balance was obtained in the flow solution itself. It was found that solute mass
balance errors could effectively be eliminated by performing the averaging over the nodal values
of 0 and Kr themselves as

<0> - E O() (11 a)
n j=

and

<kr> = _ E kr(Oj) (llb)
n j=1

In the flow and transport simulations, the bulk of the computational effort is taken up by the
nonlinear flow solution, and a considerable savings can be achieved by using efficient time
stepping procedures in conjunction with techniques to enhance convergence of the iterative
solution scheme. VAM2D incorporates several of these features and the trench simulations
provided a good test for their effectiveness. The features in VAM2D are not entirely new, rather
they are based on techniques that have been found to be effective elsewhere (e.g. Cooley, 1983;
van Genuchten, 1982; Huyakom et al., 1984). Mass-lumping and use of a fully implicit time
approximation are well known to reduce oscillations and thus improve convergence (e.g. Milly,
1985; Celia et al., 1990). Use of a Newton-Raphson iteration procedure will also improve
convergence compared to the Picard scheme. However, the Newton-Raphson procedure itself
requires approximately twice the effort per iteration that the Picard scheme does, so the trade-off
between Picard and Newton-Raphson iteration is not always clear. In the VAM2D trench
simulations, Picard iteration was used in conjunction with an under-relaxation scheme for updating
nodal pressure head values between iterations, based on a procedure proposed by Cooley (1983).
This combination was found to be quite competitive in speed of convergence with Newton-
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Raphson iteration while requiring less computational effort. Another aspect of the computational
scheme is the selection of optimal time step size during the transient simulation. Aside from the
effect that time step size has on the simulation accuracy, there will be a large effect on CPU time.
An overly small timestep may slow the simulation down, even though the solution will probably
converge rapidly at each time step. On the other hand, convergence may be very slow or fail at
all if a too large timestep is used, necessitating cutbacks in time step size and/or a large number
of iterations per time step. VAM2D incorporates a simple automatic time step adjustment
scheme, adopted from van Genuchten (1982), which has proven very effective. In this scheme
an initial, minimum and maximum time step size are specified as input parameters. The
simulation is started using the initial time step size. At the beginning of each new time step, the
step size is adjusted depending on the number of iterations required during the just completed
time step. If convergence was rapid, the time step size is increased by a preset fraction until the
maximum allowable stepsize is reached, otherwise the step size is kept constant or, if convergence
was slow, decreased. The minimum time step value guards against excessively long simulation
times if convergence is slow. The maximum step size is set to control errors in the numerical
approximation. In the Las Cruces trench simulations the initial time step was set to Ati = 1 day
and the maximum time step was set to mmat, = 7 days. All simulations discussed in this report
covered a 277 day time period; between 90 and 130 time steps were required for the transient
simulations.

A final consideration is the selection of an appropriate pressure head convergence tolerance.
In the relatively wet parts of the modeled domain, a small convergence tolerance should be used,
since water contents and conductivities will be sensitive to relatively small pressure head changes.
On the other hand, in the dry parts of the domain, the water contents approach residual values and
are quite insensitive to pressure head changes. Consequently, a much larger convergence
tolerance can be used here. In order to accommodate both considerations, we used a combination
of absolute and relative tolerances. The nodal convergence tolerance, xi, is then determined from

Xi ='Ca +tr I Vi I (12)

where ta and tr are the absolute and relative tolerances and where cr typically ranges from 0.01
to 0.001.

All simulations reported here were performed on a 25 MHz 80386 personal computer equipped
with a 80387 FPU and 8 megabytes of RAM memory. The flow and transport simulations
required between 4 (Scenario I and II) and 7 (Scenario III) hours of computer time. While these
simulation times are by no means trivial, they compare quite favorably with results reported by
Hills et al. (1989) which demonstrates the effectiveness of the computational schemes employed
in the VAM2D computer code.

2.2.3 Model Domain and Boundary Conditions

Flow and transport were modeled in a two-dimensional vertical (x-z plane) cross-section. Flow
and transport in the y-direction were not considered. Restricting the modeling to two dimensions
is dictated by the selection of the 2-D VAM2D computer code. However, considering the
relatively large dimension of the irrigation area in the y-direction (Figure 2) and the uniform
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water and tracer applications, this assumption was deemed reasonable for most of the actual plot,
with possible exception of the ends of the plot. The modeled domain and assigned boundary
conditions are depicted in Figure 4. This figure also shows the spatial coordinate convention used
in the modeling. The x-coordinate origin is taken to be directly underneath the center of the
experimental plot. The modeled region extends 600 cm to both the left and right. The vertical
(z-) coordinate is taken to be positive upwards. The soil surface is thus located at an elevation
of 500 cm. The dimensions of the modeled region were chosen large enough that boundary
effects on flow and transport would be negligible. As shown in Figure 4, the left and right side
boundaries are assigned no-flux conditions for flow and transport. The upper boundary which
corresponds to the soil surface is also assigned a no-flux condition, except for the zone that
corresponds to the irrigation area. This boundary section was

I = I(t)

Ic 0 I(t) c (t)

I = o.o. Ic 0 = 0.0 I = 0.0, IcO = 0.0
I I

500-

400 -

o 300-

0
.4b) 200 -

0

100 -

0-

I i

a+_ = 0 1(t) SOURCE FLUXES =

ax I(t) = water flux ax
_ 0.43 cm/d t < 75.5d

0 0.0 t > 75.5d 0

co(t) = Normalized source concentration
51.0 t < 11.5d
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az az
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I l

-200 0
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Figure 4. Schematic view of the modeled two-dimensional cross-section
and assignment of boundary conditions.
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assigned time-dependent water and solute flux conditions corresponding to the water and solute
applications in the field experiment. The lower boundary was assigned a zero pressure head
gradient and zero concentration gradient condition. These conditions will allow the free-exit of
water and solute through the boundary, and are a reasonable representation of physical conditions
in a deep, well-drained soil.

The finite element discretization of the model domain is shown in Figure 5. A total of 1508
rectangular elements was used, with the element size varying from 10 x 10cm underneath the
source to 30 x 30cm near the side and lower boundaries. The chosen discretization provided
sufficient resolution in the flow and transport simulations without requiring excessive
computational effort. Initial conditions and assignment of material zones were different for the
various simulation scenarios considered, and are discussed below.

2.2.4 Flow and Transport Modeling Scenarios

An important aspect of the conceptualization underlying the flow and transport modeling was
that soil hydraulic properties and their spatial distribution have a pronounced influence on flow
and solute transport behavior. We therefore evaluated different simulation scenarios that
employed varying amounts and detail of site specific hydraulic data for model calibration.
Alternatively, these different simulation scenarios may be thought of as representing different
conceptual models of the key factors controlling flow and solute transport of the trench site.

The different simulation scenarios/conceptual models were:

I. Uniform, isotropic soil with hydraulic properties of a typical sandy loam soil. This
scenario used no site specific data for flow calibration.

Ila. Uniform isotropic soil with hydraulic properties given by averages obtained from trench
soil core data.

llb. Uniform, but anisotropic soil with soil hydraulic properties determined as in Scenario Iha,
with exception of saturated hydraulic conductivity which was allowed to be anisotropic
and calculated assuming a lognormal distribution of local K values.

Uc. As Scenario Ha, except that the effect of hysteresis in the moisture retention characteristic
is accounted for in the computer simulation.

HI. Non-uniform, isotropic soil with spatial variation of hydraulic properties and initial
conditions reflecting as close as possible that obtained from soil core samples and neutron
logging, respectively.

In each of the above scenarios, the initial condition for the flow simulations was defined in
terms of moisture content(s) as measured at the site prior to the experiment. In order to convert
these to initial pressure head(s) which are required for the VAM2D computer code, the inverse
of (2) was used with appropriate values of the parameters Os, Or, a and P3. It should be noted that
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the individual soil core values of Or, a and f3 used for Scenarios II and m are different from the
values given in the Las Cruces trench database (Wierenga et al., 1989). For a number of the soil
cores, the Or values given in the database are larger than actual water contents measured in the
field at the same x- and z- locations, prior to the initiation of water and solute application. This
would imply that the initial pressure head at these locations was undefined. In reality the soil
cores, which were collected inside the trench, and neutron probe measurements represent data
from spatially different locations, i.e., different y-coordinate (see Figure 2) and the conflict
between 0 r values in the database and actual measurements of water contents may be an artifact
of modeling the site as a two-dimensional cross-section in which soil variations in the y-direction
are ignored. On the other hand, the parameter Or in (2) is essentially a curve-fitting parameter
and there is no physical objection to imposing certain constraints in the parameter estimation.
A new set of values of Or, a and 1 was therefore determined for each soil core using the
following procedure: The soil layer from which each core was collected was deternined. An
upper bound for Or was determined for each of the nine identified soil layers as slightly less than
the minimum observed water content for that layer. Or. a and E were subsequently fitted again
to the experimental 0 (v) curves under this constraint. The resulting van Genuchten parameters
for each core sample used in the VAM2D modeling are listed in Appendix A. The rationale and
input parameter selection for each of the modeling scenarios are discussed below.

2.2.4.1 Scenario I

In this scenario it was assumed that very little site specific data was available for model
calibration. This case corresponds to the situation, in practice not at all uncommon, where
computer modeling is performed while little or no site characterization data is available and one
has to estimate key model parameters. Since for the Las Cruces site there actually is quite a large
amount of data available, it is possible to assess the accuracy of model predictions obtained with
estimated parameters. This scenario represents a base case for evaluating the gain in accuracy
obtained with the other modeling scenarios which do use site specific information. The soil in
Scenario I was assumed to be uniform and isotropic. The only site specific information used was
the soil textural classification (sandy loam) and an estimate of the initial water content. Estimated
van Genuchten soil parameters for the sandy loam soil were obtained from the literature (Carsel
and Parrish, 1988; see Table 1). The initial water content distribution was taken to be uniform
and assigned a value of Oi (x,z) = 0.10, which corresponds approximately to the actual average
water content in the soil at the initiation of irrigation.
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Table 1. Flow and Transport Parameter Values Used in VAM2D Simulations

Modeling Scenario
I Ha HIb HIc m

Hydraulic Parameters

KXX; KYz(cm/d) 106; 106 270; 270 1310; 655 270; 270
Os 0.410 0.320 0.320 0.320 individually
Or 0.065 0.025 0.025 0.025 assigned to
cc (caf) 0.075 0.112 0.112 0.112; 0.224 evyekmmlt

Transport Parameters

aXL (cm) 5.0 5.0 5.0 - 5.0
aT (cm) 5.0 5.0 5.0 5.0
Do (cm2 /d) 1.0 1.0 1.0 1.0

500 -

400 _

i 300

O 200 -

100
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-604

Figure 6.
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Initial water content distribution measured in central neutron
probe row.
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2.2.4.2 Scenario Ha

In this scenario, the soil was again taken to be uniform, but it was assumed that sufficient site
characterization data were available to accurately define average values of the van Genuchten
parameters. The values (Table 1) used are the averages of the parameters for the individual soil
cores. This modeling scenario tests the assumptioin that any effects of local soil heterogeneity
are averaged out at the scale of the field experiment, and that the experiment can thus be
reproduced using averaged soil properties. The average values of parameters Or' OSI and ax and
P were calculated as arithmetic means of individual soil core values, while saturated conductivity
was calculated as a geometric mean of individual soil core values (Wierenga et al., 1989). The
initial water content distribution in Scenario Ha was obtained from field neutron probe readings
taken just prior to the water and solute application. Data from the central row of neutron probe
access tubes (Figure 2) were used. The field data (Figure 6) show a distinct variation of water
content with depth, but more or less uniform water contents in the x-direction. The vertical
variation of water contents was retained in the simulation, but a uniform water content in the x-
direction was used, resulting in the modeled initial water content vertical distribution shown in
Figure 7.

2.2.4.3 Scenario Hb

Scenario Hb is a variant of Ha; it was included in the simulation following evaluation of
Scenario Ha, in order to improve the agreement between the VAM2D simulation and observed
water content distributions following infiltration and redistribution. Scenario IHb differs from IHa
in the way saturated hydraulic conductivity is evaluated. In Scenario Ilb, the average hydraulic
conductivity was computed assuming a lognormal distribution of individual K-values, i.e.,

2 (3
<K> = exp(pi. + 1/2ca) (13)

where pin and on are the mean and standard deviation, respectively, of the log transformed K
values of individual soil cores and angular brackets denote mean value. Additionally, the
saturated hydraulic conductivity in this scenario was taken to be anisotropic with

<Kxx > = 2 <Kzz > (14)

Since all soil cores were taken vertically downward, measured K-values represent vertical
conductivities; the mean conductivity calculated from (7) thus estimates KZZ. The horizontal
conductivity in Scenario Ilb was simply assigned a value twice as large as the vertical value.
Values of the hydraulic parameters used in this scenario are listed in Table 1.
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Figure 7. Depth variation of initial water content for Scenario Hla, Ilb, and
lIc.

2.2.4.4 Scenario fIc

This simulation was another variant of the second modeling scenario, designed to evaluate
the possible influence of soil moisture hysteresis on infiltration and distribution of water. The
VAM2D computer code has the ability to model hysteresis in the O(y) relation, using the
procedure described by Kool and Parker (1987). The general procedure for modeling hysteresis
requires that soil moisture parameters describing both the drying and wetting branches of the soil
moisture characteristic are specified. The code then keeps track of the state, either wetting or
drying, as well as the appropriate O(Nf) scanning curve of each element in the computational grid
during the simulation, and evaluates the hydraulic properties accordingly. No actual data on soil
moisture hysteresis are available for the trench site. Measured O(V) relations all correspond to
the main drying branch of the moisture characteristic. Lacking data on the wetting characteristic,
the same average moisture parameter values were used for both wetting and drying branches,
except that the a parameter for the wetting branch was assigned a value of twice the drying
branch value, as recommended by Kool and Parker (1987). The resulting hysteretic moisture
retention characteristic is shown graphically in Figure 8. It can be seen that the assumed ratio
of W: ad = 2.0, imposes only a modest degree of hysteresis. However, the ratio used is typical
of undisturbed field soils (Kool and Parker, 1987).
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Figure 8. Wetting and drying moisture characteristic curves used in the hysteretic flow
simulation (Scenario llc).

2.2.4.5 Scenario Ell

In the final simulation scenario, all available data were utilized to determine spatially
variable soil hydraulic properties and initial water contents. Material properties and initial water
contents were allowed to vary from element to element. The van Genuchten parameter values
describing hydraulic relationships at element centroids of the finite element grid were determined
by spatially interpolating values from soil cores collected in a two-dimensional (x-z) grid inside
the trench. Initial water contents were determined similarly from field neutron probe readings
taken just prior to the field experiment. Measurements from the middle neutron probe row were
used. Spatial interpolation was achieved by kriging. In the case of saturated hydraulic
conductivity, the interpolation was performed on ln-transformed values. The resulting distribution
of saturated conductivity is shown as an illustrative example in Figure 9. Although different
material properties were assigned to each element in the computational grid, these hydraulic
parameter values were determined from samples taken several meters away from the location of
the actual infiltration experiment. It can thus not be expected that the elemental soil properties
result in good point-wise correspondence with actual soil properties. However, invoking the
assumption of ergodicity (Dagan, 1990), it is expected that the spatial variability of soil properties
is reproduced in Scenario HI, allowing a direct evaluation of the effects of local soil heterogeneity
on simulated flow and transport behavior.
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2.2.4.6 Solute Transport Parameters

Tritium and bromide were added as tracers during the first part of the irrigation
experiment. Both tracers would be expected to behave as ideal, non-reactive tracers. Field
concentration monitoring data however showed noticeable divergence of the tritium and bromide
plumes. The probable cause is the influence of anion exclusion on bromide migration (Wierenga
et al., 1990). For this reason, the transport simulations of a generic, non-reactive solute were
compared against the tritium field data only. Radioactive decay of tritium during the simulation
period was ignored. The error due to ignoring tritium decay is on the order of 4% at the end
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Figure 9. Spatial variation of in K (cm/d) for Scenario m.
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of the 277 day simulation period (Wierenga et al., 1990). The only additional parameters
necessary for the transport simulations were therefore the longitudinal and transverse
dispersivities, (XL and ca, and the molecular diffusion coefficient, D'. In contrast to the detailed
data on soil hydraulic properties, there is little data available on transport parameters for the Las
Cruces trench. The following dispersion parameters were assumed for all simulations: aL = aL
= 5.0 cm; D' = 1 cm2 /d (Table 1). These values are the same as used by Wierenga et al. (1990)
in their flow and transport simulations and thus facilitate comparison of their transport predictions
with the VAM2D results. Since the value assigned to the dispersivity in the advection-dispersion
transport model represents the uncertainty about local variations in pore water velocity, an
argument can be made that larger dispersivity values should be used in the simulation with
averaged hydraulic parameters (I, II), and a smaller dispersivity in the case of Scenario Ill. In
the latter case the variation in hydraulic properties was described in detail, and thus a more
accurate representation of local pore water velocity fluctuations would presumably be obtained
in this case. The effect of varying dispersivity values was however not explored in this study.

2.3 MODEL EVALUATION CRITERIA

To evaluate flow and transport results for the different simulation scenarios, predicted
water content and solute distributions at t=277 days after the start of irrigation were compared
against field results. To accommodate the fact that different initial water content distributions
were used, we follow the convention of Wierenga et al. (1990) to evaluate the flow simulations
on the basis of water content changes, 0, rather than actual water contents, where

0 (xz,t) = 0 (xzt) - 0 (xz,t = 0) (15)

Two dimensional (x-z) field water content distributions were available from the three neutron
probe rows installed parallel to the trench. If the actual flow regime in the field would have been
two-dimensional, then the total water content increase measured along each individual neutron
probe row should have been the same with differences only in the spatial distribution due to local
soil heterogeneity. In reality, there were significant differences between the three sets of neutron
probe data (Figure 10), indicating that appreciable three-dimensional flow occurred in the field.
The observed water contents for the three sets of neutron probe tubes shown in Figure 10 show
that the water content increase at y = 2 m distance from the trench is substantially less than
expected assuming uniform application and true 2-D flow. Measurements at the center (y = 6 m)
row of neutron probe tubes indicate an excess of moisture at this distance, while a mass-balance
of the water contents at y = 10 m indicates that at this distance the water content increase agrees
fairly well with the amount of applied water under 2-D flow conditions. Deviations from
strictly 2-D flow were probably caused by the spatial variation of soil hydraulic properties and
initial water content distribution. Non-uniformity in the water application during the irrigation
period is expected to have contributed only little to the observed soil moisture distribution. To
minimize the influence of three-dimensional flow in comparisons with the two-dimensional
simulations, the water content data from the three neutron probe rows were averaged in the third
dimension, i.e., along the y-axis. Tritium concentration data for transport modeling evaluation
were available from a single two-dimensional grid of solution samplers, all of which were
installed at a distance of 50 cm away from the trench face. The significance of lateral (y-
direction) solute migration on measured concentration data could thus not be evaluated directly.

C5:29



5c0

400 - Y = 200

.04~
0300

0.02-0 200

-, 100
LUJ

0
-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600

X-distance from plot center (cm)

500

0 0v.02
Y =600 -

400 0.04 06

o 300

.06

0 200 _ .0

-~100

LU

o , , , , , , . IS., , "m I I I I
-600 -500 -400 -300 -200 -100 0 100 200 30u 400 500 600

X-distance from plot center (cm)

500

400_

0 300

C
o 200

-) 100
LJ

I'

Y = 1000 004 , I I *z 04

0.0

0.34 0I
0.02 I. .2

-600 -500 -400 -300 -200 -100 0 100 200 300 40 50 60
X-distance from plot center (cm)

Figure 10. Water content increases at 276 days measured in three neutron
probe rows; y-value indicates distance from trench face (cm).

C5:30



In addition to visual comparisons of contour plots of field data and simulated results,
spatial moments of water content and solute distributions were computed and compared. This
provides a quantitative measure of the goodness of model predictions. The ij-th spatial moment
of the water content change, Mj(t), is defined as (Freyberg, 1986)

Ml7 (t) = f J 9(x,z,t) x 'z 1dxdz (16)

Analogously, the ij-th moment of the solute mass distribution, Mc'j(t) is defined as
13

Mj (t) = f o (x,z,t) c (xz,t) x iz 1dxdz (17)

Of most interest are the lower-order moments, i.e., the zero, first and second moments (i+j = 0,
1 or 2, respectively). The zero-th moment is equal to the total mass present in the system.

The first moments, normalized by total mass, define the location of the center of mass (Freyberg,
1986), in the x- and z- directions

Xc = MI0/Mo0 (18a)

ZC = MO,/Moo (18b)

The second normalized moment determines a spatial covariance tensor:

[YXx (FXZ (19)

with

22

Gxx = M 2 O/MOO -xC ; zz = M 021Moo zC ; xZ = Zx = Ml/Moo -xCZC

The components of this covariance tensor provide a measure of the spread of the water and solute
plumes about their center of mass. Since the zero-th moment (mass added) was the same in all
modeling scenarios considered we used first and second moments to evaluate the model
simulations.
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3. RESULTS AND DISCUSSION

In this section, modeling results are presented and evaluated against field observations.
Flow modeling is discussed first, followed by transport modeling.

3.1 FLOW MODELING

Results of the Scenario I, ila and III simulations, as well as field results are presented in
Figure 11. In all cases, contour plots of water content increases at the end of the simulation
(t=277 days) are shown. The field results correspond to measurements at t=276 days. During
the redistribution phase moisture movement was very slow, so that the 1 day time difference
between simulation results and field data has negligible influence on the comparison. The field
data represent averages from the three rows of neutron probes. By averaging the field data in the
y-direction, most of the effects of three-dimensional flow could be removed. It should be noted
however that the amount of water present in the averaged field results (Figure 10), is
approximately 15% higher than it should be based on strictly 2-D flow. As a consequence, the
field results appear somewhat "wetter" than any of the simulations. The field results show a
distinct horizontal spreading of the moisture plume and rather irregular water content contours.
The degree of horizontal spreading is not an artifact of the averaging applied to the field data, but
was also exhibited by water content distributions measured along individual neutron probe rows
(see Figure 10). The predicted moisture plumes for the four different modeling scenarios
reproduced the observed results to varying degrees. The uniform soil Scenarios I and Ila
predicted moisture plumes which are smooth and symmetric about the x=0 axis. Differences
between Scenarios I and ila are primarily due to differences in the assigned soil moisture
retention curves (Figure 12). The curve obtained from the literature for Scenario I is a typical
curve for a light textured (sandy loam) soil, with a rather abrupt decrease in water content at
pressure heads below a few tens of centimeters. In contrast, the curve for Scenario II, which is
a composite of individual soil core measurements shows a much more gradual change of water
content with pressure head. As a result, Scenario I over-predicted the downward movement of
water, while the applied irrigation was retained as shallower depths in Scenario ila, which agrees
better with observed results. The horizontal spread of the plume between 350 and 400 cm
elevation in Scenario Ila reflects the influence of depth-varying initial water contents. Scenario
III resulted in quite good visual agreement with field observations. Although this heterogeneous
soil scenario did not necessarily result in accurate point-wise prediction of field results, it did
reproduce the observed non-symmetric plume shape and irregular water content contours. Upon
closer inspection it can be seen that the horizontal spreading in the simulation occurs mostly
around the edges of the water plume. The contours in the wetter center of the plume indicate
more dominantly downward flow. In contrast, the field data show distinct horizontal spreading
at all contour levels. This was exhibited both by the average result as well as by data from the
individual neutron probe rows.
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Comparison of Scenario Ha and III results indicates that explicit consideration of soil
variability, as opposed to using averaged soil properties, results in better agreement with field
observations. One of the features of both the field data and Scenario m modeling results is the
distinct horizontal spreading of the moisture plume. The horizontal spreading was not reproduced
at all in the uniform soil scenario I. Some spreading can be seen in the result for scenario IHa.
The spreading in the plume reflects the vertically non-uniform initial condition used in this model
scenario. The degree of horizontal spreading was however much less than observed in the field.
The observed spreading resembles the effect of anisotropy in soil hydraulic properties. It is
unknown to what extent the actual soil at the trench site is anisotropic (see below). All soil cores
were taken vertically downward, and parameters measured from these cores, especially saturated
conductivity, thus represent vertical values. In the case of the Scenario III simulation, the
apparent anisotropy was strictly a result of the local variability of soil properties, since isotropy
was assumed in the modeling.

In order to evaluate the effect of anisotropy on modeling results, a variant of Scenario IHa
was included in the modeling as Scenario lIb. The purpose of Scenario llb was to see to what
extent field results could be reproduced by assuming anisotropy in an otherwise uniform soil. In
Scenario fib, the average value of hydraulic conductivity, i.e., <Kzz>, was recalculated assuming
a lognormal distribution of conductivity values. The horizontal conductivity was then assigned
a value of twice the mean vertical conductivity to produce the desired anisotropic effect. Flow
results for Scenario Ilb are compared with field results and with results from Scenario Iml in
Figure 13. It can be seen that a 2:1 anisotropy ratio induced horizontal spreading similar to that
observed in the field. The vertical spread of the Scenario Ilb plume however, was less than either
that observed in the field or predicted by Scenario mII. The mean conductivity in Scenario fIb
was calculated from a lognormal distribution, rather than as a geometric mean as in Scenario Ila.
The former value is about 2.5 times greater than the geometric mean value. The main motivation
for using the larger value in Scenario fib was to obtain sufficient vertical plume movement in the
simulation. Using the geometric mean value in the anisotropic simulation resulted in a much too
low predicted plume depth after 277 days. Lognormal probability distributions of saturated
hydraulic conductivity have quite often been observed in hydrologic studies (e.g., Peck, 1983;
Sudicky, 1986) and this lends some justification to the procedure for calculating <K>.
Interestingly though, the actual probability distribution of saturated conductivity of core samples
from the Las Cruces trench does not appear to follow a lognormal distribution. The experimental
data could not be described well with either a normal, lognormal or exponential distribution
(Goodrich and Davis, 1989). Comparison of soil core and in-site conductivity measurements does
suggest higher K-values in the horizontal than vertical direction. However, conclusive data does
not exist on the actual existence and magnitude of hydraulic conductivity anisotropy at the site.
The a priori justification for selecting the hydraulic conductivity values in Scenario Ilb is thus
rather slim. Nevertheless, the simulation demonstrates that the infiltration of water in
heterogeneous soil could be reproduced reasonably well by assuming anisotropy in an otherwise
uniform soil.

Other factors that could influence the degree of horizontal spreading of the moisture plume
are the presence of layers with different hydraulic properties and the influence of hysteresis in the
soil moisture characteristic. Quite possibly, the observed result may reflect the influence of a
combination of factors. Nine different soil layers have been identified in the upper 6 m of the
soil profile at the site (Wierenga et al., 1989). The different layers have been
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distinguished based on visual criteria which may or may not correlate with differences in
hydraulic properties. Average values of the van Genuchten parameters for each of the
morphological soil layers have been calculated also (Wierenga et al., 1989). These values indeed
show differences between layers. A statistical analysis of saturated hydraulic conductivity values
has been conducted by Sandia National Laboratories (Goodrich, 1990). This analysis suggested
that three, rather than nine, layers with significantly different saturated hydraulic conductivity
exist. The analysis did not consider hydraulic parameters other than the saturated conductivity.
Unsaturated flow behavior though, will depend on interactions between the entire set of
parameters defining the hydraulic constitutive relations. Since this is a complex interrelationship,
it is not straight-forward to relate flow responses to differences in individual model parameters.
Collin et al. (1990) have directly evaluated the impact of vertical soil variations on unsaturated
flow modeling by simulating the trench experiment using a layered model with layer boundaries
and properties taken from Wierenga et al. (1989). Their layered model thus falls in between the
Scenarios Hla and IIl considered here. It was found that the layered model resulted in better
agreement with experimental data especially in terms of lateral spreading than did a uniform soil
model. This suggests that the presence of hydraulically contrasting, although individually uniform
and isotropic soil layers may have contributed to the apparent anisotropic flow behavior observed
in the field.

Another possible explanation for the observed flow behavior is that the lateral spreading
reflects the influence of hysteresis in the soil moisture retention characteristic. The expected
effect of hysteresis on moisture movement would be to enhance water movement during the
wetting phase and retard movement during the redistribution phase. The moisture retention
characteristic of porous media is well known to be hysteretic, although the effect on unsaturated
flow, particularly in heterogeneous and imperfectly known field soils is less clear. This is a
result of both a paucity of data and a lack of modeling tools that have capability to account for
hysteresis. VAM2D is one of the few multi-dimensional computer codes that have this capability.
In the absence of data on capillary hysteresis, a number of additional assumptions were made for
the hysteretic flow simulation (Scenario Uc). The experimental moisture retention data for the
trench site all represent primary drainage curves. As a first approximation, soil wetting and
drying moisture characteristics can often be described with the same set of van Genuchten
parameters, with the value of parameter a for the wetting curve set to twice the value of the
drying curve (Kool and Parker, 1987). To verify the possible significance of hysteresis, a variant
of the scenario Ha incorporating hysteresis with cw = 2 ad (See Figure 8) was simulated.

In a hysteretic simulation it must also be specified whether the initial condition
corresponds to a wetting or drying condition. The upper meter of the soil at the field site was
probably in a wetting condition as a result of rainfall in the weeks prior to covering the soil. The
initial condition in the lower part of the soil is uncertain. However, since this part of the profile
was quite dry, assuming either wetting or drying conditions leads to the same result since the
wetting and drying retention curves converge at the prevailing low pressure heads. For simplicity
therefore, the entire profile was assigned an initial wetting condition in the simulations. Other
than allowing for hysteresis, this simulation was identical to Scenario Ha. Results for the
hysteretic case are depicted in Figure 14. To facilitate comparison, the original simulation results
for Scenario IHa are shown also. It can be seen that accounting for hysteresis does indeed lead
to different flow predictions. However, the effect of hysteresis is to reduce, rather than enhance
lateral spreading. The results presented in Figure 14 show that in the hysteretic simulation the
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vertical plume penetration depth after 277 days is greater, while the lateral plume extent is less,
than the original simulation of Scenario Ha. The reason for this behavior is that the field
experiment represents a wetting event, and water movement is determined primarily by the
wetting branch of the moisture retention characteristic. The shape of the wetting 0(V) curve in
the hysteretic simulation is similar to the 0(r) curve used in modeling scenario I, and the
moisture distribution simulated by scenario HIc approximates the result of scenario I. This results
in greater downward movement and less lateral spreading of the moisture plume at the end of the
277 day period compared to the simulation based on the drying branch of the moisture retention
characteristic used in the original Case Ha scenario. The effect of hysteresis in the simulation is
completely the opposite of the observed field behavior. This suggests that capillary hysteresis
either does not have a significant effect on water movement, or if hysteresis is present, its
influence is masked by other, opposing processes.

First and second values of the plume moments (Table 2) confirm conclusions from the
visual plume comparisons. Since the effect of hysteresis in the field experiment was apparently
not significant, the Scenario HIc was omitted from the moment analysis. All modeling scenarios
predict essentially vertical downward movement of the plume center-of-mass, i.e., a negligible
value for M10. In contrast, the field results show a distinct sideways movement of the moisture
plume. The extent of downward movement of the plume center-of-mass (MO,) is overpredicted
in Scenarios I and Il, but underpredicted in Scenarios IHa and fib. The amount of under- and
overprediction, respectively, in Scenarios Ib and m, is about the same. The plume second
moments clearly illustrate the horizontal spreading of the moisture plume observed in the field.
The spread of the plume is approximated most closely in Scenario HI, while it can be seen again
that Scenario I results in a poor prediction of the plume shape; this scenario predicts a vertically,
rather than horizontally, elongated plume.

Table 2. Normalized Spatial Moments of Simulated and Observed Water Plumes

Scenario
Moments I Ha fib III Field

M 10 (cm) -0.4 0.3 0.4 7.3 60.5

Moil ) (cm) 287.2 376.4 366.3 274.4 318.9

M2 0 (cm2 ) 8272.4 28984.9 43978.8 52826.4 60109.5

M 02 (cm2 ) 11086.4 6650.0 6676.3 7112.7 8859.1

1) Reflects z-coordinate convention used in modeling, i.e.,
z is positive upwards with soil surface at z=500 cm.
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In summarizing the results of the VAM2D flow simulations, it is clear that the most
accurate result is obtained with the Scenario m simulation which accounts on closely as possible
for local scale soil heterogeneity. A key feature of the observed field behavior, namely the lateral
spreading of the moisture plume, can be reproduced by allowing for anisotropy in the saturated
conductivity. Since no data on directional hydraulic conductivities are available, it is not possible
to determine how significant local anisotropy actually is, or whether the apparent anistropy results
solely from local soil heterogeneities. The good results obtained with simulation Scenario m
suggest that the latter explanation may be the most appropriate.

The notion that the effect of local heterogeneities may manifest itself as an apparent large
scale anisotropy is supported theoretically by stochastic unsaturated flow models developed by
L.W. Gelhar and co-workers at MIT. One conclusion from this work is that the anisotropy of
effective conductivity in unsaturated media is dependent on the mean pressure head. Yeh et al.
(1985) have presented the following expression for the apparent anisotropy of hydraulic
conductivity under unit gradient flow with soil layering parallel to the x-axis:

p = exp[Gl+AK ] (20)

where A denotes effective value and A, X, of and Ga are soil dependent parameters related to the
mean, isotropic, hydraulic conductivity and its spatial covariance function. Specifically, f} is
the variance of the log saturated conductivity (In [Ks]), A = dlnkf/d~r is the mean value of the
slope of the In kr (v) relation, C&_ is the variance of A, and X is the correlation length in thea
direction perpendicular to the soil layering. The stochastic flow theory as represented by (20)
suggests that soils which behave as uniform media under relatively wet conditions will exhibit
increasing effects of heterogeneity as they become drier. Inspection of (20) shows that it predicts
that the apparent anisotropy will vary as the exponential of pressure head squared. Equation (20)
can be incorporated in a numerical flow solution in a straight-forward manner, and provided the
necessary statistical parameters are known, it allows evaluation of this aspect of the stochastic
unsaturated flow theory in an otherwise deterministic flow simulation. McCord et al. (1988) have
used (20) in numerical simulations of subsurface water and solute movement along a hillslope and
have obtained good qualitative agreement between simulations and observed data. The
implementation of (20) in VAM2D is discussed by Huyakom et al. (1989), following in part
suggestions of Polmann et al. (1988). Polmnann et al. (1988) also provide values of the parameters
in (20) for the Las Cruces site, and which are summarized in Table 3. First of all, it may be
noted that (20) provides an expression for the anisotropy ratio, but not for the actual, directional
relative permeabilities themselves. In order to obtain the desired, monotonically decreasing ki
(ij) and kzz(N) relations, an empirical logarithmic interpolation procedure was developed which
ensures that both kxx and izz decrease with decreasing pressure head while maintaining the correct
anisotropy ratio for any vf value.
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Table 3. Statistical parameters describing the anisotropic kr (v) relation.
Parameter values from Polmann et al. (1988).

Parameter Value

A (cm71 ) 0.117

62 (cm-2) 0.0007
62 0.36
Xf

X (cm) 25.0

In implementing the algorithm in the VAM2D code, it was found that the predicted anisotropy
ratio is quite sensitive to the chosen values of A and at. The stochastic theory is based on an
exponential relationship between relative permeability and pressure head

kr = eaV (21)

where

a = A + a (22)

and a is the local variation of A, with zero mean and variance 42t. In the original theory, A is
constant, independent of A. When a different relative permeability relation, such as the van
Genuchten relation (3) is employed, A is no longer a constant but becomes a function of Mr. With
the van Genuchten kr(NV) relation, the corresponding value of A will decrease as the pressure head
v becomes more negative. For instance, using the van Genuchten kr(V) relation for the Las
Cruces trench soil, with parameters from the averaged 0(NJ) data (Scenario II), the value of the
slope of ln kr decreases from A = 0.57 near saturation to A = 10-3 at NJ = -2500 cm. Using a
variable A therefore tends to considerably magnify the predicted degree of anisotropy.
Recognizing this, Polmann et al. (1988) suggested that it would be reasonable to assume a
constant coefficient of variation for A, i.e., a fixed ratio of 6a/A. However, in this case c62 will
vary as A squared which in turn will tend to reduce the predicted anisotropy. To illustrate these
different effects, the predicted anisotropy ratio for the Las Cruces trench soil is plotted in Figure
15 using (20) with different ways of calculating A and 6ao. When these parameters are fixed at
their nominal value (Table 3), the predicted anisotropy ratio increases quickly with decreasing
pressure head, up to 7 orders of magnitude at NJ = 300 cm. When A is treated as a variable and
computed from the van Genuchten kr(V) relation with constant 62a = 0.0007, the computed
anisotropy ratio becomes even more extreme. On the other hand, when a and A are both treated
as variables with a fixed ratio 6a/A, the anisotropy is effectively suppressed. In this latter case,
the predicted anisotropy remains less than 1.5 over the entire range of pressure heads. The
extreme sensitivity of predicted anisotropy to different, plausible ways of evaluating model
parameters is clearly a problematic aspect of incorporating the algorithm into a general purpose
simulator like VAM2D. This aspect of the stochastic theory is not explored further. Rather, in
subsequent analyses, the parameters A and 6a were both treated as constants with values as given
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in Table 3, i.e., the modeled anisotropy ratio for the Las Cruces trench site is represented by the
solid curve in Figure 15. The applicability of (20) for the trench experiment was evaluated
through additional flow simulations. The Scenario Ila average hydraulic parameters were used
together with (20). The result of this simulation is shown in Figure 16. As in the previous
figures, the results are shown in terms of the increase in water contents after 277 days. The
simulation predicts a large degree of horizontal spreading of the applied irrigation water and
relatively little vertical penetration of the plume. Compared to the field result, the apparent
anisotropy is significantly overpredicted by the model. The computed anisotropy ratio in the
simulation is around 7:1 or 8:1 in the center of the plume and reaches much higher values at the
drier fringes of the plume. As shown in the simulation of
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Figure 15. Anisotropy ratio as a function of pressure head, Mr, predicted from (20) with
parameters for the Las Cruces trench site from Poliann et al. (1988) and different
ways of evaluating A and Caa
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Figure 16. Moisture plume at t = 277 predicted using pressure head dependent anisotropy of
the relative permeability.

scenario Ilb, the apparent anisotropy ratio in the field result is approximately 2:1. Estimating the
effective anisotropy factor from the stochastic flow theory via (20) results in a poor prediction
of the field experiment. As mentioned, McCord et al., (1988) have reported good qualitative
agreement between field observations of solute transport in unsaturated soil and simulations
employing (20). A possible explanation for the poor results obtained here, compared to the
findings of McCord et al., is the drier conditions of the trench experiment. It may well be that
while the assumptions and simplifications embodied in (20) hold in relatively wet soils, they
failed under the much drier conditions of the second Las Cruces Trench experiment.

3.2 SOLUTE TRANSPORT MODELING

Tritium transport was simulated for the four Scenarios I, Ila, Ilb, and 111; Scenario Hc
involving hysteresis was not considered in the transport analysis. As mentioned, the same
dispersion parameters were used in all cases; differences in transport predictions thus reflect
differences in flow simulations. Predicted tritium profiles were compared with data from in-situ
solution samplers. As only one set of solution samplers was installed, there is no spatial
averaging of concentration data as was done for the field water content data. Nor is it possible
to directly evaluate the extent of three-dimensional solute migration. Predicted concentration
contours for the four modeling scenarios are compared with field tritium data in Figure 17. First
and second spatial moments of the solute mass distribution are given in Table 4.
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Table 4. Normalized Spatial Moments of Simulated and Observed Tritium Plumes

Scenario
Moments I IHa IIb Im Field')

M 10 (cm) 0.0 0.0 0.0 17.8 -10.9

M012 ) (cm) 361.8 405.5 418.3 367.5 423.7

M2 0 (cm ) 4338.0 5578.9 9019.8 7379.1 9967.9

M 02 (cm2 ) 4623.0 2608.9 2165.2 5757.1 2352.9

1) Computed using water content data from nearest neutron probes at y=200 cm.

2) Reflects z-coordinate convention used in modeling, i.e., z is positive upwards with soil
surface at z=500 cm.

In calculating the field moments, water content measurements from the neutron probe row
at y=200 cm (i.e., nearest the solution samples) were used in (17). As expected, the predicted
tritium plume for each scenario follows the flow results shown in Figures (11) and (13).
Compared to the flow results in Figures 11 and 13, it can be seen that the solute front in all cases
lags behind the water front. This is due to a "snowplow" effect in the flow modeling, in which
displaced antecedent water is pushed ahead of the infiltrating water and solute front. The
predicted depth of tritium penetration is significantly greater for Scenarios I and III than observed
in the field. The overall plume shape for Scenarios Ila and JIb shows better agreement with the
field result. Upon closer inspection it is seen however, that the concentration values observed in
the field are substantially larger than maximum values in any of the four simulation scenarios.
The highest measured relative concentration value at t=277 days was about 0.45, while none of
the predicted concentrations was higher than 0.17. A partial reason for this discrepancy may have
been overestimation of dispersivities and thus greater spreading in the modelled results. However,
this cannot explain the apparently much larger solute mass measured in the field than was present
in the simulation results. As mentioned, the solute mass present in the simulations was equal to
the applied mass to within about 2%. The recovered field solute mass cannot be directly
calculated since there were no coincidental water content and concentration measurements. The
high concentration measurements in the field may in fact reflect much lower actual than predicted
water contents at the solution sampler locations. Water content data from the nearest neutron
probe row at y=200 cm from the trench show indeed much lower than average water contents
(Figure 10). However, even if these water contents are combined with measured tritium
concentration data, the resulting solute mass as estimated by the zero-th moment of the field
tritium distribution is still approximately 80% higher than the actually applied amount based on
uniform application and two-dimensional transport. Lacking more spatially detailed solute data,
it can only be surmised that the high concentration values observed in the field represent a solute
and/or water content distribution that is highly uneven in the y-direction. Since the discrepancy
with simulated results is so large, the field observations cannot really be used to judge the
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individual simulations. Still, it is of some interest to note that Scenario m, which resulted in the
best flow predictions, does not result in the closest transport predictions. Based on the first and
second spatial moments (i.e., plume shape); Scenario Ilb results in the best approximation of the
field solute distribution.
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Figure 17. Predicted concentration distributions at t=277 days for four modeling scenarios and
field results.
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4. CONCLUSIONS

The first observation in evaluating modeling results of the second trench experiment
against field flow and transport data, is the significant influence of three-dimensional flow and
transport in the field. Even though the field experiment was designed to produce two-dimensional
flow and transport, as much as 40% of the applied water may have moved in the lateral y-
direction (INTRAVAL 1989 Progress Report). Water content data from three rows of neutron
probes access tubes are available. By averaging data in the third dimension (y-direction) it was
possible to minimize the 3-D flow effects and obtain a set of field results that can be used to
evaluate the two-dimensional modeling results. Only one set of measured concentration data is
available. Coupled with the lack of coincidental water content measurements, the available
concentration data are too limited to provide a basis for rigorously evaluating the transport
modeling results.

The flow simulations indicate the strong influence of soil heterogeneity on water
infiltration and redistribution. In evaluating the flow simulations, we observe that in two cases,
Scenario UIb and m, good agreement with field data was obtained. The use of non-site specific
model calibration data in Scenario I on the other hand resulted in poor predictions. Results of
the Scenario llc suggest that hysteresis is not a significant factor in this experiment. It should
be noted that no parameter adjustment was performed in Scenario m in order to match the field
results. Scenario Ib on the other hand, was included as one of the modeling scenarios following
evaluation of Scenario Ha. Hydraulic parameters for llb were deliberately chosen to reproduce
the observed horizontal plume spread.

We did not obtain very good agreement between observed and simulated tritium transport.
The ability to quantitatively evaluate the solute transport simulations is limited due to the lack
of coincident water content and concentration data and the lack of spatial resolution in the
solution sampler data, especially with respect to three-dimensional solute migration. There was
significant water movement in the third (y-) dimension and presumably the same applies to solute
movement in the experiment. Based on predicted and observed tritium plume shapes, the uniform
but anisotropic soil model (Scenario Ub) yielded results at least as good as the simulation based
on the more complex, heterogeneous soil model (Scenario HI). It would probably be wrong to
conclude from this that the Scenario IHa represents a more accurate description of the actual field
site than Scenario HI. However, this fact does illustrate that when the conceptualization of
important processes is incomplete (e.g., ignoring 3D migration) and/or when sufficient data for
model calibration and validation are lacking, a more complex model may not provide any more
reliable results than a simpler model.

These results suggest the desirability of incorporating as much information as possible
about soil heterogeneity in a computational model. In the absence of detailed data, it may be
possible to account for the effects of soil variability as an apparent large scale anisotropic effect.
It is less clear, however, how to a priori determine the effective anisotropy or even, as illustrated
in the case of calculating the effective mean saturated hydraulic conductivity, how to average
variable soil properties to obtain a meaningful effective value. The finding that local soil
heterogeneity may manifest itself as an apparent large scale anisotropy, agrees qualitatively with
conclusions from stochastic flow theories developed at MIT. In this case, however, we were not
successful in using the stochastic theory to predict the large scale hydraulic conductivity. This
may reflect a deficiency in the underlying theory, or alternatively, the hazards of using an isolated
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result from this theory, i.e., Equation (20), outside of the context of the stochastic theory of which
it is a part.

Finally, referring back to the first objective of this study, the simulations of the Las Cruces
trench experiment have proven to be a very valuable test for the computational routines employed
in VAM2D. Difficulties encountered in initial simulations have led to further improvements to
the numerical schemes used in VAM2D. Simulations reported here used the various procedures
discussed in Section 2.2.2 to achieve an accurate and numerical solution. Our results show that
it is indeed feasible to obtain accurate and mass-conservative solutions to the variably saturated
flow and transport equations, even when sharp saturation fronts are present, provided the
numerical schemes are internally consistent and coefficients are evaluated in a consistent and
appropriate manner.
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APPENDIX

Values of van Genuchten
Soil Parameters for Individual

Soil Cores Used in the
VAM2D Simulations



This Appendix contains the values of the van Genuchten hydraulic parameters for each
of the individual soil cores collected from the trench. The values that are given here are the ones
used in simulation scenarios Ila-c and III. These values are different from the ones given in the
Las Cruces trench database since an upper limit was set for the parameter Or (WCR) in the fitting
procedure, based on the minimum observed water content for each soil layer in the field.
Imposing constraints on Or affects the fitted values of parameters a and 13 also. The following
information is provided:

Sample ID number SAMPLE
x-coordinate of sample location (in) x
y-coordinate of sample location (m) y
z-coordinate of sample location (m) z
Saturated water content WCS
Residual water content WCR
Parameter a (cmn1) ALPHA
Parameter x BETA

The sample ID number is the same as used in the Las Cruces trench database (Wierenga
et al., 1989). The sample location is given using the convention used throughout this report; the
origin for the x-coordinate axis is the center of irrigation plot #2, the origin for the y-axis trench
face with positive y-values away from the trench, and the origin for the z-axis is at 5 m below
the soil surface, with positive z-values going upward. The y-coordinate for all samples was
constant, i.e. all samples were collected from transects parallel to the long axis of the trench and
inside the trench at a distance of 60 cm from the trench face (y=-0.6 in). Missing parameters are
assigned a numerical value of -999.
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SAMPLE X Y Z WCS VCR ALPHA BETA

1-1
1 -2
1 -3
1 -4
1- 5
1 -6
1 -7
1 -8
1-9

1-10
1-11

1 -12
1 -13
1-14
1 -15
1-16
1-17
1-18
1-19
1-20
1-21
1-22
1 -23
1-24
1 -25
1-26
1 -27
1 -28
1-29
1-30
1 -31
1-32
1-33
1-34
1-35
1-3 6
1-37
1-38
1-39
1-40
1-41
1-42
1-43
1 -44
1 -45
1 -46
1-47
1-48
1-49
1-50

2 -1
2 -2
2 -3
2 -4
2 -5
2-6
2 -7

-3. 78
-3.28
-2. 78
-2. 28
-1. 78
-1. 28
-0 .78
-0. 28
0.22
0.72
1.22
1. 72
2.22
2.72
3.22
3. 72
4.22
4. 72
5.22
5. 72
6.22
6. 72
7. 22
7. 72
8.22
8. 72
9.22
9. 72

10.22
10.72
11.22
11. 72
12.22
12. 72
13.22
13. 72
14.22
14.72
15. 22
15. 72
16.22
16. 72
17. 22
17. 72
18.22
18. 72
19.22
19. 72
20.22
20. 72
-3. 78
-3.28
-2. 78
-2.28
-1. 78
-1.28
-0. 78

-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0 .60
-0. 60
-0 .60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0 .60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60

4 .94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4 .94
4. 94
4. 94
4 .94
4. 94
4 .94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4. 94
4.29
4.29
4.29
4.29
4.29
4.29
4.29

0. 345
0. 352
0. 323
0. 311
0. 329
0. 301
0. 288
0. 300
0. 315
0. 381
0. 335
0. 345
0 .3 64
0. 343
0. 342
0.309
0. 318
0.333
0.347
0.341
0.341
0.384
0.343
0.364
0. 351
0. 342
0. 312
0. 364
0. 360
0. 334
0.322
0. 376
0. 320
0.335
0.327
0.339
0.334
0.336
0. 341
0. 369
0. 397
0. 373
0. 357
0. 342
0. 381
0. 359
0. 332
0. 338
0.342
0. 366
0.285
0.277
0.291
0.270
0. 312
0.293
0.286

0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0.0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0 .0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0.0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0. 0350
0.0350
0.0350
0.0350
0. 0350
0.0350
0. 0350
0. 0350
0 .0350
0. 0350

0.05966
0. 06320
0. 05445
0. 05449
0. 05279
0. 0477 6
0 .04801
0. 04473
0. 04 642
0. 038 94
0. 0408 9
0. 05017
0. 04995
0. 05296
0. 04992
0. 04614
0. 04582
0. 03867
0. 03984

..03810
0. 02804
0. 038 66
0. 03501
0. 03583
0.03150
0. 03865
0. 03974
0. 03726
0. 05774
0. 05403
0. 03133
0. 04706
0. 03194
0. 03 631
0. 03008
0. 03524
0.03176
0. 03852
0.03053
0. 03960
0. 04 616
0.05281
0. 0425 9
0. 04324
0. 0425 6
0. 03193
0. 03521
0. 04241
0. 044 96
0. 04944
0. 08740
0. 08741
0. 06872
0. 07109
0. 11595
0. 14284
0. 09702

1.5512
1.5273
1.4862
1.5824
1.4984
1.6520
1.5453
1. 6543
1.54 91
1 .8007
1.5313
1.5496
1. 4942
1.5021
1. 6663
1.5 663
1. 4875
1. 5751
1. 6613
1.5817
1. 6524
1. 6471
1.5037
1.523 6
1.5693
1. 4851
1. 4770
1.5925
1.5650
1. 4410
1. 4715
1.5334
1.4852
1.5 652
1. 625 6
1. 6003
1.5801
1. 4842
1.584 7
1.5264
1.5933
1. 5808
1.5727
1.5082
1.5934
1. 6296
1.5424
1.4720
1.521 9
1.5214
1.3351
1.3621
1.3242
1.3718
1.4226
1. 4310
1. 4118
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SAMPLE X Y Z WCS WCR ALPHA BETA

2-8 -0.28 -0.60 4.29 0.297 0.0350 0.10246 1.3407
2-9 0.22 -0.60 4.29 0.280 0.0350 0.07352 1.4248

2-10 0.72 -0.60 4.29 0.288 0.0350 0.08009 1.3238
2-11 1.22 -0.60 4.29 0.351 0.0350 0.12479 1.3488
2-12 1.72 -0.60 4.29 0.338 0.0350 0.09980 1.3552
2-13 2.22 -0.60 4.29 0.357 0.0350 0.06086 1.3438
2-14 2.72 -0.60 4.29 0.356 0.0350 0.08459 1.3269
2-15 3.22 -0.60 4.29 0.348 0.0350 0.07686 1.3032
2-16 3.72 -0.60 4.29 0.385 0.0350 0.07555 1.3717
2-17 4.22 -0.60 4.29 0.305 0.0350 0.05054 1.3811
2-18 4.72 -0.60 4.29 0.369 0.0350 0.03730 1.2742
2-19 5.22 -0.60 4.29 0.371 0.0000 0.06875 1.1997
2-20 5.72 -0.60 4.29 0.314 0.0350 0.04153 1.3094
2-21 6.22 -0.60 4.29 0.298 0.0350 0.03079 1.4943
2-22 6.72 -0.60 4.29 0.309 0.0350 0.04127 1.4286
2-23 7.22 -0.60 4.29 0.360 0.0350 0.04886 1.4245
2-24 7.72 -0.60 4.29 0.325 0.0350 0.04489 1.3546
2-25 8.22 -0.60 4.29 0.353 0.0350 0.02586 1.3781
2-26 8.72 -0.60 4.29 0.339 0.0350 0.04517 1.2872
2-27 9.22 -0.60 4.29 0.375 0.0350 0.06221 1.3241
2-28 9.72 -0.60 4.29 0.351 0.0350 0.02552 1.3845
2-29 10.22 -0.60 4.29 0.324 0.0350 0.04700 1.5254
2-30 10.72 -0.60 4.29 0.303 0.0350 0.02367 1.4925
2-31 11.22 -0.60 4.29 0.337 0.0350 0.04153 1.4783
2-32 11.72 -0.60 4.29 -999 -999 -999 -999 -999
2-33 12.22 -0.60 4.29 0.399 0.0350 0.12280 1.3761
2-34 12.72 -0.60 4.29 0.370 0.0350 0.04514 1.4876
2-35 13.22 -0.60 4.29 0.388 0.0350 0.05476 1.3473
2-36 13.72 -0.60 4.29 0.366 0.0350 0.05793 1.3784
2-37 14.22 -0.60 4.29 0.370 0.0350 0.03876 1.4126
2-38 14.72 -0.60 4.29 0.375 0.0350 0.11809 1.3409
2-39 15.22 -0.60 4.29 0.394 0.0350 0.04857 1.3572
2-40 15.72 -0.60 4.29 0.388 0.0350 0.29827 1.1655
2-41 16.22 -0.60 4.29 0.353 0.0350 0.04776 1.5674
2-42 16.72 -0.60 4.29 0.375 0.0350 0.10598 1.3015
2-43 17.22 -0.60 4.29 0.380 0.0350 0.05836 1.3218
2-44 17.72 -0.60 4.29 0.338 0.0350 0.06175 1.5231
2-45 18.22 -0.60 4.29 0.371 0.0350 0.05409 1.4769
2-46 18.72 -0.60 4.29 0.370 0.0350 0.05215 1.5047
2-47 19.22 -0.60 4.29 -999 -999 -999 -999 -999
2-48 19.72 -0.60 4.29 0.330 0.0350 0.05747 1.4733
2-49 20.22 -0.60 4.29 0.376 0.0350 0.04632 1.3903
2-50 20.72 -0.60 4.29 0.312 0.0350 0.07378 1.5037
3-1 -3.78 -0.60 3.49 0.372 0.0350 0.10682 1.1804
3-2 -3.28 -0.60 3.49 0.395 0.0000 0.03227 1.2904
3-3 -2.78 -0.60 3.49 0.369 0.0000 0.05586 1.2377
3-4 -2.28 -0.60 3.49 0.355 0.0000 0.07678 1.2577
3-5 -1.78 -0.60 3.49 0.360 0.0179 0.10793 1.2713
3-6 -1.28 -0.60 3.49 0.320 0.0350 0.03373 1.5167
3-7 -0.78 -0.60 3.49 0.337 0.0350 0.04937 1.3894
3-8 -0.28 -0.60 3.49 0.350 0.0350 0.05254 1.3826
3-9 0.22 -0.60 3.49 0.354 0.0350 0.02918 1.4399

3-10 0.72 -0.60 3.49 0.354 0.0350 0.04420 1.4084
3-11 1.22 -0.60 3.49 -999 -999 -999 -999 -999
3-12 1.72 -0.60 3.49 0.366 0.0350 0.05272 1.2761
3-13 2.22 -0.60 3.49 0.326 0.0350 0.05787 1.3837
3-14 2.72 -0.60 3.49 0.347 0.0350 0.07287 1.3492
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SAMPLE X Y Z WCS WCR ALPHA BETA

3-15 3.22 -0.60 3.49 0.321 0.0350 0.05334 1.3029
3-16 3.72 -0.60 3.49 0.318 0.0350 0.06299 1.3500
3-17 4.22 -0.60 3.49 0.369 0.0350 0.16539 1.2658
3-18 4.72 -0.60 3.49 0.262 0.0350 0.05776 1.4145
3-19 5.22 -0.60 3.49 0.350 0.0350 0.04465 1.4883
3-20 5.72 -0.60 3.49 0.328 0.0350 0.06748 1.4372
3-21 6.22 -0.60 3.49 0.309 0.0350 0.04294 1.5486
3-22 6.72 -0.60 3.49 -999 -999 -999 -999 -999
3-23 7.22 -0.60 3.49 0.332 0.0350 0.15239 1.4936
3-24 7.72 -0.60 3.49 0.305 0.0350 0.11893 1.4160
3-25 8.22 -0.60 3.49 0.353 0.0350 0.06531 1.4480
3-26 8.72 -0.60 3.49 0.305 0.0350 0.09027 1.4064
3-27 9.22 -0.60 3.49 0.302 0.0350 0.07655 1.3774
3-28 9.72 -0.60 3.49 0.314 0.0350 0.06277 1.5139
3-29 10.22 -0.60 3.49 0.302 0.0350 0.03267 1.7437
3-30 10.72 -0.60 3.49 0.323 0.0350 0.20674 1.3469
3-31 11.22 -0.60 3.49 0.310 0.0350 0.06524 1.4893
3-32 11.72 -0.60 3.49 0.333 0.0350 0.07886 1.5705
3-33 12.22 -0.60 3.49 0.319 0.0350 0.09408 1.4733
3-34 12.72 -0.60 3.49 0.337 0.0350 0.10217 1.5730
3-35 13.22 -0.60 3.49 0.357 0.0350 0.09415 1.6320
3-36 13.72 -0.60 3.49 0.312 0.0350 0.09905 1.5552
3-37 14.22 -0.60 3.49 0.344 0.0350 0.07955 1.7063
3-38 14.72 -0.60 3.49 0.312 0.0350 0.08506 1.6141
3-39 15.22 -0.60 3.49 0.330 0.0350 0.06758 1.6289
3-40 15.72 -0.60 3.49 0.334 0.0350 0.07827 1.6134
3-41 16.22 -0.60 3.49 0.306 0.0350 0.02683 1.6158
3-42 16.72 -0.60 3.49 0.347 0.0350 0.04637 1.4010
3-43 17.22 -0.60 3.49 0.361 0.0350 0.02477 1.3775
3-44 17.72 -0.60 3.49 0.361 0.0350 0.01742 1.5212
3-45 18.22 -0.60 3.49 0.329 0.0350 0.02608 1.5253
3-46 18.72 -0.60 3.49 0.352 0.0350 0.05597 1.3126
3-47 19.22 -0.60 3.49 0.321 0.0350 0.03020 1.3798
3-48 19.72 -0.60 3.49 0.361 0.0350 0.03730 1.4206
3-49 20.22 -0.60 3.49 0.347 0.0350 0.03740 1.3564
3-50 20.72 -0.60 3.49 0.316 0.0350 0.02789 1.3198
4-1 -3.78 -0.60 2.84 0.293 0.0000 0.01215 1.4692
4-2 -3.28 -0.60 2.84 0.305 0.0000 0.04678 1.1746
4-3 -2.78 -0.60 2.84 0.283 0.0250 0.03348 1.6832
4-4 -2.28 -0.60 2.84 0.287 0.0250 0.03785 1.5882
4-5 -1.78 -0.60 2.84 0.297 0.0250 0.02325 1.5715
4-6 -1.28 -0.60 2.84 0.307 0.0250 0.03367 1.5439
4-7 -0.78 -0.60 2.84 0.309 0.0000 0.02475 1.4011
4-8 -0.28 -0.60 2.84 0.291 0.0250 0.01951 1.4064
4-9 0.22 -0.60 2.84 0.267 0.0000 0.06225 1.1364

4-10 0.72 -0.60 2.84 0.343 0.0250 0.01968 1.3904
4-11 1.22 -0.60 2.84 0.306 0.0250 0.04108 1.3612
4-12 1.72 -0.60 2.84 0.303 0.0250 0.04694 1.3935
4-13 2.22 -0.60 2.84 0.301 0.0250 0.04966 1.3666
4-14 2.72 -0.60 2.84 0.378 0.0250 1.31299 1.3288
4-15 3.22 -0.60 2.84 0.351 0.0250 0.12961 1.6250
4-16 3.72 -0.60 2.84 -999 -999 -999 -999 -999
4-17 4.22 -0.60 2.84 -999 -999 -999 -999 -999
4-18 4.72 -0.60 2.84 0.364 0.0250 5.31402 1.3080
4-19 5.22 -0.60 2.84 0.322 0.0250 0.19272 1.5632
4-20 5.72 -0.60 2.84 0.294 0.0250 0.13313 1.1871
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SAMPLE X Y Z WCS WCR ALPHA BETA

4-21 6.22 -0.60 2.84 0.290 0.0000 0.03778 1.2737
4-22 6.72 -0.60 2.84 0.361 0.0061 0.05257 1.3144
4-23 7.22 -0.60 2.84 0.263 0.0000 0.04187 1.2492
4-24 7.72 -0.60 2.84 0.349 0.0000 0.07569 1.3311
4-25 8.22 -0.60 2.84 0.315 0.0250 0.04542 1.4223
4-26 8.72 -0.60 2.84 0.292 0.0250 0.02927 1.3835
4-27 9.22 -0.60 2.84 0.294 0.0250 0.03867 1.4133
4-28 9.72 -0.60 2.84 0.307 0.0250 0.07259 1.4154
4-29 10.22 -0.60 2.84 -999 -999 -999 -999 -999
4-30 10.72 -0.60 2.84 0.348 0.0250 0.07540 1.4246
4-31 11.22 -0.60 2.84 0.312 0.0250 0.04938 1.4329
4-32 11.72 -0.60 2.84 0.326 0.0250 0.12628 1.4806
4-33 12.22 -0.60 2.84 0.342 0.0000 0.03840 1.3562
4-34 12.72 -0.60 2.84 0.346 0.0250 0.06393 1.4940
4-35 13.22 -0.60 2.84 0.305 0.0250 0.07566 1.5796
4-36 13.72 -0.60 2.84 0.294 0.0250 0.04428 1.6457
4-37 14.22 -0.60 2.84 0.308 0.0250 0.10927 1.5301
4-38 14.72 -0.60 2.84 0.334 0.0250 0.67592 1.4033
4-39 15.22 -0.60 2.84 0.317 0.0250 0.15022 1.6424
4-40 15.72 -0.60 2.84 0.349 0.0250 0.84037 1.3922
4-41 16.22 -0.60 2.84 0.276 0.0250 0.06243 1.5612
4-42 16.72 -0.60 2.84 0.296 0.0250 0.08345 1.4580
4-43 17.22 -0.60 2.84 0.291 0.0250 0.02760 1.5478
4-44 17.72 -0.60 2.84 0.325 0.0250 0.05697 1.3535
4-45 18.22 -0.60 2.84 0.371 0.0250 0.02357 1.3827
4-46 18.72 -0.60 2.84 0.307 0.0250 0.02775 1.5833
4-47 19.22 -0.60 2.84 0.303 0.0250 0.03912 1.4617
4-48 19.72 -0.60 2.84 0.281 0.0250 0.02082 1.5449
4-49 20.22 -0.60 2.84 0.281 0.0250 0.03113 1.5184
4-50 20.72 -0.60 2.84 0.316 0.0000 0.05763 1.3841
5-1 -3.78 -0.60 2.84 0.299 0.0250 0.05288 1.4455
5-2 -3.28 -0.60 2.84 0.288 0.0000 0.04653 1.3190
5-3 -2.78 -0.60 2.84 0.331 0.0000 0.02953 1.4134
5-4 -2.28 -0.60 2.84 0.310 0.0250 0.03715 1.4356
5-5 -1.78 -0.60 2.84 0.306 0.0000 0.08504 1.2240
5-6 -1.28 -0.60 2.84 0.312 0.0000 0.04767 1.3018
5-7 -0.78 -0.60 2.84 0.269 0.0000 0.02704 1.3593
5-8 -0.28 -0.60 2.84 0.318 0.0000 0.01091 1.5090
5-9 0.22 -0.60 2.84 0.328 0.0000 0.04053 1.2790

5-10 0.72 -0.60 2.84 0.314 0.0250 0.04113 1.5503
5-11 1.22 -0.60 2.84 0.272 0.0250 0.04004 1.5504
5-12 1.72 -0.60 2.84 0.286 0.0250 0.02684 1.5899
5-13 2.22 -0.60 2.84 0.327 0.0250 0.07158 1.3078
5-14 2.72 -0.60 2.84 0.252 0.0250 0.03436 1.4388
5-15 3.22 -0.60 2.84 0.297 0.0138 0.19335 1.3076
5-16 3.72 -0.60 2.84 0.312 0.0250 0.06933 1.4137
5-17 4.22 -0.60 2.84 0.355 0.0250 0.09316 1.4584
5-18 4.72 -0.60 2.84 0.327 0.0250 0.06955 1.5566
5-19 5.22 -0.60 2.84 0.318 0.0250 0.05323 1.4640
5-20 5.72 -0.60 2.84 0.319 0.0250 0.07631 1.5048
5-21 6.22 -0.60 2.84 0.282 0.0250 0.02632 1.5041
5-22 6.72 -0.60 2.84 0.319 0.0000 0.17129 1.3162
5-23 7.22 -0.60 2.84 0.305 0.0250 0.05894 1.3933
5-24 7.72 -0.60 2.84 0.306 0.0141 0.06349 1.3421
5-25 8.22 -0.60 2.84 0.290 0.0250 0.04053 1.5044
5-26 8.72 -0.60 2.84 0.287 0.0205 0.04436 1.3674
5-27 9.22 -0.60 2.84 0.278 0.0250 0.02535 1.3129
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SAMPLE X Y Z WCS WCR ALPHA BETA

5-28 9.72 -0.60 2.84 0.309 0.0250 0.04561 1.3035
5-29 10.22 -0.60 2.84 0.274 0.0000 0.06907 1.1966
5-30 10.72 -0.60 2.84 -999 -999 -999 -999 -999
5-31 11.22 -0.60 2.84 0.297 0.0250 0.08127 1.3784
5-32 11.72 -0.60 2.84 0.297 0.0250 0.03758 1.4749
5-33 12.22 -0.60 2.84 0.276 0.0000 0.03612 1.3418
5-34 12.72 -0.60 2.84 0.305 0.0250 0.10007 1.2688
5-35 13.22 -0.60 2.84 0.362 0.0250 0.01690 1.3170
5-36 13.72 -0.60 2.84 0.304 0.0250 0.02767 1.4413
5-37 14.22 -0.60 2.84 0.302 0.0250 0.03737 1.4573
5-38 14.72 -0.60 2.84 0.311 0.0250 0.04177 1.4525
5-39 15.22 -0.60 2.84 0.327 0.0000 0.04790 1.3127
5-40 15.72 -0.60 2.84 -999 -999 -999 -999 -999
5-41 16.22 -0.60 2.84 0.328 0.0250 0.01710 1.4991
5-42 16.72 -0.60 2.84 0.308 0.0250 0.01608 1.5428
5-43 17.22 -0.60 2.84 0.284 0.0250 0.01715 1.4959
5-44 17.72 -0.60 2.84 0.287 0.0250 0.01625 1.5344
5-45 18.22 -0.60 2.84 0.296 0.0250 0.01301 1.6336
5-46 18.72 -0.60 2.84 0.320 0.0250 0.02446 1.4967
5-47 19.22 -0.60 2.84 0.338 0.0000 0.04497 1.2965
5-48 19.72 -0.60 2.84 0.325 0.0250 0.05281 1.4034
5-49 20.22 -0.60 2.84 0.320 0.0214 0.13728 1.4008
5-50 20.72 -0.60 2.84 0.338 0.0250 0.08509 1.3334

6-1 -3.78 -0.60 1.79 0.324 0.0350 0.06359 1.1956
6-2 -3.28 -0.60 1.79 0.353 0.0000 0.09345 1.1421
6-3 -2.78 -0.60 1.79 0.345 0.0350 0.03787 1.2330
6-4 -2.28 -0.60 1.79 0.277 0.0000 0.02695 1.3199
6-5 -1.78 -0.60 1.79 0.434 0.0000 0.07620 1.1029
6-6 -1.28 -0.60 1.79 -999 -999 -999 -999 -999
6-7 -0.78 -0.60 1.79 0.280 0.0350 0.02881 1.4280
6-8 -0.28 -0.60 1.79 0.290 0.0350 0.02970 1.4817
6-9 0.22 -0.60 1.79 0.314 0.0350 0.06355 1.2882

6-10 0.72 -0.60 1.79 0.235 0.0350 0.03388 1.5130
6-11 1.22 -0.60 1.79 0.315 0.0350 0.08242 1.2772
6-12 1.72 -0.60 1.79 0.323 0.0350 0.12489 1.2127
6-13 2.22 -0.60 1.79 0.306 0.0350 0.07565 1.2778
6-14 2.72 -0.60 1.79 0.312 0.0350 0.10439 1.5025
6-15 3.22 -0.60 1.79 0.283 0.0350 0.07358 1.5873
6-16 3.72 -0.60 1.79 0.286 0.0350 0.15413 1.4667
6-17 4.22 -0.60 1.79 0.293 0.0350 0.05865 1.5615
6-18 4.72 -0.60 1.79 0.283 0.0350 0.05317 1.4344
6-19 5.22 -0.60 1.79 0.287 0.0350 0.06649 1.5564
6-20 5.72 -0.60 1.79 0.288 0.0350 0.11094 1.7106
6-21 6.22 -0.60 1.79 0.240 0.0350 0.09622 1.7199
6-22 6.72 -0.60 1.79 0.305 0.0350 0.14162 1.5667
6-23 7.22 -0.60 1.79 0.296 0.0350 0.06432 1.5613
6-24 7.72 -0.60 1.79 0.314 0.0350 0.04939 1.9278
6-25 8.22 -0.60 1.79 0.335 0.0350 0.08258 1.5643
6-26 8.72 -0.60 1.79 0.315 0.0350 9.22314 1.2420
6-27 9.22 -0.60 1.79 0.305 0.0350 0.06872 1.5492
6-28 9.72 -0.60 1.79 0.303 0.0350 0.56168 1.5534
6-29 10.22 -0.60 1.79 0.310 0.0350 0.60731 1.7995
6-30 10.72 -0.60 1.79 0.286 0.0350 0.05516 1.7304
6-31 11.22 -0.60 1.79 0.278 0.0350 0.03787 1.6971
6-32 11.72 -0.60 1.79 0.297 0.0350 0.04496 1.8078
6-33 12.22 -0.60 1.79 0.301 0.0350 0.04888 1.3357
6-34 12.72 -0.60 1.79 0.282 0.0350 0.04470 1.8342

C5:57



SAMPLE X Y Z WCS WCR ALPHA BETA

6-35
6-36
6-37
6-38
6-39
6-40
6-41
6-42
6-43
6-44
6-45
6-46
6-47
6-48
6-49
6-50
7-1
7-2
7-3
7-4
7-5
7-6
7-7
7-8
7-9

7-10
7-11
7-12
7-13
7-14
7-15
7-16
7-17
7-18
7-19
7-20
7-21
7-22
7-23
7-24
7-25
7-26
7-27
7-28
7-29
7-30
7-31
7-32
7-33
7-34
7-35
7-36
7-37
7-38
7-39
7-40

13.22
13.72
14.22
14.72
15.22
15.72
16.22
16.72
17.22
17.72
18.22
18.72
19.22
19.72
20.22
20.72
-3.78
-3.28
-2.78
-2.28
-1.78
-1.28
-0.78
-0.28
0.22
0.72
1.22
1.72
2.22
2.72
3.22
3.72
4.22
4.72
5.22
5.72
6.22
6.72
7.22
7.72
8.22
8.72
9.22
9.72

10.22
10.72
11.22
11.72
12.22
12.72
13.22
13.72
14.22
14.72
15.22
15.72

-0. 60
-0. 60
-0. 60
-0. 60
-0.60
-0. 60
-0. 60
-0. 60
-0.60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0.60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0. 60
-0.60
-0.60
-0.60
-0 .60
-0.60
-0 . 60
-0.60
-0.60
-0. 60
-0.60
-0 .60

-0.60
-0.60
-0. 60
-0. 60
-0.60
-0.60
-0.60
-0. 60
-0.60
-0.60
-0 .60
-0.60
-0.60
-0. 60
-0. 60
-0.60
-0.60
-0. 60
-0. 60

1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.79
1.02
1.02
1.02
1.02
1. 02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1 . 02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1. 02
1.02
1. 02
1.02
1.02
1. 02
1. 02
1. 02
1.02
1.02
1.02
1. 02
1.02
1.02
1.02
1.02
1.02

0.297
0.245
0.274
0.281
0.291
0.287
0.300
0.218
0.287
0.260
0.289
0.287
0.280
0.307
0.273
0.329
0.340
0.320
0.343
0.339
0.348
0.323
0.331
0.350
0.356
0.333
0.299
0.332
0.311
0.327
0.310
0.296
0.307
0.316
0.331
0.351
0.322
0.326
0.301
0.322
0.309
0.323
0. 393
0.355
0.296
0.308
0.322
-999
0.324
-999
0.329
0.304
0.308
0.295
0.300
0.319

0. 0000
0. 0267
0. 0350
0.0350
0.0341
0.0350
0. 0350
0.0350
0.0350
0.0300
0. 0350
0.0000
0.0350
0.0350
0.0350
0.0319
0.0000
0.0000
0.0000
0. 0000
0.0000
0.0450
0.0000
0.0000
0.0000
0.0000
0.0450
0.0000
0.0450
0. 0000
0. 0450
0. 0000
0.0000
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0450
0.0450
0. 0000
0.0450
0.0000
0.0000
0. 0000

0.05068
0.04041
0.11881
0.06384
0.04342
0.04579
0.03631
0.02562
0.06589
0.09048
0.05824
0.05224
0.03663
0.06903
0.07438
0. 08314
0.15335
0.03772
0. 05522
0.06051
0. 01452
0.01133
0.05406
0.27426
0.04934
0.16264
0.03203
0.09616
0.00768
0.03755
0.02909
0.01348
0.03405
0.14227
0.14257
0.15798
0. 12351
0.02959
0.04823
0.03859
0.01759
0. 01992
0.06239
0.03237
0.05088
0. 05488
0.04081

1.4114
1. 7488
1.7211
1.9254
1.7414
1.8836
1. 6288
1.6163
1.4778
1.5269
1.5601
1.3436
1.4934
1.5100
1.8061
1.5154
1.1944
1.2225
1.2444
1.3191
1.4770
1. 6878
1.3031
1.1144
1.2169
1.1000
1.3455
1.1511
1. 6163
1.2282
1.3688
1.4197
1.2374
1.1331
1.1195
1.1124
1.1079
1.2664
1.1735
1.3137
1.4440
1.4069
1.1731
1.3222
1. 2009
1.20 66
1.2684

-999 -999 -999 -999
0.0000 0.03561 1.2530
-999 -999 -999 -999
0.0450 0.04452 1.3668
0.0000 0.04136 1.2214
0.0000 0.05647 1.1908
0.0450 0.05906 1.2184
0.0000 0.02026 1.2946
0.0450 0.02651 1.3073
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SAMPLE X. Y Z WCS WCR ALPHA BETA

7-41 16.22 -0.60 1.02 0.346 0.0450 0.02232 1.4406
7-42 16.72 -0.60 1.02 0.317 0.0000 0.05606 1.1901
7-43 17.22 -0.60 1.02 0.305 0.0000 0.08768 1.1326
7-44 17.72 -0.60 1.02 0.293 0.0450 0.05893 1.3721
7-45 18.22 -0.60 1.02 0.334 0.0000 0.02688 1.4089
7-46 18.72 -0.60 1.02 0.287 0.0450 0.08904 1.4906
7-47 19.22 -0.60 1.02 0.283 0.0000 0.03362 1.3541
7-48 19.72 -0.60 1.02 0.279 0.0000 0.05301 1.3169
7-49 20.22 -0.60 1.02 0.275 0.0450 0.02642 1.3943
7-50 20.72 -0.60 1.02 0.285 0.0311 0.06524 1.4800
8-1 -3.78 -0.60 0.11 0.335 0.0000 0.07698 1.2018
8-2 -3.28 -0.60 0.11 0.312 0.0000 0.03946 1.2126
8-3 -2.78 -0.60 0.11 0.325 0.0450 0.05413 1.2298
8-4 -2.28 -0.60 0.11 0.282 0.0450 0.07070 1.2004
8-5 -1.78 -0.60 0.11 0.336 0.0450 0.03433 1.3559
8-6 -1.28 -0.60 0.11 0.308 0.0000 0.03576 1.3983
8-7 -0.78 -0.60 0.11 0.352 0.0450 0.06153 1.2721
8-8 -0.28 -0.60 0.11 0.337 0.0000 0.05318 1.2561
8-9 0.22 -0.60 0.11 0.306 0.0000 0.04905 1.2123

8-10 0.72 -0.60 0.11 0.305 0.0000 0.05355 1.2155
8-11 1.22 -0.60 0.11 0.295 0.0000 0.03311 1.2671
8-12 1.72 -0.60 0.11 0.338 0.0450 0.03136 1.4523
8-13 2.22 -0.60 0.11 0.355 0.0000 0.05834 1.2574
8-14 2.72 -0.60 0.11 0.309 0.0000 0.04188 1.2767
8-15 3.22 -0.60 0.11 0.301 0.0450 0.08091 1.1959
8-16 3.72 -0.60 0.11 -999 -999 -999 -999 -999
8-17 4.22 -0.60 0.11 0.351 0.0000 0.05752 1.1983
8-18 4.72 -0.60 0.11 0.324 0.0450 0.06216 1.1773
8-19 5.22 -0.60 0.11 0.337 0.0000 0.05758 1.1895
8-20 5.72 -0.60 0.11 0.337 0.0000 0.04625 1.1829
8-21 6.22 -0.60 0.11 0.326 0.0000 0.05443 1.2024
8-22 6.72 -0.60 0.11 0.359 0.0000 0.05672 1.2531
8-23 7.22 -0.60 0.11 0.295 0.0450 0.02527 1.4072
8-24 7.72 -0.60 0.11 0.310 0.0000 0.05617 1.1552
8-25 8.22 -0.60 0.11 0.271 0.0149 0.06879 1.1000
8-26 8.72 -0.60 0.11 0.282 0.0000 0.07960 1.1056
8-27 9.22 -0.60 0.11 0.349 0.0000 0.04870 1.2033
8-28 9.72 -0.60 0.11 0.351 0.0000 0.02851 1.2601
8-29 10.22 -0.60 0.11 0.334 0.0000 0.04398 1.1949
8-30 10.72 -0.60 0.11 0.332 0.0450 0.03199 1.2700
8-31 11.22 -0.60 0.11 0.345 0.0000 0.05733 1.1848
8-32 11.72 -0.60 0.11 0.366 0.0000 0.09011 1.1973
8-33 12.22 -0.60 0.11 0.316 0.0000 0.05640 1.2424
8-34 12.72 -0.60 0.11 0.321 0.0000 0.03894 1.3425
8-35 13.22 -0.60 0.11 0.337 0.0450 0.06862 1.2534
8-36 13.72 -0.60 0.11 0.326 0.0000 0.31292 1.1408
8-37 14.22 -0.60 0.11 0.399 0.0000 0.06472 1.2918
8-38 14.72 -0.60 0.11 0.344 0.0450 0.03715 1.3887
8-39 15.22 -0.60 0.11 0.330 0.0450 0.01764 1.5120
8-40 15.72 -0.60 0.11 0.332 0.0000 0.05466 1.2720
8-41 16.22 -0.60 0.11 0.373 0.0000 0.04332 1.2470
8-42 16.72 -0.60 0.11 0.345 0.0000 0.03941 1.1840
8-43 17.22 -0.60 0.11 0.359 0.0450 0.02181 1.4635
8-44 17.72 -0.60 0.11 0.362 0.0450 0.03547 1.5460
8-45 18.22 -0.60 0.11 0.313 0.0450 0.02969 1.4529
8-46 18.72 -0.60 0.11 0.349 0.0450 0.01905 1.4682
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SAMPLE X Y Z WCS WCR ALPHA BETA

8-47 19.22 -0.60 0.11 0.358 0.0000 0.11636 1.2786
8-48 19.72 -0.60 0.11 0.334 0.0000 0.15403 1.2982
8-49 20.22 -0.60 0.11 0.332 0.0450 0.10218 1.4419
8-50 20.72 -0.60 0.11 0.280 0.0450 0.05096 1.4527
9-1 -3.78 -0.60 -0.79 0.356 0.0450 0.01705 1.5738
9-2 -3.28 -0.60 -0.79 0.363 0.0000 0.01309 1.6162
9-3 -2.78 -0.60 -0.79 0.263 0.0450 0.01687 1.5463
9-4 -2.28 -0.60 -0.79 0.289 0.0000 0.04198 1.2053
9-5 -1.78 -0.60 -0.79 0.270 0.0262 0.04477 1.4447
9-6 -1.28 -0.60 -0.79 0.330 0.0000 0.02811 1.3440
9-7 -0.78 -0.60 -0.79 0.322 0.0450 0.03409 1.7116
9-8 -0.28 -0.60 -0.79 0.294 0.0408 0.05198 1.5290
9-9 0.22 -0.60 -0.79 0.310 0.0000 0.03789 1.2858

9-10 0.72 -0.60 -0.79 0.285 0.0450 0.01860 1.4954
9-11 1.22 -0.60 -0.79 0.280 0.0000 0.03841 1.3039
9-12 1.72 -0.60 -0.79 0.334 0.0000 0.06312 1.3427
9-13 2.22 -0.60 -0.79 -999 -999 -999 -999 -999
9-14 2.72 -0.60 -0.79 0.293 0.0000 0.05591 1.2289
9-15 3.22 -0.60 -0.79 0.307 0.0000 0.05472 1.2973
9-16 3.72 -0.60 -0.79 0.281 0.0419 0.02404 1.4590
9-17 4.22 -0.60 -0.79 0.317 0.0450 0.03590 1.5351
9-18 4.72 -0.60 -0.79 0.224 0.0000 0.05302 1.2103
9-19 5.22 -0.60 -0.79 0.275 0.0000 0.05688 1.3220
9-20 5.72 -0.60 -0.79 0.276 0.0000 0.14881 1.1182
9-21 6.22 -0.60 -0.79 0.356 0.0000 0.04943 1.3048
9-22 6.72 -0.60 -0.79 0.329 0.0000 0.04888 1.1929
9-23 7.22 -0.60 -0.79 0.268 0.0000 0.03917 1.2563
9-24 7.72 -0.60 -0.79 0.257 0.0185 0.05336 1.5082
9-25 8.22 -0.60 -0.79 0.247 0.0000 0.05149 1.2695
9-26 8.72 -0.60 -0.79 0.322 0.0000 0.04907 1.2715
9-27 9.22 -0.60 -0.79 0.283 0.0000 0.02446 1.3304
9-28 9.72 -0.60 -0.79 0.315 0.0000 0.05882 1.1744
9-29 10.22 -0.60 -0.79 -999 -999 -999 -999 -999
9-30 10.72 -0.60 -0.79 0.320 0.0000 0.01921 1.4523
9-31 11.22 -0.60 -0.79 0.326 0.0000 0.05168 1.2709
9-32 11.72 -0.60 -0.79 0.292 0.0000 0.05462 1.2181
9-33 12.22 -0.60 -0.79 0.311 0.0000 0.03728 1.3465
9-34 12.72 -0.60 -0.79 0.304 0.0000 0.03433 1.3366
9-35 13.22 -0.60 -0.79 0.300 0.0000 0.05688 1.3110
9-36 13.72 -0.60 -0.79 0.267 0.0000 0.07091 1.2302
9-37 14.22 -0.60 -0.79 0.321 0.0000 0.09065 1.1548
9-38 14.72 -0.60 -0.79 0.301 0.0000 0.53732 1.1011
9-39 15.22 -0.60 -0.79 0.279 0.0450 0.11277 1.4635
9-40 15.72 -0.60 -0.79 0.350 0.0000 0.33724 1.2758
9-41 16.22 -0.60 -0.79 0.367 0.0000 0.62708 1.2232
9-42 16.72 -0.60 -0.79 0.337 0.0450 0.11368 1.2400
9-43 17.22 -0.60 -0.79 0.529 0.0000 0.27160 1.1315
9-44 17.72 -0.60 -0.79 0.352 0.0450 0.09061 1.2524
9-45 18.22 -0.60 -0.79 0.327 0.0000 1.06125 1.1044
9-46 18.72 -0.60 -0.79 0.338 0.0450 0.12384 1.3424
9-47 19.22 -0.60 -0.79 0.323 0.0450 0.10534 1.3273
9-48 19.72 -0.60 -0.79 0.287 0.0000 0.05966 1.3267
9-49 20.22 -0.60 -0.79 0.374 0.0000 0.05615 1.2142
9-50 20.72 -0.60 -0.79 0.412 0.0000 0.06479 1.2871
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Fig. 1. Lilliefors statistical test of the lognormality of the field K.,, values.

Fig. 2. lilliefors statistical test of the lognormality of the lab K., values.

Fig. 3. Variograms of the field and lab KY,, values.

Fig.4. Contour plots of vertical spatial distribution of the field and lab K,, values.

Fig. 5. van Genuchten e-, curves for layers 1-4 and best fit B&W curve, and the lower and
upper bounds on moisture contents at each applied pressure as reported in the LCIr
database.

Fig. 6. Experiment #1 B&W 1D analytical solution prediction of moisture content
breakthrough at L5 m depth. Input characteristic curves used include both best fit
to LCI database characteristic curves (see Fig. 4) as well as best fit to experimental
observations. Field observations (average of 4 points) are also presented as X for
comparison, as well as the limits on the field measurements.

Fig. 7. Experiment #2 B&W iD analytical solution prediction of moisture content
breakthrough at 1.5 m depth. Input characteristic curves used include both best fit
to LCI database characteristic curves (see Fig. 4) as well as best fit to Experiment
#1 observations (see Frg 5). Field observations (average of 4 points) are also
presented as X for comparison, as well as the limits on the field measurements.

Fig. 8. Conceptual model for 2D Monte Carlo simulation; specified flux was 1.9 cm/day for
experiment #1 and 0.49 cm/day for experiment #2.

Fig. 9. Scatter plots of Or, the van Genuchten parameters a and n, and K, versus B, for soils
reported in the Las Cruces Trench database.

Fig. 10. Scatter plots of the van Genuchten parameters a and n, and Kg, versus O, for soils
reported in the Las Cruces Trench database.

Fig. 11. Scatter plots of n and K,,, versus the van Genuchten parameter % and a.,, versus er
for soils reported in the Las Cruces Trench database.

Fig. 12. Experiment #1 2D Monte Carlo simulation results: moisture content breakthrough
at 1.5 m depth for each realization. Field observations (average of 4 points) are
presented as + for comparison.

Fig. 13. Experiment #1 2D Monte Carlo simulation results: overall average as well as layer
1-3 average moisture content breakthrough curves. Field observations (average of
4 points) are also presented as X for comparison, as well as the limits on the field
measurements.

Fig. 14. Experiment #2 2D Monte Carlo simulation results: moisture content breakthrough
at 1.5 m depth for each realization. Field observations (average of 4 points) are
presented as + for comparison.
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Fig. 15. Experiment #2 2D Monte Carlo simulation results: overall average as well as layer
1-3 average moisture content breakthrough curves. Field observations (average of
4 points) are also presented as X for comparison, as well as the limits on the field
measurements.

Fig. 16. Moisture diffusivities for LCI soils computed using (1) van Genuchten characteristic
parameters given in the database (median D along with 90% confidence limits), and
(2) inverse solution of Philip (1990) (experiment #1 yielded the higher of the 2
inverse-solution D values).
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INTRODUCTION

Sandia National Laboratories (SNL) is part of the U.S. NRC INTRAVAL team.
The purpose of this document is to summarize progress to date on modeling the
Las Cruces trench (LCT) experiments (INTRAVAL Phase L Case 10). The
experimental setup and soil physical characteristics are discussed in detail in
Wierenga et al. [1989] and will not be reiterated here.

This report is separated into two areas: analysis of soil hydraulic properties and
flow modeling. The hydraulic data analysis consists primarily with a comparison of
saturated hydraulic conductivity measurements obtained by field and laboratory
methods. The modeling includes simulations using both a one-dimensional
analytical solution to the flow equation and a two-dimensional model of fluid flow.
Several conceptual models have been proposed: homogeneous, layered, and fully
heterogeneous. This report focuses on two possible ways of simulating unsaturated
flow through an acknowledged heterogeneous media profile using a homogeneous
medium representation. Since the purpose of INTRAVAL is model validation, this
report attempts to follow the spirit of the validation strategy proposed by Davis and
Goodrich [1990]. Their strategy argues that model validation per se is a
site-specific process and unachievable. Hence, for a given set of boundary and
physical conditions, one can declare a model "invalid" or "not invalid" for use within
a specified context.

A difficult part of the model validation process is deciding on the acceptance
criteria. For the purposes of this study, model results are considered to be not
invalid if they fall within the experimental error band. Model results falling outside
this band will be considered invalid.

COMPARISON OF FIELD AND LAB K. MEASUREMENTS

A detailed analysis of the saturated hydraulic conductivity (K.) data from the Las
Cruces trench experiment was conducted. Data were collected at the experimental
site in two ways [Wierenga et al., 1989]. First, cores were removed from the site
and taken back to the laboratory. The vertically-oriented cores were taken at a 50
cm horizontal separation distance from a 1 m wide ledge along the trench face for
all of the 9 soil horizons that have been identified at the site. Since the trench is
25 m long, this resulted in 50 samples per layer and 450 samples total. Saturated
hydraulic conductivity was determined in the laboratory using a constant head
permeameter. Field estimates of saturated hydraulic conductivity were made using
a Guelph permeameter and analyzed using the method of Reynolds and Elrick
[1985]. The boreholes for the in-situ tests were separated from the original lab
sample core holes by about 20 cm in a direction perpendicular to the trench face.
The same number of samples per layer were taken, again resulting in about 450
samples total. Three questions were posed regarding the two K., data sets
(hereafter referred to as "lab" and "field"):
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1) Are the two data sets statistically different?
2) If so, why are they different?
3) Which data set is appropriate to use for modeling?

The next three sections will address each of the above questions.

Are the K,, Data Sets Statistically Different?

To answer this first question, two tests were performed. The first was the
Mann-Whitney test, a non-parametric method of testing whether the means of two
independent, random, sets of data are significantly different at a specified
confidence level [Davis, 1986]. The results of this analysis showed that the means
are statistically different at the 90% confidence level. The second was the Lilliefors
test [Lilliefors, 1967; Lilliefors, 1969; Iman, 1982], to determine whether the
distributions of the data are different. This test showed, again at a 90% confidence
level, that the field data are lognormally distributed (Figure 1). The lab data,
however, were not lognormally distributed (Figure 2). The lab data also were
tested for normal and exponential distributions, but did not fit these distributions
either. This was somewhat disconcerting since the literature is replete with
references attesting to the fact that hydraulic conductivity is lognormally distributed
[for example, Freeze, 1975; Hoeksema and Kitanidis, 1985; Freeze et al., 1987].
The point is, however, that the distributions for the two data sets are not the same.
Therefore, based on the results of the Mann-Whitney and Lilliefors tests, it was
concluded that the field data and the lab data are statistically different at the 90%
confidence level.

As an additional comparison of the two data sets, variograins of the lnK., of the
two data sets were computed to estimate the horizontal correlation length. The
field data (Figure 3) can be fit to an exponential variogram model with a nugget
effect of 0.35 and a correlation length of 1.6 m. The lab data (Figure 3) were also
fit to an exponential variogram but the nugget is 0.9 and the correlation length is
2 m. The sill (variance) for the field data is about 1.1, and about 1.25 for the lab
data. Nicholson et al. [1987] report similar results for the field data using an
exponential model except the correlation length was estimated to be 2 m. The lab
data are more difficult to interpret because of the large scatter in the range less
than 3 m and the large apparent nugget effect.

We also investigated the statistical characteristics of the 9 soil layers identified in
Wierenga et al. [1989]. While there probably are 9 different soil horizons from a
pedological perspective, a contour plot of the K., field does not reveal 9 obvious
hydraulic layers (Figure 4). The Mann-Whitney test was again employed to decide
if layer 1 is different from layer 2, and if layer 2 is different from layer 3, and if
layer 3 is different from layer 4, and so on. This was done for both the lab and
field data; the results indicate that some of the layers could be combined:
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Lab Field

New layer 1: layer 1 layer 1
New layer 2: layer 2,3,4,5 layer 2,3,4,5,6
New layer 3: layer 6,7,8,9 layer 7,8,9

Hence, for the purposes of modeling flow, this 9-layer system could probably be
treated as a 3-layer system. However, since the means and variances of some of the
layers are different, the principal of stationarity is violated and both data sets
should be considered statistically non-homogeneous. The variogram of the lab data
would confirm this if, as suspected, it is truly nugget. However, it is not clear what
this means with regard to the field data since that variogram appears reasonable.
Nicholson et al. [1987] made a similar observation about the stationarity of the data
and de-trended the data to account for it. A similar approach should be taken for
this data and three new variograms, representing each of the three new layers
identified above, constructed.

Why are the Data Sets Different?

The second question is more difficult to answer. Some possible reasons for the
differences are discussed below.

1. Random Error. This is not possible if the means are statistically different (as was
shown with the Mann-Whitney test).

2 Systematic Error. An example of systematic error would be if the person doing
the tests always reads high or low; another example would be if the holes left by
removal of the lab cores were having an effect on the Guelph permeamneter test.
A systematic error can be tested for by looking at the correlation between the two
data sets; if the differences in the two sets were only due to some systematic shift,
then one would expect to obtain a good correlation. Four equations were tested
and the associated coefficients of determination are:

y = a + bx (linear) r2 = 0.25
y = a exp(bx) (exponential) r2 = 0.08
y = a + b log(x) (logarithmic) r2 = 0.07
y = a x**b (power) r2 = 0.07

Clearly, these results indicate no correlation between the two data sets; thus it can
be concluded that the differences are not due to systematic error.

3. Horizontal Conductivity vs. Vertical Conductivity. The lab core is encased in an
aluminum ring during the lab tests. One net result is that water is only allowed to
flow vertically through the core. On the other hand, the field test actually
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measured a value that was averaged over some larger volume. In addition, the
literature on the Guelph permeamneter states that it is primarily a measure of
horizontal conductivity [Reynolds and Elrick, 1986]. So, perhaps the differences are
due to the fact that two different parameters were measured, vertical conductivity
in the lab and horizontal conductivity in the field. This can be tested by comparing
the ratio of the average values of the two data sets (field:lab). If the two data sets
are approximately equal, then the average ratio should be about 1:1. In fact, the
average ratio is 4.8:1; a t-test was performed and indicated that 4.8 is statistically
different from 1.0 at the 90% confidence level. Therefore, we cannot, at this time,
rule out the possibility that the differences are due to the fact that one test is
measuring vertical conductivity and one test is measuring a volume-averaged
primarily horizontal conductivity.

4. Spatial Variability. Al of the data that have been collected at the site indicate
that the media is very heterogeneous. It is possible that the differences in the data
sets are due to this heterogeneity. The lab test measured only one core volume.
Each field test measured an average of several core volumes (approximately 10)
and is strongly influenced by those core volumes with the highest hydraulic
conductivity. This could make the average field value greater than the average core
value. In addition, this would cause the field variance to be smaller than the lab
variance. This could explain both the difference in means and the slight variance
reduction for the field measurements.

In conclusion, it cannot be said with complete certainty what is causing the lab data
to be different from the field data. The differences may be due to the fact that two
different directional conductivities are being measured, spatial variability, a
combination of the two, or something else that was not considered in this analysis.

Which Data Set is Appropriate to Use for Modeling?

The third and final question cannot be answered conclusively at this time. Based
on the results of the Lilliefors test and the variogram analysis, one might be
tempted to conclude that the field data are the best. However, as was mentioned
above, the two tests might be measuring vertical vs. horizontal conductivity, and that
they are testing different sample volumes, so it would be incorrect to discard the
lab data. Although we are probably not dealing with your classical "apple and
orange" comparison, we perhaps have a "peach and nectarine" case, and thus
conformity should not be expected.

With respect to the subsequent modeling study discussed here, we used the lab
values of K.., since the unsaturated characteristics employed in the modeling were
obtained from the laboratory samples. Other possible options would have included
using field K,,. in conjunction with the lab a-vo data, or perhaps using the field K,,t
values for horizontal conductivities and the lab K., data for vertical conductivities.
However, for consistency we felt that we should use the laboratory Kf,,, data set.
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ONE-DIMENSIONAL SIMULATIONS

The first modeling effort involved determining whether a one-dimensional (ID)
analytical solution to the moisture content-based Richards equation could accurately
simulate movement of the wetting front. To achieve this goal the constant-rate
rainfall infiltration solution of Broadbridge and White [1988; henceforth referred
to as B&W] was implemented in a computer code and applied to the LCT
experiments. The performance measure used for comparing the experimental
observations to the model predictions was the change in moisture content versus
time at the 1.5 m depth. We selected this performance measure because it can be
related easily to groundwater travel time.

Mathematical Model

The B&W infiltration equation is obtained by solving the nonlinear Fokker-Planck
diffusion-convection equation commonly used to describe one-dimensional flow in
uniform soils:

-16~~~~~~~~~~~~1ao =1 aaD(o) ]-R'!(1
&at Z azjIaz

where e is the volumetric water content, t is time, K(e) is the hydraulic conductivity,
K'=aK/la, D(e) =K()[faol/a ] is the moisture diffusivity with 0 being the capillary
pressure head, z is the vertical space variable (positive downward). This partial
differential equation is solved subject to the constant rainfall rate surface boundary
condition:

K(O) -D() - =R(z=0) (2)
8z

where R is the specified constant surficial flux rate, and the uniform water content
initial condition:

e(Z>0ot=0)=6i (3)

In the soil physics literature, equation (1) is often referred to as the one-
dimensional water content-based Richards equation.

Model Input - Soil Hydraulic Properties

For input the B&W solution requires both the moisture content-capillary pressure
head (o-+) and the unsaturated conductivity-moisture content (K-e) relationships
for the site soils. The 9-o relationships were measured on 445 "undisturbed" ring
samples (obtained from the field site) in the laboratory using the hanging column
and pressure cell techniques [Wierenga et al., 1988]. Saturated conductivity
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measurements were performed on the same samples in a constant head
permeameter. The unsaturated conductivities given in the LCIT database were
obtained by calculating a relative permeability curve from the water retention curve
for each sample using the van Genuchten [1978] fit to Mualem's [1976] model, and
using the saturated conductivity for the conductivity match point. Although it would
be more desireable to have conductivity measurements over the entire range of
saturations of interest, this approach (of computing the unsaturated conductivity
based on the moisture retention data) is often taken in practice.

To obtain an analytical solution to (1), B&W assumed a particular form for the soil
moisture characteristic functions (a-,6, K(6), and D(s)). The functional form
selected by B&W relies on only a single shape parameter, which they term C, and
the saturated and residual water contents (e0 and e,, respectively) to describe the
o-O curve. The unsaturated conductivity is completely determined by C, the
saturated conductivity K., and the sorptivity S. The saturated and residual water
contents, as well as the saturated conductivity measurements are reported in the
LCT database [Wierenga et al., 1989], and the sorptivity (as a function of initial and
final water contents) could be estimated from the infiltration experiments for the
"gravity-free" early time [B&W, eqn. 47]. Thus the only unknown parameter is C.
The shape parameter C was determined by minimizing the sum of the squared
residuals between the B&W curve and the van Genuchten curves for layers 1-4 (top
2 meters of the media profile) given in the LCT database. Figure 5 presents the
van Genuchten curves given in the database for layers 1-4 and the "best fit" B&W
9-,p characteristic (C = 1.026). In addition, the upper and lower bounds on water
contents measured in the laboratory for each applied pressure head are also shown.
Clearly, the B&W characteristic curve has a significantly more non-linear shape
than the van Genuchten curves for layers 1-4, but it lies well within the limits of the
laboratory measurements.

1D Model Results

These soil characteristic curves were used as input to the B&W infiltration model
to predict the time series of change in water content at the 1.5 m depth for
experiments 1 and 2. The experiment #1 results are shown in Figure 6. The
results obtained using the B&W characteristics fit to the van Genuchten a-# curves
given in the database significantly underpredicts the change in moisture content.
Slight changes in the C parameter resulted in large differences in the model results.
We obtained a visual "best fit" between the experiment #1 observations and model
predictions using C = 1.012. The predicted moisture content time series differed
little whether we used the mean Ki, (520 cm/day) or the median Ks,, (380 cm/day)
from the database. To further test the 1D analytical solution, we simulated LCF
experiment #2. Figure 7 shows that the iD model poorly predicted the experiment
#2 moisture content time series in all cases, whether we used the C value which
best predicted experiment #1 or the C value obtained by fitting the B&W
characteristic model to the o-,p characteristics given in the LCT database. While
the iD B&W model did a good job at predicting experiment #1, in which the
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higher surface flux rate (1.9 cm/day) resulted in a Green-Ampt type sharp wetting
front; it could not accurately simulate the diffuse wetting front observed in
experiment #2 (applied flux = 0.5 cm/day). Perhaps this is unsurprising given that
the B&W a-,p curve has a step-function shape (Fig. 5) which typically predicts a
sharp wetting front. This may suggest that the B&W constant-rate infiltration
model may be applicable for only a limited set of soil types, in particular those with
Green-Ampt type characteristics.

In summary, the ID analytical solution of B&W yielded somewhat dissappointing
results. The observed moisture content time series could not be simulated
accurately using the B&W characteristic curve obtained by best fit to the laboratory
moisture retention measurements. However, it was possible to adequately calibrate
the model to the experiment #1 results. Unfortunately, using the B&W
characteristics obtained by inverse calibration to experiment #1, we could not
accurately simulate the moisture content time series for experiment #2. Clearly,
if one were interested in predicting average changes in water content versus time
beneath the center of the irrigated strip, the one-dimensional model of flow through
homogeneous media developed by B&W may be appropriate for only a limited
range of soil types.

And finally, using the model acceptance criteria stated in the introduction, we
would declare the ID B&W model invalid (for the performance measure) since the
experiment #2 model predictions (Fig.7) lie outside the range of experimental
observations.

IWO-DIMENSIONAL SIMULATIONS

The second modeling effort involved application of a two-dimensional (2D)
Richards equation model to simulate the flow field. Several other INTRAVAL
modeling teams also applied 2D Richards equation models to the LCT experiments.
Hills 11990] employed a moisture content-based Richards equation model to
simulate flow and transport through a 2D homogeneous media profile, while
KEMAKTA Consultants employed a pressure head-based Richards equation model
to simulate the same problem, as well as a 2D layered profile. Gelhar and his
colleagues from MIT applied their effective large-scale Richards equation model
in a 2D implementation [Bensabat and Gelhar, 1990]. Kool et al. [1990] performed
2D simulations through both homogeneous and heterogeneous (with the
heterogeneities exactly conditioned on field and laboratory measurments) media
profiles using the mixed-formulation Richards equation implemented in the code
VAM2D. And finally, Ababou [1990] simulated three-dimensional (3D) flow
through a heterogeneous media profile sythetically generated based on the
measured spatial statistics of the LCT soils. Our approach was to perform Monte
Carlo simulations through a 2D homogeneous media profile.

Although the soil characterization data clearly indicates that the LCT media profile
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is highly heterogeneous, we wanted to test the question of whether one can assume
that a simple homogeneous model is appropriate for predicting flow behavior
through a heterogeneous system. Other INTRAVAL modeling teams also were
testing this question, but they used different procedures to obtain "average"
properties for model input (from simple direct averaging of measured values [Hills,
1990] to large-scale effective properties developed through spectral stochastic
analysis of the governing equations [Bensbat and Gelhar, 1990]). In addition, the
other INTRAVAL teams typically employed rather vague subjective performance
measures (e.g., the simulated change in moisture content field "looked like" the
observed change in moisture content field). The HydroGeoLogic Inc. team jKool
et aL, 1990] employed a more rigorous performance measure: comparing the second
moment of the simulated moisture content field to that of the experimentally
observed field. To provide a direct comparison to the 1D analytical solution results,
and to use a performance measure with more direct application to the high level
radioactive waste performance standards, we again selected the change in moisture
content at the 1.5 m depth as our performance measure.

Mathematical Model

In our Monte Carlo analysis we employed the finite element code VAM2D. VAM2D
solves the Richards equation in two dimensions:

V(S)'V(*+z)]= ~as (4)

where S=(e-er)/(es-es) is the effective saturation and the other variables are as
defined above. Details on features, solution procedures, and algorithms employed in
VAM2D can be found in Huyakorn et al. [1989].

Boundary conditions for the model are shown graphically in Figure 8. The irrigated
zone was treated as a flux boundary condition (with the flux assigned to be 1.9 cm/d
for experiment #1 and 0.5 cm/day for experiment #2) for the duration of the
experiment The bottom boundary was treated as a freely draining boundary, while
all other boundaries were assumed to be impermeable. The initial condition pressure
head was assigned a value of -10,000 cm-water.

Model Input

The first step in performing such a Monte Carlo analysis was statistically
characterizing the media properties reported in the LCT database. Given that this
analysis focused on homogeneous media profiles, our interest is only on cross-
correlations between the parameters and not on the spatial correlation structure. The
LC~r database contains measurments and/or calculated values for five parameters
which describe the hydraulic characteristics of the soils (and are required input for
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required input for VAM2D). Those parameters are 6,, 9u,, K.,', and the van
Genuchten characteristic curve descriptors a and n. These parameters are
employed to calculate the moisture content, a, from the pressure head, 0:

e=e,+(6,-E11 +a~1t1^]*. (5)

and the unsaturated conductivity as a function of effective saturation:

K(Se) =KS"'Il -(1 _SCS *)U12 (6)

In fitting the laboratory measured data to (5), the m parameter is constrained to
m=1-1/n. In any rigorous Monte Carlo analysis one would need to vary each of
these 5 parameters over the range of their distribution. This would clearly result
in a very large number of simulations. Given the significant computer time
required to solve the highly non-linear Richards equation (4), we were interested
in determining if any significant correlations existed between any of the parameters
to help cut down on the number of simulations. To assess cross-correlations we
used scatter plots between every pair of the parameters. These scatter plots are
shown in Figures 9-11. These plots suggest no obvious cross-correlations, but they
do show that each of the parameters vary over a fairly significant range.

Considering the results of the scatter plots (Fig.9-11), the most direct (brute force)
Monte Carlo approach would result in several hundred model runs (by stratifying
each parameter distribution into equal cumulative probability ranges and then
directly sampling from each stratification range for all possible permutations).
Besides the unacceptable amount of computer time involved, it is possible that this
approach could yield a parameter set (er, O.,, K cx, and n) realization which is not
representative of the field data. To avoid these problems, we instead decided to
simply assign an index number to each soil sample obtained from the field site, and
then randomly select 10 samples from each of the top three layers (top 1.5 m).
Thus we ended up with a total number of 30 parameter sets which were assumed
to be representative of each of the top three layers (through which the infiltrated
water must pass to reach the 1.5 m depth).

2D Modeling Results

Experiment #1 results are depicted in Figures 12 and 13, while the results for
experiment #2 are shown in Figure 14 and 15. Figures 12 and 14 shows the results

'The saturated conductivity K at was measured both in
the laboratory on samples obtaineA -from the field and in
situ at the site. The first section of this paper details
a comparative analysis of the two KBt data sets. Since the
unsaturated hydraulic properties weTe collected on the same
samples used in the lab K at testing, the lab Ksat values were
used in the Monte Carlo Nnalysis.
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reported in the las Cruces Trench database.
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from each Monte Carlo run, and Figures 13 and 15 summarizes the results by
comparing the overall average moisture content breakthrough as well as the
individual layer averages to the experimentally observed moisture content
breakthrough. These results suggest a number of conclusions and raise several
questions. One obvious conclusion is there is an extremely wide range of possible
outcomes depending on the model input (Fig. 12). Another is that the layer 1 soils
are signicantly different from layers 2 and 3 (Fig. 13). This same conclusion was
reached concerning K< (see section 2). It is also notable that neither the overall
average nor the individual layer-average breakthroughs exhibit as sharp of a wetting
front as that observed in the field. Additionally, the average layer 1 asymptotic
change in moisture content is significantly below the field value.

WHY ARE THE iD AND 2D RESULTS SO DIFFERENT?

To determine possible causes for the differences between the observed and
simulated water content time series, we revisited the diffusion form of the water
flow equation (see Eqn. 1 above). Given that the 2D Monte Carlo analysis focused
on flow through a homogeneous media, the diffusion model (1) is essentially
equivalent to (4) aside from the dimensionality. However, since we were looking
at the wetting front breakthrough beneath the center of a relatively wide irrigated
plot the 1D and 2D models should yield comparable results. But comparing the iD
predictions (Fig. 2) to the 2D predictions (Figs. 13 and 15), we see that solution of
essentially the same partial differential equation subject to the same boundary
conditions yields quite different results. The only differences are in the functional
forms of the soil properties parameterizing the equations. Figure 5 graphically
demonstrates the differences between the s-o curves input to the two different
solutions. Looking at (1) and recalling the development of the diffusion form of the
flow equation [Kirkham and Powers, 1972] we see that the rate of water flow can
be computed as:

v, =D(e) e(7)

where vi is the Darcy velocity and D is the moisture diffusivity as defined for (1).
In words, the Darcy flux is simply the moisture diffusivity times the moisture
gradient.
The diffusivity, D, can be calculated using the van Genuchten parameters given in
the LCT database, or it can be directly obtained from the LCT infiltration
experiments using the inverse procedure of Philip (1990). Diffusivities calculated
by both of these methods are presented in Figure 14. Note that the D computed
using the Broadbridge and White [1988] soil used in the 1D analysis (Fig. 1) lies
slightly below the lower of the two diffusivity curves obtained by the Philip (1990)
solution. Figure 14 shows that although the median D calculated from the LCT
database soil characteristics lies near the inverse-solution D, the distribution of
diffusivities was highly skewed and a large fraction of them are extremely large.
Thus, in a Monte Carlo analysis which randomly samples from individual soil
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properties from the LCT database, one would expect that a significant fraction of
the diffusivities would be much larger than effective diffusivities exhibited in the
actual infiltration experiments. With the higher D, it would require lower moisture
gradients to obtain comparable fluxes. This may offer one explanation for the
differences between the 2D predictions and the field observations: the van
Genuchten characteristics given in the database simply are not representative of the
true bulk hydraulic characteristics of the in situ media.

Another possible explanation for the relatively more diffuse wetting front predicted
by the model is capillary hysteresis. The laboratory measurements of moisture
retention characteristics were made by saturating the core and then draining it
under different tensions. Hence, the resulting e-0 characteristic represents a drying
curve. The experiment, however, would represent a wetting curve since water was
applied to a system that was very dry initially. VAM2D has the ability to simulate
hysteresis; further studies will be required examine this problem. Since data are
only available for the drying curve, the wetting curve characteristics would have to
be approximated. Kool and Parker [1987] suggest that van Genuchten's alpha for
the wetting curve is about 1.5-2.5 times alpha for the drying curve.

Finally, using the model acceptance criteria stated in the introduction, we would
declare the 2D Monte Carlo model invalid (for the performance measure) since the
model predictions (Figs. 13 and 15) lie outside the range of experimental
observations.

SUMMARY OF CONCLUSIONS FROM PHASE I ANALYSIS OF LAS CRUCES
TRENCH EXPERIMENTS

Strictly applying our stated model acceptance criteria we conclude that in both
cases, the ID analytical model and the 2D homogeneous profile Monte Carlo
analysis, the models are invalid for predicting the moisture content time series at
the 1.5 m depth. Using a different acceptance criteria and/or a different
performance measure it is entirely possible that a different conclusion may have
been reached.

Perhaps the more interesting issue is why the models failed to meet the declared
standards. In both cases it seems that inadequate characterization of the soil
hydraulic properties led to the poor model predictions. In applying the ID
Broadbridge and White [1988] analytical solution it appeared that the moisture
content-capillary pressure model was not flexible enough to allow accurate
prediction for the range of applied infiltration rates. And in the case of the 2D
numerical simulations, it also appeared that the soil hydraulic properties given in
the LCT database do not accurately reflect the true bulk in situ properties. These
results confirm (and underline) a well-known problem in unsaturated flow
experimentation and modeling: accurately characterizing the soil hydraulic
properties over a broad range of spatial scales and hydraulic states is not trivial.
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It is clear that more work needs to be done to experimentally measure the soil
properties, and to investigate whether current modeling approaches incorporate all
of the important processes controlling flow through unsaturated porous materials.
These results presented here also tend to confirm the notion already held by many
practitioners: the current generation of models can be invaluable in helping us study
natural processes in a generic sense, but they fall somewhat short in providing us
with tools for accurately predicting the future. When using these models in a
forecasting mode, it is vital that parameter uncertainty (and perhaps conceptual
model uncertainty) be recognised and accounted for in a clear and defensible
manner.
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ABSTRACT

Water and tracer transport in the second Las Cruces Trench experiment have been simulated with
the deterministic Integrated Finite Difference codes TRUST + TRUMP.

Unsaturated water flow is modelled using the "classical" Richard's equation. Three different
calculations were performed. In the first, average hydraulic data, where the soil is treated as
homogeneous, are used. In the second, a discrepancy between residual water contents obtained
on laboratory samples and substantially lower water contents observed in the field is resolved by
extrapolation. In the third simulation the layered soil structure is accounted for (but original
residual water contents are used). It was found that the layered model gave the best agreement
with experimental data especially in terms of lateral spreading.

Tracer transport is modelled using the unsaturated version of the convection-dispersion equation.
In the general case, the dispersion coefficient depends on both the water flow rate and the water
content. At present, however, only the water-content dependence is considered. Two different
values of the dispersion coefficienct, D., 2-108 and 5-10-9 m 2/s, are used in the calculations.
For D. = 2-10-8 m 2/s the peak concentrations are far too low and the spreading far too large in
comparison with the experimentally observed concentration plume. For Do = 5-10-9 m 2/s a better
agreement is obtained but it is still not good, indicating that even lower dispersion coefficients
should be used in the calculations.
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TEST CASE DESCRIPTION

The field site is on a basin slope of Mount Surnmerford, which is at the north end of the Dona
Ana Mountains in New Mexico, USA.

The climate in the region is characterized by an abundance of sunshine, low relative humidity
and an average class A pan evaporation of 239 cm/yr. Average annual precipitation is 23 cm with
52% of the rainfall occurring between July 1 and September 30. The average monthly maximum
air temperature is highest in June at 360C and lowest in January at 130C.

Two trench experiments have been carried out, in this study the second has been studied. In
Figure 1 a top view of the trench, with the second trench experiment shown on the right side
(north) of the trench. The trench is 12 m long, 5 m wide and 6.0 m deep. Tensiometers for
measuring the water content are located at planes 1, 2 and 3 (see Figure 1). Solute samplers are
located at plane 0 only.

Water was supplied at a rate of 0.43 cm/day for 75 days over a 1.2 m by 12 m area. After 75
days, irrigation was stopped and redistribution was monitored. Water content as function of time
and depth was measured with neutron probes.

During the first 11.5 days of water application, 0.01 N NaBr-2H 2 0 (800 ppm) and 0.1 GCi/ml
tritium were used as tracers. After 11.5 days, the application of bromide and tritium stopped. Soil
solution was collected through the solution samplers and the concentrations of tritium and
bromide in the solution samples were measured in the laboratory.

Plao"O IPpie Plc 2 PNon 3

is. 0 f4 +

28.0~~~~~~~~~~~~~

26. am.
* S t 2 O n1.2 m

* ~~~~~12.Omlo

4 t' 01 00;0 '~Experient 2

4.Om

O CoveredTrench 6.5 mDeep
. EDl Irigated Area

9.Om * Neutron Access Tube 6.0 m Deep
o Neutron Access Tube 1 .5 m Deep

Experiment 1

Figure 1 Top view of the experimental trench.
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DESCRIPTION OF THE CONCEPTUAL MODEL

The model is based on the theory of unsaturated flow and transport in porous media. The
calculations are carried out in two steps, the first being a water flow calculation. Secondly, a
tracer transport calculation was made using water flow and distribution data from the water flow
calculation. A two-dimensional model is used. The modelled domain is shown in Figure 2. The
soil in the modelled domaine may be built up from different layers.

q=0.5cm/day ; O<t<75days
q=0 ; t>75days

_ 1rnM

MTTiFii q=O. . .. . ... . . .

I q=06m

I

q=O

10M

Figure 2 The modelled domaine.

Water flow model

The water flow in the unsaturated soil is modelled by using Richard's equation for unsaturated
porous media. The water infiltration at the irrigated area is modelled as constant flux over the
boundary during the infiltration period and no flux thereafter. Evaporation from the soil surface
is not considered.
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Tracer transport model

The tracer transport is modelled as simultaneous convective and diffusive/dispersive transport,
where the dispersion is assumed to be diffusion-like and proportional to the water content (but
independent of velocity at this stage). The tracers are assumed not to interact with the solid
surfaces in the soil (nonsorbing species). The supply of tracers at the irrigated area is modelled
as constant flux over the boundary during infiltration of tracer contaminated water, and no flux
over the boundary during infiltration of pure water and for the case of no water infiltration.

MATHEMATICAL FORMULATION OF THE MODEL

Water flow model

The Darcy equation for flow in unsaturated porous media may be written as:

q = - K(o) VD = - K(O) V(Nf+z)

Generally, the hydraulic conductivity K is a tensor depending on both direction and water
content. For a homogeneous and isotropic medium however, K reduces to a simple function of
the water content.

The equation of conservation of mass (Richard's equation) in unsaturated incompressible porous
media may be written:

As = V - q =V- [f(O) Vyf]

at

accumulation capillary flow
+ gravitational flow

Since w=w(0) this equation can, alternatively, be formulated with the capillary potential as the
independent variable:

do a = V [K(v) VV] + dK as
df at dV az

accumulation capillary gravitational
flow flow

The calculations have been carried out using the integrated finite difference code TRUST,
developed at Lawrence Berkeley Laboratories (Narasimhan. 1975). Saturated and unsaturated
water flow in up to three dimensions may be calculated with this code. The code solves an
integrated version of the equation above over a small sub-volume:
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IPW . .V(xy+z) - n dF
1Iw

+ G = M D2!
c Dt

capillary+gravitational source accumulation
flow

The fluid mass capacity, MC, is given by:

Mc = Vspw [sepwowg + SpwgX av + e dS1
dWJ

water
compressibility

deformation
of soil

desaturation
of pores

In the present case only the last term, desaturation of pores, is accounted for.

Tracer transport model

The flux equation for transport of tracer in porous media may be written as:

qt = qc - D Vc

where c is the tracer concentration in the water.

The equation of conservation of mass is:

(Q+c) =qt V (D Vc) - V (ic)

accumulation diffusion
dispersion

convection

Note that the tracer may be accumulated in the system both sorbed on particle surfaces (Q) and
dissolved in the water (0c).

The tracer transport calculations are made with a modified version of the integrated finite
difference code TRUMP. This code is originally written for transient heat transport calculations
in multi-dimensional heterogeneous media with arbitrary geometry (Edwards. 1972). The present
version solves the following equation:
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[Q 1(D

accumu-
lation

DJa _ a= V - (D Vc) - V -(qc) + G - P Qa at P Qb -t

diffusion convection source chemical reactions
dispersion

The procedure for using the TRUST and TRUMP codes for these types of calculations is further
described by Collin and Rasmuson (1990).

Generally, the dispersion coefficient depends on both the water flow rate and the water content.

D = D(q,0)

Presently, however, only the water-content dependence is considered.

INPUT DATA

Water flow calculations

Data used for the water flow calculation originate from a copy of a letter from Dr Richard Hill
to Dr Tom Nicholson dated February 7 1989. According to this letter, water was applied at a rate
of 0.5 cm/day for 75 days over a I m by 12 m area. These data are not completely in accordance
with data given later (Wierenga et al 1989) where application rate and area were slightly modified
to 0.43 cm/day and 1.2 m by 12 m, respectively. The cumulative amount of water applied during
the irrigation period is 4500 1 and 4721 1, respectively.

Material data for the soil are taken from a Table 2 "van Genuchten parameters for the Las Cruces
Test site: Layered soil model". The water retention data are then calculated from:

0 - or

e - or

1

[1 + (a(-V))"1M

where

m = I -
1
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The unsaturated hydraulic conductivity is calculated from:

K= K _ Se' -(1 - Se" )m

Parameters for both an average for the material in the whole site and for nine layers in a layered
model are shown in Table 1.

Table 1 Parameters for the materials used in the calculations

Layer Depth es or a n Ks
(cm/day) (cm) (1/m)

1 0-20 0.3483 0.0950 4.189 1.9040 539.2
2 20-120 0.3433 0.0913 6.233 1.5271 250.0
3 120-180 0.3359 0.0848 5.963 1.5738 266.9
4 180-250 0.3129 0.0731 6.758 1.5444 299.8
5 250-290 0.3021 0.0716 4.034 1.5499 250.0
6 290-350 0.2942 0.0889 7.017 1.7085 357.5
7 350-450 0.3100 0.0769 2.694 1.4320 215.8
8 450-530 0.3247 0.0843 4.115 1.3843 171.5
9 530-600 0.3050 0.0822 4.548 1.4549 223.2
Aver. 0-600 0.3207 0.0837 5.472 1.5149 271.3

In Figure 3 the experimental initial water content in the different planes are shown. The different
planes show great variations but some observations can be made: the top meter of soil is much
wetter than the bottom 5 meters. In Figure 4 the initial conditions measured at plane 2 is shown
together with the initial conditions used in the calculation cases A and B.

The experimental data describing the materials are limited by the residual water content achieved,
depicted with Sr in Figure 3. The value of the residual water content in these experiments were
rather high about 25-30% of the saturated water content. Since the test site is located in a very
dry area the initial water content was found to be less than Or in most part of the soil. In order
to describe the situation better the material data have been recalculated. In Figure 5 the water
retention curves for the average material both in original and modified shape are shown. A linear
extrapolation is made from Sr to 0. In Figure 6 the corresponding curves on the hydraulic
conductivity as function of saturation degree are shown.
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The following water flow calculations have been carried out:

Case A: Homogeneous soil with the original material data for the average material. The
initial condition is fitted to the observation data at plane 2, with the limitation that
the saturation degree must be higher than the residual water content, see Figure 4.

Case B: Homogeneous soil with the modified material data for the average material. The
change in material data makes it possible to have saturation degrees below the
residual water content. The initial water content used in this case is lower in the
bottom 5 meters. For the top meter the same initial conditions as in case A is used
(see Figure 4).

Case C: Layered soil structure with the original material data for the layers. The same initial
water content in the top meter as in the two other cases was used. For the bottom
5 meters the same capillary potential as in case A was used.

C7:11



1YAlMCK UUN1LAT ilUtJaily

Plane I
- , D

7

04

O."

- CAN

8

4

N

2

L
0o s a

A

- 4 -S -2 -1 0 1 2 3 4 6
X (m)

Plane 2

4

_ _ ~~~~~~~~~~~~3

2

GAS

0

-6 4 -3 -2 -1 0 1 a 3 4 5

X (m)

Plane 3

OWN

4

0.06 2~~~~~~

Log

-5 -4 -3 -2 -L 0 1 2 3S 4 I

I

N

i

N

x (m)

Figure 3 Experimental initial water content (0) at plane 1, 2 and 3.
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Initial conditions
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Tracer transport calculations

As mentioned above water flow and distribution from the water flow calculation is used for the
tracer transport calculations. The dispersion is modelled to be proportional to the water content:

D =Do °

where Do is a constant.

Different values of the dispersion coefficient at saturation Do has been tested.

The tracer is applied into the system as a constant fluxm over the boundary corresponding to the
irrigated surface during the first 11.5 days. The calculations are made in dimensionless
concentration units corresponding to concentration = 1 in the applied water. This corresponds to
a total supply of 552 g Bromide and 69 000 jiCi Tritium. According to Wierenga et al (1989) 575
g Bromide and 71 953 pCi Tritium were applied during the experiment. The differences are
caused by the difference in amount of water applied. The initial concentrations of tracers in the
soil is zero.
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SIMULATION RESULTS

Water flow calculations

The predicted water content distribution at 70 and 90 days for the three different cases: A, B and
C together with the observations at plane 1, 2 and 3 are shown in Figure 7 and 8.

Case A, uniform soil model - since the initial conditions is much wetter than observed at the
trench, the predicted water content are higher during all times. The wetting front seems to go
deeper but is not so broad as the trench observations.

Case B, uniform soil model, initially dryer - a modification of case A. The water content
variations are in better agreement with the observations. However, the wetting front have the same
tendency as in case A, moving more downwards and less to the sides than the observed
movement. Due to the steep wetting front numerical problems were encountered and the
simulation was made only for the infiltration period.

Case C, 9 layered soil model. The domain was divided into 9 layers with different material data.
This calculation seems to be in the best agreement with the experimental water content profiles.
In particular, the observed lateral water movement is better encountered for. The agreement
between observations at plane 2 and the calculation is rather good. Comparison with
experimentally determined water contents at the plane where the solute samples are taken,
however, show a poorer agreement. Since this plane is situated close to the end of the irrigated
strip one may expect that the water content is affected by the boundary at the trench. The water
flow is probably not truly two-dimensional but three-dimensional.

An additional calculation with layered structure and dryer initial conditions seems to be a natural
next step.
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Figure 7 Predicted and observed water content distribution at 70 (71) days.
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Figure 8 Predicted and observed water content distribution at 90 (92) days.
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Tracer transport calculations

Calculations were made for two values of Don 210-8 (and 5-10-9) m 2/s.

Two-dimensional plots of the concentration distribution for the calculation with low dispersion
constant in comparison with observations are shown in Figures 9, 10 and 11. In addition, a series
of three one-dimensional plots is given in Figure 12. The first two plots in Figure 12 show the
predicted concentration in the middle of the irrigated area (x = 0.125 m) for the calculations with
high and low dispersion coefficient respectively. The last plot gives average experimental
concentrations for the sampling points at x =+0.25 and x = 0.

The maximum calculated concentration is much lower than the highest experimental concentration
for Do = 2.10-8 m 2/s. For Do = 5-10-9 m 2/s the maximum concentration is higher, but it is still
considerably lower than the highest experimental concentration. According to Fried and
Combarnous (1971) (Figure 31, page 226) the longitudinal dispersion for flow under saturated
conditions is about the same as the molecular diffusion for these very low flow velocities. The
molecular diffusion coefficient for Bromide is about 1-10-9 m2 /s. This indicates that an even lower
dispersion coefficient should be used in the calculations. Such calculations, however, requires
extensive computer time and memory due to the high Peclet-numbers involved.

Relative concentration
Prediction, 11.5 days

0 0~~~~~~~~~~~~~60

I-------- - ----------------- 1 :"

Figure 9 Prediction of tracer distribution at 11.5 days (Do = 5-10-9 m 2/s).
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Figure 10 Prediction and observation of tracer distribution at 35 (36) days (Do = 5-10-9 m 2/s).
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CONCLUSIONS

Water and tracer transport in the second Las Cruces Trench experiment have been simulated with
the deterministic Integrated Finite Difference codes TRUST + TRUMP. The calculations show,
in general, a semi-quantitative agreement with the observations. The following points should,
however, be noted.

1. The experimental initial water contents, except for the top part, are lower than the residual
water content used in the fitted Vy(O) and K(0) relations. Extrapolations had to be made lower
water contents. A better agreement was then obtained between simulations and
measurements.

2. The experimental data show a large scatter both in water content and tracer concentration.
This scatter is due to local heterogeneties which are not encountered for in the deterministic
models where smooth profiles are obtained.

3. Using the layered description of the soil gave a better agreement with experimental data in
particular regarding the lateral spreading of water. These results should be compared with
stochastic modelling results.

4. The calculations performed for the tracer transport so far give too high s reading of the
concentration plume. Apparently even lower dispersion coefficients (< 5-10- m 2/s) must be
used.

5. The experimental Bf-pulse travels faster than T3. This is probably due to anion-exclusion
effects which are not encountered for in the numerical model.

6. As expected numerical problems were encountered in the well-known situations of initially
very dry material for the water flow calculations and for low dispersivities in the tracer
calculations.
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NOTATION

a, compressibility coefficient for the soil skeleton (m s2/kg)

c tracer concentration (units/M3 water)

D diffusion or dispersion coefficient (m 2/s)

Do diffusion or dispersion coefficient at saturation (m2/s)

e void ratio (i 3 void/m3 solid)

G source or sink

g gravitational acceleration (m/s2 )

k, permeability (M2)

K hydraulic conductivity (m/s)

Ks saturated hydraulic conductivity (m/s)
1

m van Genuchten parameter (-) m = (1 - -)

Mc fluid mass capacity (kg/m)

n van Genuchten parameter (-)

fi unit outwardly directed normal vector

Q amount of sorbed tracers (units/m3 bed)

q fluid flux (m 3/m2,s)

qt tracer flux (units/m2 ,s)

S degree of saturation (m 3 water/m 3 void)

Se scaled degree of saturation

Sr residual degree of saturation. corresponding to 0

t time (s)

Vs volume of solid (m3 )

z elevation, positive upwards (m)
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Greek letters

cc van Genuchten parameter (1/m)

feW volume compressibility coefficient (m2/N)

r boundary surface of a volume element (m )

0 water content (m3/m 3 bed)

Or residual water content (m3 /m3 bed)

es water content at saturation i. e. porosity (m 3/m 3 bed)

pw viscosity of water (Ns/m2)

p density (kg/M3)

pw density of water (kg/im3)

pwo reference density of water at atmospheric pressure (kg/m3 )

D total potential (m H 2 0)

v capillary potential or pressure head (m H 2 0)

X' parameter correlating change in effective stress and change in pore pressure
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1.0 Introduction

Pacific Northwest Laboratory (PNL)1 has tested several unsaturated-flow codes for performance
on a dry soil site. The data used for these simulations are from the Las Cruces trench experiment
and represent preliminary data collected prior to the completion of any infiltration tests. In the
time elapsed between completion of the simulations and the writing of this report, two reports
have appeared on the Las Cruces data and validation. The reader is referred to Wierenga et al.
(1989) for a summary of data and to Hills and Wierenga (1991) for a summary of validation
efforts.

Other infiltration simulations have also been conducted using the Las Cruces trench data.
Polmann et al. (1988) applied a two-dimensional mean-stochastic flow and transport model
developed at the Massachusetts Institute of Technology (MIT) to infiltration at the trench. While
qualitatively successful at simulating the wetting front movement at the trench, the 1,000-cm
tension used as the initial condition is not representative of the actual moisture conditions found
at Las Cruces. The MIT mean-model has not been shown in published studies to effectively solve
infiltration problems at tensions found under field conditions common to arid climates.

Hills et al. (1989) have developed a water-content-based, finite-difference model that is very
efficient under dry conditions (up to 50,000 cm). Although the published model currently
considers only one-dimensional flow, the initial application of the two-dimensional version of
Hills' model with trench data was successful (personal communication, 1989). Hills' pre-ponded
infiltration model neglects evaporation and transpiration, and does not consider the boundary
conditions of ponding that could result in runoff or overland flow. However, a water-content-
based approach may be acceptable for modeling infiltration into heterogeneous dry soils, because
of its computational efficiency. Testing this method under a range of conditions may be required
to solve some omissions. For example, the water-content-based model rrently does not handle
saturated-flow conditions that may exist in the lower part of an unsaturated profile draining to a
water table.

PNL plans to evaluate one- and two-dimensional water-content-based models similar to Hills'.
These models will also consider evaporation, plant transpiration, and rainfall of different
intensities. Ideally, overland flow components, as well as infiltration through low-level waste
(LLW) site covers, will be evaluated. Numerical models of this type are described by Bresler
(1973, 1975), Bresler et al. (1969), and Hanks et al. (1969).

A one-dimensional pressure-based model, UNSAT-H (Fayer et al. 1986), has been shown to
efficiently simulate water movement in dry conditions. In addition to simulating plant and
climatic effects, UNSAT-H allows diffusion of vapor. Although it is not a fully two-phase flow

I PNL is operated for the U.S. Department of Energy by Battelle Memorial Institute.
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code, UNSAT-H uses vapor diffusion to account for moisture movement under dry conditions.
Under dry conditions, movement of moisture may be significant. Accordingly, vapor flow may
be an important factor in assessing infiltration through LLW site covers.

This report documents the modeling of infiltration into unsaturated (dry) soil using "off-the-
shelf" computer codes. Two computer models, UNSAT2 (Davis and Neuman 1983) and
TRACR3D (Travis 1984), are tested using data from the Las Cruces, New Mexico, test site. The
computational efficiency, mass balance control, and key operational features of the codes are
assessed.
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2.0 Numerical Simulation Methods

For the initial infiltration simulation of the Las Cruces site, PNL has used two multidimensional,
variably saturated models, UNSAT2 (Davis and Neuman 1983) and TRACR3D (Travis 1984).
These models were the first selected for evaluation because of their multidimensional capability,
their availability, and PNL's familiarity with them.

2.1 Las Cruces Trench Data

In 1987, New Mexico State University (NMSU) provided PNL with preliminary soils data from
the top 145 cm of the trench. The preliminary soil data identified three horizontal layers. NMSU
had used the van Genuchten formulation of the Mualem model:

r = j 1 ) ~~~~~~~~(2.1 )
Os r 1 + (ah)n)

where 0 volumetric water content
r= residual water content
s= saturated water content

a = fitting parameter
h = tension (or suction) head
n = fitting parameter
m= 1 - 1/n

and

Kr = (: 3:: i [1 O1 - OrI }2 (2.2)

where Kr = relative conductivity = K/Ksat, K = unsaturated hydraulic conductivity, and Ksat =
saturated hydraulic conductivity.

The parameters O., 0r' a, n, and Ksat from the preliminary soil data (Table 2.1) were used to
develop three infiltration simulation cases. The three simulation cases were 1) a homogeneous-
isotropic soil, 2) a horizontally layered heterogeneous system with the three layers from Table 2.1
(Figure 2.1a), and 3) the horizontally layered heterogeneous system with an embedded zone of
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high conductivity (relative to the soils present), (Figure 2.1b). The cases were designed to
increase the level of heterogeneity being modeled, and therefore the level of difficulty.

Data from the trench experiment (D. B. Hudson, personal communication from NMSU, 1989)
indicate that the water contents under field conditions are equivalent to tensions of 10,000 to
15,000 cm. Because of the numerical difficulty expected in modeling tensions of this magnitude,
the first simulations were conducted with a lower initial tension of 724 cm. This arbitrarily
selected initial tension is related to the synthesized homogeneous-isotropic soil of Case 1. Soil
parameters for this case were calculated by arithmetically averaging the soil model parameters
given for Case 3. The initial tension of 724 cm was then derived by defining the initial moisture
content as 0.024 cm3/cm3 higher than the residual moisture content. Soil parameters for Case 2
were derived by adjusting the residual water content for the homogeneous-isotropic soil to allow
a tension equivalent of that found in the field (i.e., -10,000 cm).

Table 2.1 van Genuchten Soil Parameters

Case Layer Depth
Interval

(cm)

Or
(1/crn)

n Ksat

(cm/d)

1 Homogeneous- 0.348 0.096 0.0347 1.729 558.6
Isotropic

2 Homogeneous- 0.363 0.0504 0.1364 1.292 459.9
Isotropic

3 1 0-30 0.368 0.1020 0.0334 1.982 790.9

2 31-60 0.351 0.0985 0.0363 1.632 469.9

3 61-650 0.325 0.0859 0.0345 1.573 415.0

4 Embedded high (200-300) 0.348 0.096 0.0347 1.729 4150.0
Kstzone
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2.2 Conceptual Model

The geometry of the Las Cruces trench is shown in Figure 2.2. The symmetry of the trench led
to the use of a no-flow boundary in the center of the irrigated strip. The right and bottom
boundaries were assumed to be unaffected by the flow field and were represented as no-flow
boundaries. The top boundary consisted of a specified flux equal to the irrigation rate for 225
cm, with the remainder treated as a no-flow boundary.

Visual observations, neutron probe data, and tensiometer measurements of the wetting front
progress during infiltration indicate that the 6.5-ni depth of the trench is unaffected for the 30 day
simulations PNL conducted. These measurements can be used to compare model results with
field data (Figure 2.2). It should be noted the accuracy of results from numerical models is
influenced by the discretization of the grid, i.e., grid resolution. Correspondingly, the grid
resolution of the numerical model will influence comparisons between field data and model
results.

Covered
Trenc~h

a O~~~ 6.5 m deep

0

4. rn Irrigated Area

C-0- 4 n a, Mr

Neutron Access Tube
(t.: m deep)

Figure 2.2. Plan View of Trench Experiment (after Wierenga et al. 1986)
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3.0 Simulation of Infiltration into Dry Soils using UNSAT2

UNSAT2 is a two-dimensional finite element code that is used to model variably saturated flow.
It was developed by Neuman (1973) and enhanced and subsequently documented by Neuman and
his colleagues (Feddes et al. 1974, 1975, 1976; Neuman 1975; Neuman et al. 1974; Davis and
Neuman 1983). UNSAT2 uses the Galerkin finite-element method on a network of triangular
elements with linear basis functions to solve the following flow equation:

ad c(h) K' aa |1 a K,(h) KJ -
axi "~~X. I x.

.1 ~~~~~~~~~~~(3.1)

[c(h) + P Ss a - S = 0

where Kr = relative hydraulic conductivity
h = pressure head
KV. = hydraulic conductivity tensor at saturation
c = specific moisture capacity
f3 = 0 if unsaturated; and 1 if saturated
Ss = specific storage
t = time
S = sink or source term
Xi = spatial coordinates

The code assumes a single-valued, monotonic relationship between water content and pressure
head for which linear interpolation is used to identify values between tabular data points.
UNSAT2 is applicable to a two-dimensional flow domain in which bulk flow is always parallel
to a vertical cross section.

To run UNSAT2 requires as input data the saturated hydraulic conductivity, specific storage,
porosity, relative conductivity versus moisture content data, and pressure head as a function of
moisture content. Compressibility effects on moisture storage are negligible in unsaturated soils.
Consequently, specific storage was assumed to be zero. All other data requirements were fulfilled
by the NMSU data.

3.1 UNSAT2 Simulations

The triangular finite elements in IJNSAT2 were formulated with linear basis functions.
Consequently, pressure head predictions are constrained to linear variation over each element.
Dense grid meshes are necessary in areas where spatial variations of pressure head are locally
nonlinear (e.g., 1) along no-flux boundaries, 2) along wetting fronts, and 3) along material
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interfaces). These considerations resulted in the formation of the grids for the simulation (Figure
3.1).

UNSAT2 allows the use of central or backward differences for approximating the time
derivative. The central difference approximation was selected to attain accuracy. A geometrically
increasing time step was used in all simulations.

All UNSAT2 simulations were performed with double-precision real words on a DEC VAX
station II. Grid specifications, time-stepping selected, and computational times are summarized
in Table 3.1.

Table 3.1 UNSAT2 Simulation Summary
Time Steps (s)

Case 4I(cm)Nodes Elements Maxi- Tolerance Initial Max Magnifi- Simulation Computa-tion
mum (cm) cation Length (d) Time (h)
Iterations

1 724 323 576 50 0.001 360 3600 1.09 7.0 0.167

2 10000 1419 2688 50 0.0001 0.86 3600 1.01 7.0 28

3 724 1794 3420 50 0.0001 360 1080 1.02 30 38

10000 -- -- -- -- --- -- -- ---

4 724 1794 3420 50 0.0001 360 1080 1.02 30 38

10000 --- --- -- -- -- -- --- --- --

3.1.1 Case 1 and Case 2 Results

The grid used for Case 1 consisted of 323 nodes and 576 elements (Figure 3.2). Most of the
nodes were concentrated in the top left corner of the model domain, in a dense mesh based on
25-cm grid spacing. After one day (Figure 3.2), the wetting front reached a depth of 0.6 m and
extended 0.5 m beyond the surface flux edge. After 7 days (Figure 3.3), the penetration was 1.8
m and the lateral movement away from the flux strip was 2.25 m. The additional mesh revealed
more curvature from the right edge of the surface flux down to the deepest penetration of the
wetting front. In general, flow directly beneath the flux boundary condition is vertical, as
evidenced by the horizontal pressure head contours in this area. Convergence was poorest along
the curved portion of the wetting front, where the solution is most sensitive to grid resolution.

Case 2 was used as the test of the low-water-content initial condition in a homogeneous soil.
The residual water content in this test is 0.050, as compared to the 0.096 average from the NMSU
transects. The extreme initial condition of -10,000 cm pressure head made it necessary to use a
very fine grid mesh (nodal spacing as small as 0.1 cm) in conjunction with an initial time step
of 1 to perform the 7-day simulation (Figure 3. lb). Furthermore, the 1419 nodes and 2688
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elements were used to model a subregion, i.e., a block 100 cm deep and 300 cm wide in the top
left corner of the problem geometry. Despite these refinements, the predicted solution
(Figure 3.4) is probably impractical because of a mass-balance error on the order of 50%.
UNSAT2 cannot compute mass balance and that ability should be added before any further
testing. The error was detected by comparing the boundary influx to the change in the volume
of water stored in the pores.

As another check of the UNSAT2 results, additional simulations on the homogeneous soil
column were conducted using the one-dimensional unsaturated flow code, UNSAT-H (Fayer et
al. 1986). For the relatively short time that was modeled, UNSAT-H was appropriate to describe
the vertical movement of water down the left boundary of the problem. Unlike UNSAT2, which
uses an iteration tolerance to determine convergence, UNSAT-H uses a mass balance criterion to
select time-step magnitude.

The UNSAT-H modeling used 53 nodes to represent the 650-cm soil column; nodal spacing
ranged from 0.1 cm to 50 cm. For the 7-day simulation of Case 1, UNSAT-H reproduced the
UNSAT2 prediction of a 1.8-m deep wetting front (Figure 3.5) with a relative mass balance error
of 0.02%. For the low-water- content case, UNSAT-H predicted a 7-day wetting front depth of
80 cm (Figure 3.6), which was double the LJNSAT2 prediction of 40 cm. Relative mass balance
error for UNSAT-H in this case was 0.004%.

Because UNSAT2 could not simulate the homogeneous soil at low water content, the remaining
simulations (i.e., Cases 3 and 4) were performed only at the 724-cm tension initial condition.

3.1.2 Case 3 Results

The layered soil model comprised three materials. Layer 1 was confined to the first 30 cm,
layer 2 the next 60 cm, and layer 3 the remaining 560 cm of depth (Figure 2.2) The parameters
for each material are summarized in Table 3.1.

Refinements to the homogeneous grid were necessary to address the material heterogeneities of
the layered soil model and to improve the resolution of the wetting front. For Case 3, the
resolution in areas of interest was based on a 20-cm grid spacing. This resulted in a grid with
1794 nodes and 3420 elements (Figure 3.1c). After 30 days, water had moved 550 cm down the
left boundary and 440 cm laterally away from the flux boundary near the wetting front where a
lack of convergence has caused sawtooth behavior to reappear. These deviations could certainly
be minimized by finer grid mesh; however, the tradeoff would be run times on the order of days
(Figure 3.7). It is our feeling that the lack of convergence near the wetting front does not detract
materially from the accuracy of the result.

Interestingly, drainage effects were seen near the bottom of the modeling domain during this
extended simulation. The uniform case in this study was not an equilibrium condition. Without
the flux boundary condition and given enough time, water would redistribute to balance the
gravitational effect on pore water. This was the case after 30 days, as evidenced by the appear-
ance of a horizontal contour representing -700-cm pressure head near the bottom.
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3.1.3 Case 4 Results

In this model, the grid and soil representation from the 30-day layered system was repeated,
with the addition of a high-conductivity block of soil embedded in the third soil layer (Figure
3.8). The conductivity in this zone was 10 times higher than the conductivity in layer 3. This
model was also simulated for a period of 30 days using the same-time step sizes. After 5 days,
water had not yet reached the high-conductivity zone and the results were identical to these of
the previous layered soil modeling (Figure 3.6).

After 10 days (Figure 3.9), there was a marked effect on the pressure head contours that passed
through the high-conductivity zone. As the wetting front moved through the zone, there was less
flow resistance; consequently, the distance between pressure head contours widened to reduce the
head gradient. The net effect was to almost define the high-conductivity zone by the sudden
changes in direction of the contours. Even after 30 days (Figure 3.10), the -100-cm and -150-cm
pressure head contours remained disrupted by the high-conductivity zone. The presence of the
high-conductivity zone did not significantly change the vertical penetration of the wetting front
after 30 days; however, the volume of the soil matrix affected by the constant flux boundary
condition was increased.

3.2 Discussions of UNSAT2 Simulations

Converged solutions were obtained using UNSAT2 for each of the three soil models when using
a relatively moist initial tension. The most difficult case (from a numerical standpoint) resulted
from a high, but realistic, tension head initial condition. Very fine grid mesh and small time steps
were necessary for UINSAT2 to model the 7-day simulation period under this initial condition.
The simulation required 28 hours of computational time on a VAXstation II and may have
uncovered a mass-balance problem in UNSAT2. Over half of the water entering the soil matrix
as surface flux could not be accounted for. (UNSAT2 does not monitor mass balance). The error
was detected by comparing changes in the soil matrix storage with the boundary flux. The error
in mass balance occurred only for the high-tension-head case. The effects of the mass-balance
error on the depth and rate of vertical wetting front movement were examined using UNSAT-H.
Further refinements to the grid spacing and time step to resolve this error would have led to com-
putational times approaching real time.

From the results of Case 2, it can be concluded that UNSAT2 does not perform well under dry
initial conditions. However, when using a initial condition of 724-cm tension, UNSAT2 appeared
to do a satisfactory job of simulating wetting front advancement. Although there are no field data
that can be used as validation of the simulation under these conditions, the results of the
TRACR3D simulations will be used to benchmark the results.
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4.0 Simulation of Infiltration into Dry Soils using TRACR3D

TRACR3D is a transient, multidimensional, variably saturated, two-phase flow and
multicomponent transport code for porous media. The code utilizes a finite-difference
approximation of the flow equation

aP "s) + V (Pe iQ) =eS (4.1)

where t = time
= porosity

pf = liquid density
oy = liquid saturation
V = the del operator
~EtQ = liquid mass velocity

SQ = liquid mass source or sink

An analogous equation is used for gas flow. Forward time-stepping is used for flow calculations.
A mass-balance formulation is computed to assess the accuracy of the simulation. Mass transport
is determined using either forward or central differencing time-stepping.

TRACR3D is a powerful, flexible, and data-intensive code that can handle a broad range of
isothermal flow and transport problems. Previous use by PNL has shown the code to be
particularly well-suited to infiltration into strongly heterogeneous, dry soils.

4.1 TRACR3D Simulations

Simulation of infiltration at the Las Cruces trench using TRACR3D required more data than that
provided by NMSU. To satisfy TRACR3D's input requirements, the following assumptions were
made: water temperature of 15'C and water viscosity of 0.0114 poise. Since TRACR3D does
not provide for a specified flux-boundary condition, it was necessary to assume that a specified
source in the top layer of the finite-difference grid was equivalent to flux entering the soil (i.e.,
infiltration).

Although TRACR3D uses finite-difference grids, the attempt was made to approximate the
finite-element meshes used in the UNSAT2 modeling as closely as possible. The philosophy of
using a fine grid in areas of rapid change was maintained (Figure 4.1). PNL's version of
TRACR3D is operated on CRAY X-MP48 computers with CTSS operating system. All
simulations were performed in this environment.

C8:28



Grid specifications, time-stepping, and computational times are summarized in Table 4.1.

Table 4.1 TRACR3D Simulation Summary

Time Steps (s)

Case Tension Nodes Mass Initial Maximum Magnifi- Simulation Computation
(cm) Balance cation Length (d) Time (h)

1 724 255 1.000 1200 2.16-104 1.10 7 <0.016

2 10000 4510 1.000 60 7.20-103 1.15 7 0.396

3 724 2376 1.000 1200 1.08-104 1.20 30 0.296

10000 2376 1.000 60 2.16-104 1.15 30 0.745

4 724 2376 1.000 600 2.16-104 1.30 30 0.164

10000 2376 1.000 60 2.16-104 1.15 30 0.669

4.1.1 Case 1 and Case 2 Results

Case 1 (724-cm tension, homogeneous soil) was simulated for 7 days using a 255-node grid.
The maximum spacings used in the grid were 200.0 and 100.0 cm in the horizontal and vertical
directions, respectively. In both the horizontal and vertical directions, 25.0 cm was the minimum
spacing used (Figure 4. la).

After 7 days, the wetting front had moved 125 cm vertically (i.e., progressed to 525 cm above
the bottom of the trench) and 100 cm horizontally (i.e., progressed to 325 cm from the left
boundary, see Figure 4.2). This movement is also shown in velocity vector plot (Figure 4.3).

As expected, Case 2 (10,000-cm tension, homogeneous soil) took more computational time than
Case 1 as a result of the drier initial conditions. The grid used was refined to 4510 nodes.
Minimum and maximum spacing were 5.0 and 100.0 cm, respectively, to account for the
additional nonlinearity expected in a drier system (Figure 4. lb). Both the vertical and the hori-
zontal movements of the wetting front were less than simulated in Case 1 (Table 4.2).
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Table 4.2 Results of TRACR3D Simulations

Case Tension
(cm)

Total Vertical
Movement*

(cm)

Total Horizontal
Movement**

(cm)

1 724 125 325

2 10000 100 250

3 724 650 500

3 10000 480 330

4 724 600 500

4 10000 480 475

* measured from the top boundary
** measured from the left boundary

4.1.2 Case 3 Results

The TRACR3D simulations for Case 3 were conducted successfully for both the 724-cm and
the 10,000-cm tension initial condition. The grid used for both simulations consisted of 2376
nodes (Figure 4.1c). Maximum and minimum spacings were 25.0 and 10.0 cm in both the
horizontal and vertical directions. The minimum node spacing was increased along the infiltration
strip to add more nodes in the center of the horizontal and vertical zones. This was necessary
to account for the heterogeneity of the system and to maintain computational efficiency.

The saturation contours (Figure 4.4) show vertical movement of the wetting front to the bottom
boundary. This indicates that the assumption that the flow field is not influenced by the bottom
no-flow condition is incorrect, at least with the 724-cm tension initial condition. Horizontal
movement of the wetting front is 500.0 cm. The velocity plot (Figure 4.5) shows similar results.

Using the 10,000-cm tension initial condition, the movement of the wetting front from the
infiltration source after 30 days is considerably less; 480 and 330 cm in the vertical and horizontal
directions, respectively. The effect of the heterogeneous layering is evident at both interfaces of
soils (30.0 cm and 60.0 cm) for both initial conditions (Figures 4.4 and 4.6). The no-flow
boundary condition at the bottom of the grid does not appear to be a problem for the simulation
with 10,000-cm tension initial condition.
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4.1.3 Case 4 Results

The same grid used in the Case 3 simulations was used for Case 4. When comparing vertical
and horizontal movement of the wetting front, the Case 4 results were not significantly different
from the Case 3 results for the 724-cm tension initial condition. Although the saturation contours
and velocity plot of Case 4 (Figures 4.7 and 4.8) show the effect of the high- conductivity zone,
no differences from the Case 3 results are apparent (Figures 4.4 and 4.5). The effect of the high-
conductivity zone on horizontal movement of the wetting front could be negligible because of the
"wet" initial conditions. The lack of vertical difference in wetting front movement between Case
3 and Case 4 could be a result of using a no-flow boundary at the bottom.

However, when the 10,000-cm tension initial condition is used, the vertical movement of the
wetting front is also identical for Cases 3 and 4 (480 cm). The heterogeneity of the system in
Case 4 does result in the horizontal movement of the wetting front to 475 cm, 145 cm further
than in Case 3 (Figures 4.9 and 4.10). In Figure 4.11, the effect of the high-conductivity zone
is shown by velocity vectors. The tenfold higher conductivity of this zone results in the direction
of the velocity vectors being more horizontal than in the surrounding soil.

4.2 Discussion of TRACR3D Results

As expected, TRACR3D did not experience any problems with the 10,000-cm tension initial
conditions. The mass balance was preserved for all simulations. Computation times were all less
than 1 hour of CRAY CTSS time [includes central processing unit (CPU), storage, and
input/output (I/O)]. Given that an hour of non-interactive CRAY time costs approximately $140,
the simulations ranged from a cost of $2.24 (Case 1) to $104.30 (Case 3, 10,000-cm tension).
Although costs will vary with the computer used, it is indicative of the computational intensity
necessary to simulate infiltration into dry soils. The trade-off of using a less costly (and hence
less powerful) computer would be considerably more computational time.

The results of Cases 3 and 4, using initial tensions of 10,000 cm, are compared with measured
data from the Las Cruces trench site in Table 4.3. In the TRACR3D simulations the resolution
of wetting front location is ± 25 cm, because of grid spacing. The simulated average pore-water
velocity ranges from 15.1 to 16.8 cm/d, resulting in faster average vertical pore-water velocities
than were measured. This range could be a result of using preliminary trench soil data. Given
the differences in the TRACR3D simulations with different initial moisture conditions, the faster
average vertical pore velocities could also be a result of starting with initial conditions wetter than
those at the Las Cruces site.
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Table 4.3 Comparison of Field Measurements with TRACR3D Results

Source Time (d) Average Vertical Pore-
Water Velocity (cm/d)

Measurements

Visual

Tensiometers

Neutron Tube

Average

65

50

40

51.7

9.8

11.0

13.7

12.4

Simulations

Case 3 (10,000 cm Tension)

Case 4 (10,000 cm Tension)

Average

30

30

30

15.1 - 16.8

15.1 - 16.8

15.9
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5.0 Summary and Conclusion

Two multidimensional, variably saturated computer codes (UNSAT2 and TRACR3D) were
selected and tested on preliminary data from the Las Cruces trench site in New Mexico.

Four test cases with initial conditions of 724-cm tension and 10,000-cm tension were designed
to test the ability of the codes to model water infiltration into layered soils. Both codes were able
to simulate the wetter initial condition relatively easily (i.e., 724-cm tension). However, UNSAT2
was not able to simulate the more realistic field tension of 10,000 cm. Mass- balance errors on
the order of 50% were observed, and prohibitively small grid sizes (1 mm) and time steps would
have been required to obtain converged solutions.

TRACR3D successfully simulated wetting front movement with the 10,000 cm initial condition.
No mass-balance problems were encountered. The simulations were computationally intensive,
however, costing on the order of $100.00 per run for the 10,000 cm tension initial condition on
a CRAY X-MP48.

From these initial simulations using UNSAT2 and TRACR3D to model infiltration into dry
soils, it can be concluded that UNSAT2 is not well suited for very dry soils. In contrast,
TRACR3D performed adequately and did not experience computational difficulties. Thus,
TRACR3D appears to be suitable for describing water flow in dry soil. The 30% overprediction
of pore-water velocities by TRACR3D is probably a result of the hydraulic property data, the
uncertainty of which was at least as large as the prediction error. To increase confidence in using
TRACR3D will require additional testing using the complete hydraulic property data set as it
becomes available.
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APPENDIX D: VARIATIONS OF HYDROLOGICAL
PARAMETERS OF TUFF AND SOIL

J. S. Y. WANG
Earth Sciences Division

Lawrence Berkeley Laboratory
Berkeley, CA 94720

(510) 486-6753

ABSTRACT

The saturated and unsaturated flow parameters of Yucca Mountain and Apache
Leap tuffs and Las Cruces soil are compared. The saturated permeability generally has
large variance, spanning over 2 to 4 orders of magnitude within each medium. Among
different media, the mean value of saturated permeability are approximately proportional
to the square of capillary radius. The capillary radius is determined by the unsaturated
characteristic curve. A simple relationship between the variance of saturated permeabil-
ity and the variance of pore-size distribution index is deduced from these data sets.
These relationships could impose constraints on the choice and scaling of hydrological
parameters for fractures, faults, or other units with scanty measurements.

INTRODUCTION

To model the flow through a fractured porous medium, we need to specify the
parameters characterizing the fractures and the matrix. In this study, we compare param-
eter distributions of tuff matrixl'2 with soil data3 . The constrast in hydrological parame-
ters between tuff matrix and soil may help us to understand the behavior of other hetero-
geneous systems: the fractured rocks4 or welded-nonwelded units bounded by faults5 6 .
The soil characteristic parameters have been used for representing fractures7 and for
characterizing nonwelded tuffs8 . The lack of data in fractures and faults is one of the
reasons we study the soil data9' 10.

HYDROLOGICAL PARAMETERS

In addition to saturated permeability k, and porosity 4, we need saturation charac-
teristic curve and relative permeability function to solve most numerical codes for unsa-
turated flow field. With pore geometry models, the relative permeability can be
expressed as a function of saturation . We focus on the parameters of the saturation
characteristic curve which determine the relative permeability function as well.

The saturation characteristic curve, also known as the moisture retention curve, is
the relationship of saturation, S, to the capillary suction pressure head, h. Various
empirical analytic functions have been proposed in the literature to quantify saturation
characteristics. Two popular functions are the Brooks and Corey model11 and the van
Genuchten model'2 .
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The Brooks and Corey model" is the power function of the form

[ 1 if IahI <1
e) h- if lah 121 (1)

and Se is the effective saturation

Se = SSr (2)

with the subscripts s and r indicating saturated and residual values, respectively. The
value of a is positive and the variable h is negative for a unsaturated state. The inverse
of the parameter cc, I h, I = acl, is frequently referred to as the air entry value or bubbling
pressure head in the soil literature. This is one interpretation for the parameter a or ht.
When suction pressure head h overcomes the air entry pressure h, ( h I>1 h, I), air
enters the pores and water flows out of the medium to initiate desaturation. This interpre-
tation is based on the cutoff separating the saturated region, Se= 1, from the desaturated
region, Se= I cah I -. Another interpretation for a is to treat it as a scaling parameter.
The saturation depends on ah together and not on a and h separately. Characteristic
curves with different a, but same X, can be scaled into one curve. We refer to a as the
capillary scaling factor.

If flow channels are represented by capillary tubes, we can define capillary radius by
the capillary equation

2cycosE3 2ocosO
rc = - ~ = -- a. (3)

pghc Pg

In this study, we use surface tension ; = 0.07183 kg Is2 , contact angle 0 = 00, water den-
sity p = 1000 kg /m 3 , and gravitational acceleration g = 9.80665 M/s 2 in calculating rc
from parameter hc or a. The capillary radius rc represents the largest pore radius in the
medium that is most easily drained in a desaturation process. With A, p, and g as con-
stants, rc is proportional to a. We can treat the capillary radius rc as a parameter
equivalent to the capillary scaling factor a.

The second parameter X is an index for pore-size distribution. The value of X must
be positive in Equation 1 to represent the physical situation in which saturation decreases
as suction increases (or pressure head becomes more negative). As suction overcomes
the air entry cutoff and progressively desaturates the medium, pores with progressively
smaller and smaller radii are being drained. If the index X is large, the saturation
decreases rapidly over a narrow range of pressure head. This is equivalent to a narrow
pore-size distribution. If the index X is small, the pore-size distribution is broad. Scaled
characteristic curves of effective saturation Se versus dimensionless pressure head I ah
for different X are plotted in Figure 1.

For media with broad pore-size distributions, a sharp cutoff at an air entry value
may not be well defined. Other empirical functions have been proposed to improve the
description of a moisture retention curve near saturation with cutoff-free, continuously
differentiable, smooth S-shaped features. The van Genuchten model12 has been popular
in recent years. In its general form:

Se, = [I + (I aXh j)n l-m 4

where a, n, and m are empirical parameters. We use the same symbol a in both Equa-
tions 1 and 4 to represent similiar empirical scaling parameters. Even though the van
Genuchten model does not have a cutoff at h = - 1/a, we still use Equation 3 to define an
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equivalent capillary radius with the van Genuchten a parameter.

In the range of large suction (large negative pressure head), Equation 4 asymptoti-
cally approaches a power function, and is approximately equivalent to Equation 1 with

X= mn. (5)

In a frequently used special case, van Genuchten reduces the number of empirical param-
eters by setting

m = 1--. (6)
n

With Equation 6, Equation 5 becomes

= n - 1. (7)

Like X, we also refer to n - I as a pore-size distribution index. Scaled characteristic
curves of Equation 4 with Equation 7 are shown in Figure 1 for different n values. For
physical characteristic curves with Se < 1, the value of n must be greater than 1. Brooks
and Corey curves and van Genuchten curves with equivalent pore-size distribution
indices are different in the small suction region near saturation.

PARAMETER CORRELATIONS

The Yucca Mountain1 and Apache Leap 2 tuff matrix characteristic curves and the
Las Cruces 3 soil characteristic curves have been analyzed with the van Genuchten model.
In this study, the capillary radius and the pore-size distribution index are plotted against
the saturated permeability for each core sample from these three different sites. For the
Yucca Mountain data sets, we used different symbols for the following four groups: (1)
welded tuff for units in the unsaturated zone, including Tiva Canyon welded unit (TCw)
and Topopah Spring welded unit (TSw); (2) nonwelded vitric tuff, including Paintbrush
nonwelded unit (PTn), Calico Hill nonwelded vitric unit (CHnv) and Crater Flats Upper
nonwelded unit (CFUn); (3) Calico Hill nonwelded zeolitic tuff (CHnz); and (4) welded
tuff for units below the water table, including Prow Pass welded unit (PPw) and Bullfrog
welded unit (BFw).

There are 26, 16, 17, and 7 core samples for each of the four groups, respectively.
The core samples were collected from three deep (up to 700 m) boreholes USW G-1, G-
4, and GU-3. For each core sample with saturation characteristic curve measured,
saturated permeabilities were determined on one to three subcores or wafers. The
corresponding numbers of data points for k, are 39, 22, 40, and 11 for the four groups,
respectively. The Apache Leap tuff set2 has 105 samples from nine 30-m deep slanted
boreholes. The Las Cruces soil set3 has 594 samples from the face of a 6-m deep trench.
For these two data sets, we did not divide the data points into groups.

Figure 2 is the log-log scatter plot of saturated permeability k, values versus the
capillary radius values rc for the three data sets of Yucca Mountain tuff, Apache Leap
tuff, and Las Cruces soil. Excluding the nonwelded vitric tuff data for the moment, the
data points for each group or set span 2 to 4 orders of magnitude in the y-axis (saturated
permeability k,) and up to 2 orders of magnitude in the x-axis (capillary radius rc or
capillary scaling factor a). Among very different soil and rock media, the mean value of
saturated permeability is approximately proportional to the square of the mean value of
capillary radius. The straight line in Figure 2 is the classical Poisseuille equation for a
single circular tube.
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Figure 3 is the log-log scatter plot of saturated permeability k, versus the pore-size
distribution index X. We do not expect from physical models and do not observe from
experimental data any correlation between the mean values of these two parameters.
However, the variance of log(k5 ) is proportional to the variance of log(x), as shown in
Figure 4. A simple equation

O0 g (ks,)44iog (X) (8)

is proposed. There is no similiar relationship between alog (k,) and qrog (re)' even through
the mean values are approximately correlated.

DISCUSSION

Although the number of data points are small, we analyze the nonwelded vitric tuff
data separately from the welded/zeolitized tuff data. Figure 2 shows that the characteris-
tics of nonwelded vitric tuffs are very different from those of the welded or zeolitized
tuff. The nonwelded vitric tuffs have very scattered values for the saturated permeabil-
ity, covering 6 orders of magnitude for the data of PTn. On the other hand, all these
nonwelded vitric tuff samples have similiar values of capillary radius. It is interesting to
measure more nonwelded vitric tuff samples to determine statistically meaningful distri-
butions of both the saturated permeability and the unsaturated parameters. If there is a
need to further divide the nonwelded units into finer subunits13 , more characterization of
these hydrological properties are needed.

The welded tuff and the zeolitized tuff in the unsaturated zone at Yucca Mountain
have similiar saturated permeability values and unsaturated parameters. For practical
purpose, we could combined these units into one broad class as an approximation. The
welded/zeolitized tuff at Yucca Mountain, together with Apache Leap tuff and Las
Cruces soil, support very crudely the simple proportionality between saturated per-
meabilty and capillary radius squared. For stochastic modelings of very heterogeneous
systems, we propose to impose this correlation on the mean values of saturated permea-
bility and capillary scaling parameters between domains of very different media. Within
a given medium, there is no apparent correlation between these two parameters from the
data sets and uncorrelated samplings could adequately represent the data variability.

The Apache Leap tuff2 and the Las Cruces soil3 have very similiar variances in
saturated permeability and in pore-size distribution index, as shown in Figure 4. Both
field field studies systematically collected the core samples in well-defined domains. The
near-equality of these variances from two very different media at two different sites leads
to the proposition of Equation 8. The variances of welded/zeolitized tuff and nonwelded
vitric tuff lend further support for this relationship between the variance of saturated per-
meability and the variance of pore-size distribution index.

For N samples of a given medium, we have 3N parameters with each sample having
one ks value and two unsaturated characteristic parameters X and rc (or Cx). In the Miller
and Miller14 scaling theory for porous medium, the relative pore structures at different
magnifications are assumed to be the same. This is equivalent to the assumption that the
pore-size distribution index is a constant for a given medium. Then for N samples, we
have 2N+1 parameters with one , value for all samples. The results presented in this
study suggest that the pore-size distribution index does vary within a given medium. It is
correlated with the variation of the permeability. Such a correlation between the vari-
ances of different parameters are not generally obvious from multi-variance correlation
analyses with traditional statistical programs.
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Correlations of the mean values and variances between flow and pore-geometry
parameters can lead us to better quantification of heterogeneous flow fields and better
understanding of the scaling laws of hydrological properties. The simple relationships
among the permeability and pore-geometry parameters, in inter-medium mean values and
in intra-medium variances, shall motivate more general scaling theories and approaches
to quantify hydrological processes through heterogeneous geological formations.
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Figure 1. Scaled Characteristic Curves of van Genuchten Model and Brooks and Corey Model.
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Figure 2. Correlation Between Saturated Permeability and Capillary Radius.
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