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Figure 16- Observed and simulated pressure variation versus time for USW NRG-4 for cross sectional case
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Figure 18- Observed and simulated pressure variation versus time for USW NRG-4 for cross sectional case. Tunnel
nodes are inactive.
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Figure 20- Observed and simulated pressure variation versus time for USW NRG-4 for cross sectional case. Tunnel 
nodes are active.I
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Figure 2 1- Observed and simulated pressure variation versus time for tunnel nodes. 
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Figure 22 - Observed and simulated pressure variation versus time for USW NRG-4 for cross sectional case. Tunnel
nodes are wealdy connected to the atmosphere.
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SECTION 1: PHYSICAL AND MATHEMATICAL
CONCEPTS USED

1.1 INTRODUCTION

This document is a complete user's manual for A-TOUGH. This code is an

enhanced version of the V-TOUGH and TOUGH codes which provides

atmospheric modeling capabilities. A-TOUGH was developed as part of an

ongoing study at Area of the Nevada Test Site in support of low-level

radioactive waste management activities for the Department of Energy being

performed by Reynolds Electrical & Engineering Company, Inc. (REECo). This

manual incorporates documentation from the previously developed codes along

with the documentation of the new developments made as part of the present study

to relieve the reader from referring back to the previous reports. However, many

articles have been published on theoretical aspects of the previous codes that are

only summarized in this manual.

1.1.1 ORGANIZATION OF THE DOCUMENT

This document is divided into two sections. Section 1 describes some theoretical

and historical background to familiarize the reader with previous works. It should

be noted, however, that this section is not intended to provide a comprehensive

treatment of the subject and the reader is encouraged to review the list of
references that were consulted during the development of the code and are listed in

the references section. Some of these references are cited throughout the

document

Section 2 provides details regarding use of the code. This section is intended to

provide as much detail as necessary to apply the code as well as provide the user

with information that may be needed to continue with modifying the code.

1.1.2 RATIONALE BEHIND DEVELOPING A THREE-DIMENSIONAL
SIMULATOR
Due to extreme humidity, temperature, and pressure fluctuations in the atmosphere

and near-ground surface soil conditions in desert environments, the need for a

multidimensional code that would provide the capability of simulating transport of

By: Multimedia Envirunmental Technology, Inc.
28June. t995
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water vapor and heat under extreme atmospheric conditions more realistically than

the existing unsaturated flow simulators was recognized. Previous investigators

such as Fritchen and Van Bavel (1962), Conway and Van Bavel (1967), Van

Bavel and Hillel (1976). Sophocleous (1979). Milly and Eagleson (1980),

Lindstrom and Piver (1985), de Silans et. al. (1989), and others have also

recognized this need but their developments have been focused on one-dimensional

simulations and have made simplifying assumptions with regards to either the

thermodynamic processed in the soil or in the atmosphere. A multidimensional

simulator with realistic thermodynamic simulation capability is required to

understand the effect of the variability of the near-surface atmospheric phenomena

on the evaporation from and infiltration into heterogeneous porous and fractured

media, especially with subsurface installations such as a waste trench or with a

rough mountainous terrain.

A majority of existing multidimensional unsaturated flow codes simulate

evapotranspiration processes by either constant potential, constant flux, or mixed

boundary conditions. In all cases, the flux through the soil layer, the capillary

pressure, or humidity (which in turn is used to calculate the capillary pressure at

the surface) must be known a priori. However, in nature the flux through the soil-

atmosphere boundary is determined by near-surface dynamic and coupled

processes and is not known a priori. These fluxes of vapor and heat are functions

of soil properties as well as the properties of the atmosphere. Therefore, the near-

ground surface atmosphere and soil should be simulated as a coupled system and

not as a Dirichlet or Neumann boundary. This requires a thermodynamically

robust and complete code with efficient computational capabilities.

Simulation of thermodynamic processes in subsurface porous and fractured media

is well-advanced in the field of geothermal energy. The objective of the present

study is to use this vast body of knowledge along with the knowledge available in

soil physics to develop a three-dimensional, fly-coupled, soil-atmosphere

multimedia model that takes into consideration the thermodynamic processes near

such a boundary. The original geohrmal code chosen for this endeavor is V-

TOUGH (Nitao, 1989). This choice was based on studies that focused on

evaluating many similar codes and benchmarking selected ones (Fluor Daniel,

1991; Multimedia Environmental Technology, 1993).

By: Mulfinedia Environmental Technology. Inc.
28June. 1995
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1.1.3 HISTORICAL BACKGROUND

TOUGH, which stands for Transport Qf Unsaturated Qround water and Heat, was

developed by Pruess (1985 and 1987). It was later modified by Nitao (1989) to

optimize the code CRAY and other computers with parallel processing capabilities

(thus, the acronym V-TOUGH) and to incorporate some new features. In the

present study, V-TOUGH is modified to provide capability to simulate near-

ground surface, coupled dynamic Atmospheric conditions (therefore, the acronym

A-TOUGH).

TOUGH has a long history of development. Most of the development of the

concepts and ideas was performed at Lawrence Berkeley Laboratory under the

technical direction of Drs. Karsten Pruess and T.N. Narasimhan. Narasimhan et.

al. (1978) developed an unsaturated flow code (TRUST) based on the integrated

finite difference technique originally developed by Edwards (1972) for the heat

flow code TRUM.

Pruess and Narasimhan (1985) presented a Multiple Interacting Contixma (MINC)

method which they applied to numerical simulation of heat and multiphase fluid

flow in multidimensional, fractured porous media. TOUGH is a member of the

family of multi-phase, multi-component codes including MULKOM (Pruess,

1988), which was developed at Lawrence Berkeley Laboratory primarily for

geothermal reservoir applications (Pruess et. al., 1980). Because the equations

governing geothermal (steam and water) flow and energy transport processes are

the same as those of multiphase (vapor and water) flow and energy transport

through unsaturated soils, TOUGH has been applied to a variety of studies related

to high-level and low-level radioactive waste disposal issues (Pruess and Wang,

1984; Pruess, Tsang, and Wang, 1985; Holford and Fayer, 1990; and Pruess,

1990).

TOUGH was modified at Lawrence Livermore National Laboratory (LLNL) to

optimize its performance for large-scale simulations and to incorporate some new

features (Nitao, 1989). This was accomplished by vectorizing TOUGH to run on

the CRAY and other parallel processors which considerably has improved the

performance of the code by 20 to 30 times (Multimedia Environmental

Technology, 1993). In addition, new features, such as the vapor-pressure

lowering effect, were incorporated into V-TOUGH that can also be found in

By: Multimedia Environmental Technology, Inc.
2SJune, 1995
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TOUGH2 (Pruess, 1991), MULKOM (Pruess, 1988). and some unreleased

versions of TOUGH (Karsten Pruess, Lawrence Berkeley Laboratory, personal

communications, October, 1993; and Pruess et. al., 1985).

A thorough review of multidimensional, multiphase flow and energy transport

codes revealed V-TOUGH to be an efficient version of TOUGH. V-TOUGH was

chosen to be modified to incorporate atmospheric boundary effects by using eddy

diffusivity as the mass and the energy transfer coefficient. The resulting code, A-

TOUGH (Atmospheric TOUGH), facilitates implementation of dynamic boundary

conditions without requiring multiple restarts of simulations. This requirement,

which is very inefficient, is a limitation of using TOUGH, V-TOUGH, and

TOUGH2 for simulation of dynamic boundary conditions. Moreover, these codes

do not provide means by which eddy diffusivity can be implemented or changed

dynamically.

12 UNDERLYING PHYSICS AND PRINCIPLES

1.2.1 CLASSICAL TREATMENT OF FLUID FLOW IN SOILS

Soil physicists and hydrologists have used Richards' equation (Richards, 1931) for

decades to model fluid flow through unsaturated soils:

ae ax [K(W )ax] (1)

Where is moisture content, K is hydraulic conductivity, v is the "negative

suction head" or capillary pressure head (in more general terms, v is manic

potential; Hillel, 1980), x is distance, and t is time. The basic assumptions in the

derivation of Richards' equation (which describes horizontal flow of water) are:

* Air phase is stagnant;

* Air pressure is at atmospheric pressure of 1 bar; and

* Flow is isothermal.

Implementation of boundary conditions to Eqn. 1 can only be made through

moisture content (liquid flux) or hydraulic head. Numerous procedures have been

develped over the years to link evapotranspiration, which is a thermodynamic

process, to the soil moisture flux in Richards' equation. Lappala et. al. (1987)

review some of these procedures.

By: Multimedia Envirnental Tedmlogy, Inc.
30 June, 1995
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Philip and de Vries (1957), Sophocleous (1979), and Mlly (1982) have developed
procedures for approximating non-isothermal flow of water vapor, liquid, and heat

in soils. Their equation is as follows:

4vap = -DatmVTOaVP (2)

Where 4.p is the vapor flux density, Datm is the molecular diffusivity of water

vapor in air, is tortuosity factor, a is the volumetric air content of the medium,

p is the density of water vapor, and v the "mass-flow factor" introduced to allow

for the mass flow of vapor arising from the difference in boundary conditions

governing the air and vapor components of the diffusion system. Eqn. 2 is

equivalent to Ficks first law of diffusion with the effective air diffusion coefficient

of DannVTra-

The model of Philip and de Vries (1957) allows flux due to a temperature gradient

(which, strictly speaking, is a convective term) in the diffusion equation above. In

TOUGH, V-TOUGH, and A-TOUGH, vapor diffusion is assumed to occur only

as a result of the concentration gradient (vapor density gradient). It is this portion

of the vapor mass transfer that is referred to as "diffusion" since convective

transport of vapor is already accounted for under the thermal gradient as will be

discussed in the following sections.

Philip and de Vries (1957) present a treatment of Eqn. 2 for analytical solution

using the chain rule to explicitly associate the density as a function of temperature,

humidity, and moisture content They used Kelvin's relationship:

P=Kh =p exp(RT) (3)

where p , is the saturated water-vapor density, h is the relative humidity, g is

acceleration due to gravity, R is the gas constant, and s is the capillary pressure (
v 0). Eqn. 3 can be written in terms of the density gradient:

Vp = hVp,,, + pVh (4)

By assuming -= 0, they derive the following relationship:
aT

By: Muhimedia Environmental Tecinology, Inc.
30June, 1995
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Vp = '-a2 VT + gp EVO (5)
aT RT ao

This equation, along with Eqn. 1 and Darcy's law, describes the simultaneous flow

of moisture, vapor, and heat in the unsaturated zone. Such treatment is not

necessary in application of numerical methods because the equations describing

density-dependent flow can be solved numerically. These equations are

traditionally expressed in soil physics and hydrology as partial differential

equations as follows:

For the liquid phase:

a(SP) = a + (Ia aK a + a KB a ) +Q1 (6)at ax ax ai a( az

For the air phase:

a(sp8) Ka '' a K a'si' a a's Qs(7
at ax y 4 a az ) Q (

where:

'Pp =L+Z (8)
Ppg

Where So is the saturation of phase p (I = liquid, g = gas), p is the density of

phase A, Pp is the pressure in phase P and is equal to PCapp + P (i.e., the sum of

capillary pressure and a reference phase pressure; e.g., Pa + Pmp w = P) Q is

the volumetric transfer between phases, and Kp, is the effective anisotropic phase

conductivity which may be expressed as:

KP = . Po (9)

Where k is the intrinsic permeability of the medium, k0 is the relative permeability

of the phase A. and g, is the viscosity of phase . Eqn. 9 divided by density is

also referred to as the "mobility factor" in reservoir engineering literature.

Coupling the above equations with the energy transport equation (Huyakorn and

Pinder, 1983) results in:

By: Multimedia EnvhwnntalTenology, Inc.
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(I - OP, DES + SIP, IE, + S8P9 D + a (qsi + qu + qgi)

_(( -)P.Q. + SIPIQI + S8PBQg) = 

which can be solved numerically with full dependency of density on temperature

and pressure. In Eqn. 10, subscripts and superscript s, I, and g denote the solid,

liquid, and gas phases, respectively. E is the internal energy, q is heat flux vector,

Q is total rate of heat exchange with external sources, S is saturation of the phase,

and the total derivative operator term is defined as:

Dp( ) + )Vp ( (l
Dt at so axi

1.2.2 TOUGH AND V-TOUGH

The following is an expansion of Pruess (1987) and is provided for the sake of

completeness. An attempt is made to present the mathematical model of TOUGH

in terms that are more familiar to soil physicists.

Although TOUGH was developed to simulate high temperature conditions

encountered in geothermal reservoirs, its capability of simulating transport under

very dry conditions efficiently has made it a useful tool in the simulation of water

and vapor flow through soils under conditions encountered in hot and arid

climates. TOUGH considers transport of water vapor and air components

separately since it simulates simultaneous flow of the liquid water (with dissolved

air) and the gas (air-vapor mixture). The physical processes simulated and

accounted for by TOUGH are as follows:

* Fluid flow in liquid and gaseous phases under pressure,
temperature, and gravitational potential gradients in
anisotropic and fractured media;

* Binary diffusion in the gaseous phase;

* Variation of permeability as a function of capillary
pressure;

* Capillary and phase adsorption effects;

* Variation of thermophysical properties of liquid water and
vapor according to steam tables with experimental
accuracy;

By: Multimedia Environmental Technology, Inc.
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* Conductive and convective heat flow;

* Sensible and latent heat flow;

* Flow in one-, two-, or three dimensional space; and

* Porosity changes due to changes in pore pressure and
temperature-related expansions.

V-TOUGH accounts for additional physical processes such as the vapor pressure

lowering effect and Knudsen diffusion (also know as the Klinkenberg effect).

Additional features and options are discussed in the following paragraphs.

Equations for mass and energy balance used in TOUGH and V-TOUGH are

(Pruess and Narasimhan, 1985; Pruess, 1987; and Pruess and O' Sullivan, 1992):

d JM()dv = jF) i ME+ Jq(c)dv (12)

(x--1: water. r--2: air, and K--3: heat)

Where M is the mass (c=1 and 2) or energy (c=3) accumulation term, F is the flux

tern, q is the volumetric source or sink term, Vn is the volume of integration, rn is

the surface of integration, and n is the unit outward normal vector to rn

The M in Eqn. 12 for fluids can be expressed as:

MW =0(SpIXW +S8pRX W) (13)

while for the soil air:

M = (SIPIX" + Sap, Xa) (14)

X,' is the mass fraction of water in the liquid phase, X,"' is the mass fraction of

water in the gaseous phase, X,' is the mass fraction of air in the liquid phase, and

X.' is the mass fraction of air in the gaseous phase. From Eqns. 12, 13, and 14 it

is evident that TOUGH accounts for transport of water and air as dissolved

constituents in both phases. In traditional soil physics (Eqns. 6 and 7), solution

and dissolution of the components in different phases are not normally considered;

therefore, the mass fraction of the foreign phases are set to zero in Eqns. 13 and

14 which results in expressions equivalent to the left-hand side of Eqns. 6 and 7.

Oldenburg and Pruess (1993) show the equivalency of the integral form (Eqn. 12)

with the partial differential form of Eqns. 6 and 7.

By: Multimedia Environmental Tedmology, Inc.
30 June, 1995
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The fluid flux term in TOUGH (Eqn. 12) is:

pid) = -k C pX1W(VP, -pig) (15)
ILI

The water vapor flux term is

,()= -kks' pX(w)(VP, -psg) - DpVXlw) (16)
I-LS

and the moist air flux is defined as

(a) = -k k,8 pzXsa)( VP -pg)-DpVX8() (17)

The second term on the right-hand side of Eqns. 16 and 17 are binary diffusion

terms. Dva is the binary vapor diffusion coefficient:

D. =#S8D.0 P T+273.15 (18)
PI 273.15j

where r is tortuosity factor, P is ambient pressure, T is ambient temperature, D.'

is the air/vapor mixture diffusion coefficient (2.13x10-5 m2/sec at Po=I bar and T

= 0 (C ), and 8 = 1.8 (Pruess, 1987).

Eqns. 16 and 17 are basically Darcy's law combined with Fick's first law of

diffusion. Traditionally, these equations are substituted into the continuity

equation (Huyakorn and Pinder, 1983):

- a-V-(plVO))= -V-(F)= a (poSp) (19)

to arrive at Eqns. 6 and 7. In TOUGH, this differentiation step is performed
numerically on the integral form of the continuity equation (Eqn. 12).

Eqn. 12 also applies to the energy balance and transport. This equation can be

written in its expanded form as:

By: Multimedia Environmental Tedmology, Inc.
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d {(')PRCRT+.r Splup )}dV
dtv. -4(20)

|I-K(S1 )VT+ E E hpK)PK) -idr+ Jqdv
P-g wwairwvarWer Vn

where PR is rock grain density, CR is rock specific heat, T is temperature, u is

specific internal energy of phase A, h(K) is specific enthalpy of component in

phase A, and K is heat conductivity of the rock fluid mixture which is a function of

liquid saturation and following Somerton et. al (1973, 1974) can be chosen to have

the following expressions (Pruess, 1987):

K(S,) = Ko +S, X (K, -Ko) (21)

K(S) = Ko +4; X (K, - Ko) (22)

where Ko is the dry thermal conductivity and Ks the thermal conductivity at

saturation.

The vapor pressure lowering effect was introduced to the original formulation of

TOUGH in V-TOUGH by Nitao (1989). It is implemented by lowering the

saturated vapor pressure through Kelvin's law as described by Eqn. 3.

1.2.3 A-TOUGH

A-TOUGH was developed to take advantage of the efficient numerical techniques

used in TOUGH and the efficient computational techniques used in V-TOUGH to

solve non-linear thermodynamic equations that govern flux of vapor and energy

within subsurface media and between the soil and the atmosphere.

The problem of interfacing the atmosphere to the soil layer is that, although the

flow of liquid and gas phases through soil can be considered laminar in most cases

near the interface with the atmosphere, the flow of air in the atmosphere is

turbulent even during the calmest days (Brutsaert, 1982; Peixoto and Oort, 1992).

The transport of vapor in the atmospheric boundary layer near the ground surface

is very fast and occurs as a result of eddy diffusion, which is the mixing process

between adjacent layers of the air stream having different velocities. The

mathematical description of the transport of vapor and other compounds across

layers of fluid in turbulent conditions has been the subjet of studies in chemical

By: Multimedia Environmental Techoloa, Inc.
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engineering for a number of years (Bird et al., 1965). Exact mathematical models

of such systems require solution of the Navier-Stokes and material and energy

balance equations. This is a very difficult task even for simple systems.

Numerical solutions are implemented in atmospheric sciences but are not practical

for application to simple evaporation from the soil due to extensive computer

requirements. The eddy diffusivity simplification has been used instead to

describe mass and energy transfer across the atmospheric boundary layers in

turbulent conditions (Bird et al., 1965; Brutsaert, 1982; and Peixoto and Oort,

1992). The transport of vapor from the molecular sublayer to the atmosphere is a

function of surface roughness, wind shear, and thermal stratification as well as the

humidity (or vapor concentrations) gradient. Therefore, the rate of vertical vapor

transfer (or evaporative flux) is given by:

= -D.' a k (23)

and

p(z) = p (z)h(z) (24)

where p is vapor density, p. is saturated-vapor density, is unit downward

vector, and h is relative humidity. Eqn. 23 is similar to Ficks law except that the
molecular diffusion coefficient is replaced with D.*,, the eddy diffusivity. Eddy

diffusivity is not a constant but varies with temperature and wind speed.

Therefore, in order to couple soil processes with atmospheric processes, in

addition to the boundary conditions, the eddy diffusivity and the thermal

diffusivity parameters must be varied dynamically. The boundary primary

variables can be set as temperature, pressure and humidity (or mass fraction).

Neither TOUGH nor V-TOUGH (nor any other fully-coupled multi-dimensional

two-phase flow and energy transport code that was available at the time of this

study) provide a means to allow simultaneous dynamic variation of the boundary

conditions and the eddy diffusion coefficients. Although Eqn. 23 is already

implemented in TOUGH and V-TOUGH as binary diffusion, the diffusion

coefficient is the effective diffusion through soil (Eqn. 18) which does not provide

the flexibility for representing eddy diffusivity. V-TOUGH allows time-dependent

boundary conditions through the use of ADJPV option (see Section 2 for detailed

By: Multimedia Envisonmnntal Technology, Inc.
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description); however, using this option to couple the atmosphere-soil interface

dynamic boundary results in meaningless output during phase transition. This is

because linear interpolation is used between given boundary points and during

phase transition it would cause interpolation of physical states between single and

two-phase conditions. In A-TOUGH, this phase transition is not allowed and the

interpolation is accomplished by using the cubic spline routine.

Therefore, in order to take advantage of the existing solution routines in V-

TOUGH, to preserve efficiency without introducing another set of equations and

solution algorithms, and to allow for proper interpolation of the dynamic physical

parameters at the boundary, a routine was introduced that implements the eddy

diffusion coefficient instead of the soil diffusion coefficient whenever the transport

calculation is performed for soil to atmosphere and atmosphere to atmosphere.

With this implementaton, vapor transfer can occur both horizontally and

vertically (or any other direction perpendicular to the interface selected by the

user) depending on the boundary conditions imposed by the user without phase

change (the atmosphere is always treated as single phase). In other words, the

atmosphere can be simulated as a separate three-dimensional medium with its own

dynamic processes.

In order to provide dynamic boundary conditions, a major modification was made

to V-TOUGH in which at every time step a splining routine estimates the

temperature, humidity, pressure, and eddy diffusivity from a table that the user

provides for variation of these parameters with time. The table can be at random

time intervals. The values of these parameters are used to update the system

driving variables (temperature, humidity, and pressure) for a set of boundary

nodes. The splined eddy diffusivity is updated for both boundary and internal

atmospheric nodes.

Eddy diffusion principles described above can also be used to approximate

transfer of sensible heat across atmospheric layers with turbulent flow (Peixoto

and Oort, 1992):

SH(z) = (2pc a ) (

By: Multimedia Enviiumental Technology. Inc.
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where KH is the eddy diffusion coefficient for heat (which in this case is set equal
to Dx,,,), p is the density of air, Cp atmospheric specific heat at constant pressure,

T is temperature, k is unit vertical downward vector, and z is vertical distance

above the ground surface. Therefore, eddy diffusivity heat transfer is analogous to

heat conduction with effective thermal conductivity calculated for the atmospheric

nodes as:

Kah, = D;PCp (26)

A new function was also introduced in A-TOUGH for the thermal conductivity to

supplement the two previous options. The experimental results given by

Sepaskhah (1974) are used as follows:

K(S,) = 418760 * (0 + 1. 4093S 1~ in J/m-sec-°K (27)

Parameters used in this equation are as described above.

A concern may arise when simulating the atmosphere with V-TOUGH and

TOUGH as a result of harmonic averaging of the hydraulic parameters.

Modifications had to be made to prevent the liquid flow into the atmospheric

elements as a result of harmonic averaging and upstream weighting of the

conductivities. In V-TOUGH, there is no direct way to disconnect the fluid flow

into the atmospheric node except by setting the hydraulic conductivity of the

atmospheric elements equal to zero. The following is the rationale and explanation

for the approach used in A-TOUGH.

Harmonic averaging of the two elements is shown in Figure 1.1 and is given by the

following equation

d d 2 = + 

kegs ki.,, knol (28)

where:
kequ = equivalentpermeability

klair liquid permeability for the atmospheric element

ksoil = liquid permeability for the soil element

By: Multirnedia Environmental Technology, Inc.
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di ATMOSPHERE

d2

SOIL

Figure 1.1 -Schematic diagram of adjacent atmospheric
and soil nodes in V-TOUGH and A-TOUGH.

When the liquid permeability of air (klair) is set to zero, the limit of the equivalent

permeability also goes to zero, regardless of the soil permeability:

lim. k, = Alim d+ d, = = (29)

kin;, kd

Therefore, setting the liquid permeability of the atmospheric cell to zero ensures

that liquid does not flow from the soil to the atmosphere.

Another situation in which the original formulation of V-TOUGH and TOUGH

may allow liquid to flow into the atmospheric lement is associated with the

upstream weighting factor. The upstream weighting can give weight to the liquid

permeability of the soil when the hydraulic gradient (gradient of capillary pressure

head plus elevation head) is towards the atmosphere (upward) and, therefore, may

result in upward liquid flux into the atmosphere which is not desirable.

Upstream weighting is calculated on the mobilities of the fluids as follows:

X, =-I[(I + a)Xut. + (-adi.t,] (30)

where X,, is the up-weighted mobility factor (permeability divided by viscosity)

and a is the upstream weighting factor. In simulations, the upstream weighting

factor should be set to 1 which results in:

By: Multimedia Environmental Technology, Inc.
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X, = [(+)A.,,, +(-l),, 0 o1 ] = X,, (flowis downward) (31)

k = I [(1 + 1)X,, + (1- 1)X,,,,] = X, (flow is upward) (32)

where X, is the air mobility factor and X,.,, is the soil mobility factor. This

means that when the hydraulic-head gradient is upward (toward the atmosphere),

the mobility of the fluids in the soil determines the flow and when the potential

head gradient is downward, the mobility of the fluids in air determine the flow.

Upstream weighting is also done for the diffusion coefficient which can bias the

diffusive flux of water vapor and air between the soil and the atmospheric

elements. In this case, it is desirable to have bi-directional flow between the

atmosphere and soil elements. However, the upstream weighting factor causes

misrepresentation of the eddy diffusivity of the atmosphere. In A-TOUGH this

upstream weighting is disallowed for the atmosphere-soil elements to prevent

this from happening.

In these simulations, upward gradients in the liquid phase into the atmospheric

element are not allowed to develop as explained below.

For atmospheric simulations, the relative conductivity function type "number two"

of TOUGH is used. This type curve should be used for atmospheric elements and

is:

k,,= S1' (33)

ka,. = 1 (34)

where kd is the relative liquid permeability, ki,. is the relative air permeability, S,

is liquid saturation which should always be set to zero or a very small number for

the atmospheric element. Therefore, the relative liquid permeability of the

atmosphere is always set to zero (by raising a very small number to the power

100) and the relative air permeability is always at 1. The capillary pressure of the

atmospheric air should almost always be set to a maximum, for example, at -1

pascal (-0.01 cm). These provisions cause the atmospheric element that is located

at a small distance (e.g., at only 0.02 cm above the soil surface to provide a

By: Multimedia Environental Tectnolopy, Inc.
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downward hydraulic gradient (due to gravitational force) even if the soil becomes

saturated (zero capillary pressure). In equation and numerical form:

h h, = 0-(-0.01+0.02)/0.02 = 0.01/0.02 = 0.5 (downward)

VI

A downward hydraulic gradient guarantees zero air-liquid permeability because

Eqn. 31 prevails and according to Eqn. 33, liquid relative permeability of the

atmospheric element is almost zero. Therefore, regardless of the conditions of the

soil, there is never an exchange of liquid between the soil and the atmospheric

element. Rainfall should be added directly into the uppermost soil layer as an

equivalent mass of water for the hour that the rainfall occurs. This is

accomplished by using the GENER function of TOUGH and V-TOUGH which

allow sources to be added to the nodes dynamically.

To the knowledge of the authors, this unique method that takes advantage of

TOUGH (and V-TOUGH's) capabilities has never been used before in attempts to

simulate atmospheric effects using TOUGH or V-TOUGH or any other three-

dimensional, multiphase flow and heat transport code. Previous simulations of

atmospheric effects by Tsang and Pruess (1990a. 1990b) with TOUGH used

Kelvin's equation to calculate the influence of the humidity in the atmosphere on

the capillary pressure in the top soil layer. In previous works using TOUGH, no

attempt has been made to simultaneously vary all the primary variables

(temperature, pressure, and humidity) in the atmosphere over time.

Eddy diffusivity concept coupled with variations of Philip and De Vries (1957)

equations has been used by many previous investigators in one-dimensional

formulation of the heat, liquid water, and water vapor transport between soil and

atmosphere.

1.3 BOUNDARY AND llIAL CONDITION

Boundary conditions are set in A-TOUGH in the same manner as the original

TOUGH and V-TOUGH by using boundary nodes. To allow for constant

pressure and temperature, large volumes should be specified for the boundary

nodes. This provides a large capacity for both mass and energy storage which

results in maintaining a constant potential regardless of the amount of mass or

By: Multimedia Envirnmental Technology, Inc.
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energy that other adjacent nodes might transfer to these large-volume boundary

nodes. However, it should be noted that the transfer rate is only controlled by the

interface area and the distances set between the nodes and the interface and is not

affected by the volume. In A-TOUGH, when the ATMOS control code is used,

the nodes with volumes larger than 0.5x1030 rn3 are set as atmospheric boundary

nodes . Otherwise, the atmospheric type nodes are treated as internal atmospheric

nodes with eddy diffusivity as the vapor mass and sensible heat transport

coefficients.

The user should set the upper time-step limit (DELTMX in PARAM.2 Card) to be

equal to or smaller than the smallest time interval by which the boundary

parameters are changed. For example; if eddy diffusivity is updated on an hourly

basis, DETMX should be less than or equal to 3600 seconds.

Sources and sinks are used at the boundaries to implement a flux boundary

condition (Neumann type; e.g., rainfall and solar radiation). Rainfall is introduced

as a water mass source into the upper soil layer. Solar radiation is also defined as

a heat source at the upper soil layer.

1.4 NUMERICAL APPROXIMATION AN NUMERICAL
SOLUTION METHODS

TOUGH's original numerical discretization methods are preserved in V-TOUGH

and A-TOUGH. Equations described above are discretized using the itegrated

finite difference approximation in TOUGH. Some modification of the solution

algorithms were made in V-TOUGH. V-TOUGH is also vectorized to make it

more suitable for parallel processors. Three additional solution schemes for

solving the simultaneous equations are provided in V-TOUGH instead of the M28

package of TOUGH. A-TOUGH inherits the numerical procedures used in V-

TOUGH.

Details of the numerical approximation used in TOUGH and V-TOUGH are

included here for completeness. No modification to the numerical procedure in V-

TOUGH was made when developing A-TOUGH. Modification of the numerical

procedures was not necessary since the code selection process (Multimedia

By: Multimcdia Envirnncrtal Tedmology, Inc.
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Environmental Technology, 1993) was aimed at selecting a code that would not

need extensive modifications. Following is an excerpt from TOUGH manual

(Pruess, 1987):

'The continuum equations (Eqn. 12) are discretized in space using the ntegral
finite difference" method (Edwards, 1972; Narasimhan and Witherspoon, 1976).
Introducing appropriate volume averages, we have

JMdv = VM. (35)
V

Here M is a volume-normalized extensive quantity, and Mn Is the average value of
M over Vn. Surface integrals are approximated as a discrete sum of averages over
surface segments Ar,:

JF-' dF =EAFnm (36)

Time Is discretized fully mplicitly as a first order finite difference, to obtain the
numerical stability needed for an efficient calculation of multi-phase flow. Eqn. 12
reduces to the following set of coupled algebraic equations:

n - A V { + Vnqn 1 } 0 (37)

Here k labels the time step. At . t41 - tk. For a flow system which Is discretized
into N grid blocks, Eqn. 37 represent a set of 3N algebraic equations. These are
strongly coupled because of Interdependence of mass and heat flow. They are
highly non-linear, because of order-of-magnitude changes In parameters during
phase transitions, and because of non-linear material properties (chiefly relative
permeabilities and capillary pressures). Because of these features of the equation
system, TOUGH (and A-TOUGH) performs a completely simultaneous solution of
the discretized mass- and energy-balance equations, taking all coupling terms into
account. To handle the non-linearities we perform Newton-Raphson Iteration. The
unknowns In Eqn. 37 are the 3N Independent primary' variables, which completely
define the thermodynamic state of the flow system at time level t+'. For each
volume element (grid block) there are three primary variables, the choice of which
depends upon the phase composbon as shown In Table 1.1.

Table 1.1 Primary Thermodynamic Variables

Phase Variable #1 Variable #2 Variable #3
Com`o`ition _______ _ _ 3

Single Phase P - Pressure T-Temperature X - Air Mass
(Pa) (° Fraction

Two-Phase P - Pressure Sx - Gas T-Temperature
(Pa) Saturation (C)

By: Multimedia Environmental Tedmology, Inc.
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Denoting these primary variables collectively as ( I 1, ..., N). the Newton-
Raphson Iteration process can be written as follows. Demanding that the residuals
Rnt('k+1 in Eqn. 37 vanish at iteration Index p + 1, and expanding to first order in
terms of the residuals at Iteration index p. we have

(X s R(+'(xP) +R" | (xi, -xi) = 0 (38)

Eqn. 38 represent a set of 3N coupled linear equations for the xqp+, which are
solved with an efficient direct solver, using sparse storage techniques (Duff. 1977).
Iteration Is continued until the residuals are reduced to a small fraction of the
accumulation terms (for all n. io.

k • E (39)

The default (relative) convergence criterion Is e 10-5. When the accumulation
terms are smaller than 1. Mvn(1)j < 1, we impose an absolute convergence criterion:
IRn(K)I < e. Convergence is usually attained In 3 to 4 terations. if convergence
cannot be achieved within a certain number of Iterations (default Is 8) the time step
size At is reduced and a new Iteration process Is started. All derivatives aRWqx
needed in the coefficient matrix are obtained by numerical differentiation.

It is appropriate to add some comments about our space discretization technique.
As an example let us consider a discretized version of the mass flux term. Eqn. 16.

F(K) = -k k (Xic) I I - pg }
m) P (40)

(IC) (IC
4p8(D.a),,(p),, D; X

The subscripts (nm) Indicate that the respective quantities are to be evaluated at
the interface between volume elements n and m. based on average values within
Vn and Vm. As has been discussed elsewhere (e.g.. Pruess and Narasimhan,
1985). this requires different weighting procedures for different parameters, such as
harmonic weighting, spatial Interpolation, and upstream weighting.

The entire geometric Information of the space discretization In Eqn. 37 is provided
In the form of a list of grid block volumes Vn, Interface areas Aq, nodal distance
Dm. and components gm of gravitational acceleration along nodal lines. There is
no reference whatsoever to a global system of coordinates, or to the dimensionality
of a particular flow problem. The discretized equations are in fact valid for arbitrary
Irregular discretizations in one, two, or three dimensions, and for porous as well as
for fractured media. This flexibility should be used with caution, however, because
the accuracy of solution depends upon the accuracy with which the various
interface parameters In equations such as Eqn. 40 can be expressed in terms of
average conditions In grid blocks. A sufficient condition for this to be possible is
that there exists approximate thermodynamic equilibrium in (almost) all grid blocks

By: Multimedia Environmental Technology, Inc.
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at (almost) all times (Pruess and Narasimhan, 1985). For systems of regular grid
blocks referenced to global coordinates (such as rz, xy-z). Eqn. 37 reduce to a
conventional finite difference formulation (e.g.. Peaceman, 1977).'
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I FOCUS I
Monitoring the Vadose Zone in Fractured luff

by Parviz Moniazer, E P. Weeks, Falah Thamir, Dale Hammermeister, S. N. Yard,
and Peter B. Hofrichter

Abstract
Unsaturated tuff beneath Yucca Mountain, Nevada, is being evaluated by the U.S. Department of Energy as a host

rock for a potential repository for high-level radioactive waste. As part of the Nevada Nuclear Waste Storage
Investigations Project of the U.S. Department of Energy, the U.S. Geological Survey has been conducting hydrologic,
geologic and geophysical investigations at Yucca Mountain and the surrounding region to provide data for evaluation of
the potential suitability of the site. Hydrologic investigations of the unsaturated zone at this site began in 1982. A
17.5-inch-(44.5-centimeter) diameter borehole (USW UZ-1) was drilled by the reverse-airvacuum-drilling technique to
a depth of 1269 feet (387 meters). This borehole was instrumented at 33 depth levels. At I 5 of the levels, three well screens
were embedded in coarse-sand columns. The sand columns were isolated from each other by thin layers of bentonite,
columns of silica flour, and isolation plugs consisting of expansive cement. Thermocouple psychrometers and pressure
transducers were installed within the screens and connected to the data-acquisition system at the land surface through
thermocouple and logging cables. Two of the screens at each level were equipped with access tubes to allow collection of
pore-gas samples. In addition to these instruments, 18 heat-dissipation probes were installed within the columns of silica
flour, some of which also had thermocouple psychrometers.

After more than two years of monitoring, the majority of the instruments were still functioning and producing
reasonable data. A slow recovery from the disturbed state to natural conditions was detected during the first 90 days of
monitoring; this recovery was probably a result of the large diameter of the borehole. Preliminary results indicated that
suction pressures for the welded units ranged from -2 to -15 bars (-0.2 to -1.5 mega pascals). Some agreement existed
between data from psychrometers and from heat-dissipation probes, except where silica flour was not in equilibrium
with the formation. Water fluxes estimated in the matrix of the repository host-rock unit range from 4 x 10-3 to 2 x 10-2
inches per year (0.1 to 0.5 millimeter per year) using matric-potential distribution, and from -I x 10-3 to -2 x 10-3 inches
per year (-0.025 to -0.05 millimeter per year) using geothermal gradient.

Responses to short-term barometric fluctuations were detected to a maximum depth of about 300 feet (91 meters) in
the borehole. Below this depth, only long-term barometric fluctuations were detectable. Equivalent effective hydraulic
conductivity, estimated from air permeability, ranged from 0.6 to 2 feet per day (0.2 to 0.6 meters per day).

Introduction
Mechanisms of fluid flow through thick unsaturated

zones consisting of heterogeneous fractured rocks, are
not well understood. The extensively fractured welded
tuff and the less-fractured non-welded and bedded tuff at
Yucca Mountain, Nevada, result in a complex flow system
that cannot be characterized readily by the conventional
techniques used to monitor shallow unsaturated soils.
Some of the complexities of fluid flow through unsatu-
rated fractured tuff at Yucca Mountain are discussed by
Montazer and Wilson (1984).

Instrumentation and monitoring of unsaturated frac-
tured tuff in deep boreholes have not been previously
attempted. The purpose of this study was to evaluate the
feasibility of instrumenting a deep borehole in the unsat-
urated zone in fractured tuff (borehole USW UZ-1,
Whitfield 1985), and to understand the mechanisms of
fluid flow in such hydrologic systems.

Instrumentation and testing of the unsaturated frac-
tured tuff have been hampered by the difficulties inherent
in installation of instruments and interpretation of the
results. Evans (1983) reviewed the state-of-the-art of
instrumentation technology applicable to monitoring
these types of rocks. Montazer (1982) discussed the prob-
lems associated with testing unsaturated fractured meta-
morphic rocks. Although in the past few years many
investigators have begun research on characterization of
unsaturated fractured tuff, the authors are unaware of
other attempts to install instruments in unsaturated frac-
tured rocks in deep boreholes.

Characterization of the fluid flow in any hydrologic
system requires measurements of the fluid-transport
properties of the medium and the distribution of potential
energy within the fluids. Chemical composition of dis-
solved substances in the liquid phase and gas phase can
aid in understanding the mechanisms and history of fluid
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transport within the hydrologic system.
This paper describes the methods used to install

instruments in a test borehole drilled to a depth of 1269
feet (387m), and also presents some preliminary results
from monitoring these instruments. Some problems with
interpretation of the results are also discussed.

Description of the Site
Yucca Mountain, Nevada, is under consideration by

the U.S. Department of Energy as the nation's first
mined geologic repository for storing high-level nuclear
wastes. Under current conceptual design, the waste would
be placed within the thick section of unsaturated volcanic
tuff that underlies Yucca Mountain. Investigations are
underway to evaluate the hydrologic conditions, pro-
cesses and properties of the unsaturated zone at this site
(U.S. Department of Energy 1988).

Yucca Mountain lies in and west of the southwestern
part of the Nevada Test Site (NTS), Bullfrog County,
Nevada, about 65 miles (105km) northwest of Las Vegas
(Figure 1). The mountain consists of a series of north-
trending fault-block ridges underlain by volcanic rocks
(Figure 2) that generally have an eastward tilt of 50 to 10°
(Figure 3) (Scott and Bonk 1984).

Average annual precipitation at the mountain is
estimated to be 5.9 in/yr (IS0 mm/yr) and the net infil-
tration is estimated to be 0.02 in/yr (0.5 mm/yr) (Mon-
tazer and Wilson 1985).

According to the conceptual model presented by
Montazer and Wilson (1984), percolation in the unsatu-
rated zone occurs vertically in the matrix and fractures of
the welded units and both laterally and vertically in the
non-welded units. Fracture flow is predominant in the
Tira Canyon Welded Unit during intense pulses of infil-
tration and is insignificant in the Topopah Spring welded
unit, except near the upper contact and near the structural
features. Temporary development of perched water is
possible near the structural features within and above the
unwelded units. This water drains into the structural
features, and much of it travels directly to the water table.

Drilling the Borehole
Borehole USW UZ-1 was the first unsaturated zone

borehole that was drilled at the site (Figure 2) using the
vacuum reverse-air circulation drilling method (Whitfield
1985). Other boreholes using this and other drilling
methods have been drilled since then. The borehole was
17'h inches in diameter (44.Scm) and 1269 feet (387m)
deep. This drilling method involves the use of (Figure 4) a
vacuum, induced at the land surface to remove the drill
cuttings through the inner drill string. Compressed air is
injected into the annulus of the dual string to cool the bit
and to keep the bit and the inner string clean. The drill
cuttings are circulated and deposited in a dry separator
and the fine dust is led into the wet separator where it is
sprinkled with water.

In this application of the drilling method, samples of
the drill cuttings were removed from the dry separator at
the downspout (Figure 4) for moisture content and water
potential determinations. Gravimetric-moisture contents
of the samples were measured by oven drying and deter-
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Figure 1. Location of Yucca Mountain
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Figure 2. Generalized geologic map of the Yucca Mountain central
block and vicinity (modified from Montazer and Wilson 1984,
Scott and Castellanos 1984).

mination f the weights before and after drying at the
drill site. Samples were sieved at the site and water
potentials were measured by Richard's thermocouple
psychrometer (Hammermeister et al. 1985).
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Measurement of Fluid Potential
Knowledge of the distribution of fluid potential

energy (or potential) is necessary to understand fluid flow
in the unsaturated zone. Fluid potentials that are impor-
tant in unsaturated-zone flow are: (I) matric, or pressure,
potential in the liquid phase; (2) liquid-phase gravitational
potential; (3) gas-phase (or pneumatic) pressure and
gravitational potentials; (4) osmotic potential;, and
(5) thermal potential or downhole temperature for a
given fluid phase. Combination of all these pressure and
gravitational potentials represent total potential; fluid
movement occurs down the total potential gradient.
Concepts of these potentials and methods for their mea-
surements are described by Evans (1983), Morrison
(1983), Stallman (1964), and Remson and Randolph
(1962).

Pneumatic-pressure potentials were measured by
downhole, semiconductor, pressure transducers. Down-
hole rather than surface measurements were made to
avoid time lag and pressure loss through the '%-inch-
(3.2-mm) diameter tubing, particularly during planned
air withdrawal or injection tests. The transducers were
aged before installation to minimize their inherent,
exponentially decreasing drift.

Matric potentials were measured using heat-dissipa-
tion probes (HDP); combined matric and osmotic poten-
tials (termed water potentials) were measured by ther-
mocouple psychrometers (TP), as described by Thamir
and McBride (1985). Tensiometers were not installed

because of difficulties of installation in deep boreholes
and because of their limited range of sensitivity. Although
heat-dissipation probes may be calibrated for matric
potentials that range from -0.1 to -5 bars (-0.01 to -0.5
megapascals); an attempt was made to calibrate the
probes to -15 bars (-1.5 megapascals) for this study.
Thermocouple psychrometers were calibrated and used
for measuring water potentials from -5 to -75 bars (-0.5
to -7.5 megapascals). A major limitation of the thermo-
couple psychrometer data is that the matric potential is
generally the variable of interest, rather than the com-
bined matric and osmotic-pressure potential, or water
potential. For this study, osmotic potentials were deter-
mined to be insignificant and the thermocouple psych-
rormeter measurements are considered matric potentials.
Temperature measurements also were made from the
output of copper-constantan thermocouple junctions that
were part of the thermocouple psychrometers.

Emplacement of the Instruments
After drilling and logging test borehole USW UZ-1

(Whitfield 1985 and Palaz 1985). 15 depth zones were
selected for installation of pressure transducers, thermo-
couple psychrometers, and access tubes. These depth
locations were designated by instrument stations (IS) I
through 15. At each instrument station, sensors were
housed in one of three well screens (Figure 5), and desig-
nated A, B, and C from top to bottom. The top well
screen (A) contained a thermocouple psychrometer and
was connected to the land surface by an access tube for
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gas sampling. The middle well screen (B) housed a ther-
mocouple psychrometer and a pressure transducer. The
bottom well screen (C) contained a pressure transducer
and was connected to an access tube for gas sampling,
and for checking calibration and proper functioning of
the pressure transducer.

In addition to these instrument stations, 18 different
depths were selected for installation of heat dissipation

probes, five of which were accompanied by thermocouple
ps .hrometers. These heat dissipation probes were desig-
nated as HDP-A or HDP-B depending on whether they
were located above (HDP-A) or below (HDP-B) the
nearby instrument station. The thermocouple psych-
rometers associated with these heat dissipation probes
were designated as HDP-TP.
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Assembly and Installation of the Instruments
Prior to installation, the sensors were calibrated with

cable lengths cut for the predesignated depths of installa-
tion in the borehole. After calibration, all cables with
attached sensors were laid out in a runway (Figure 6),
and instruments were inserted into the well screens and
secured. The heat-dissipation probes were protected with
cups filled with saturated silica flour, but they were not
housed in well screens. The well screens and the heat
dissipation probes were adjusted, so that they would be
located in predesignated-depth intervals. The entire
assembly was transported to the test borehole site as a
bundle on a flatbed cart (Figure 7).

To emplace the filler material in the borehole, two
tremie pipes were lowered into the borehole prior to
installation of the bundle. After tremie-pipe installation,
a television camera was lowered into the borehole to
inspect it for obstructions. The bundle then was lowered
into the borehole fastened to a 2.38-inch (6.0-cm)
outside-diameter fiberglass access tube for geophysical
logging. The wires and tubing were encased in polyure-
thane-foam isolation plugs to prevent gas flow between
stations along the wires. The isolation plugs were situated
so that they would be surrounded by grout during stem-
ming. Standoffs were also installed on the fiberglass tube
near each instrument station to prevent damage to the
instruments by collision with the borehole wall during
installation.

Stemming Procedures
When the assembly was lowered into the borehole,

dry materials (silica flour, sand, and bentonite) were
poured through one tremie pipe, and wet materials
(cement and water) were poured through the other tremie
pipe to stem the hole. Final configuration of the stemmed
borehole and the location of the instrument station and
heat dissipation probes are shown in Figure 8. Actual
location of the sensors and the contacts between different
materials were determined by geophysical logs run inside
the fiberglass tube.

Silica flour was selected as the filler material, instead
of the crushed tuff that was produced during drilling,
because of its uniformity and resultant predictability.
The heat dissipation probes were embedded in the silica
flour. The silica flour used to stem the heat dissipation
probe was wetted, prior to installation, to a matric poten-
tial slightly greater than that predicted for the formation.
This procedure was done to prevent the heat dissipation
probe from drying to less than ambient moisture content.
Such drying and rewetting would result in hysteresis and
would produce data that would not.fit the drainage-
calibration curve. However, as will be discussed later in
this paper, it was found that the in situ matric potentials
were underestimated and, therefore, the silica flour was
placed too dry. Thus, the above-mentioned precaution
was not totally successful.

The silica flour was separated from the sand layers by
a thin layer of bentonite to further decrease the possibility
of gas flow from one zone to the other. The bentonite
needed to become nearly saturated to establish equilib-

-J

FNgure1. Tnc carnes *nd te tubes were ata out In a runway stnp
and the Instruments were Installed in the well screens.

Figur- 7. The cable assembly was transported to the she on a
flatl- cart. The white cylinders are the heat dissipation probes
protected with cups.
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rium with the formation, thereby attaining minimum
permeability to air.

The grout limited the movement of the gases between
adjacent instrument stations within the borehole. In
addition, the grout layer supported the column of the
silica flour, minimizing settlement of the flour, that could
create large air cavities.

The well screens housing thermocouple psychrometer
and transducers were embedded in coarse, dry sand,
because the sensors monitored the formation through
the air phase. At the ambient matric potential of the
formation, the sand attains very little saturation, and
thereby retains large permeability to air.

Data Acquisition
The data-acquisition system is described in detail by

Thamir and McBride (1985). During the entire installa-
tion operation, the instruments were monitored for
proper functioning. After stemming, continuous moni-
toring was started. During the first 90 days, thermocouple
psychrometers and pressure transducers were scanned
every hour, and heat dissipation probes were scanned
twice daily. After this period, thermocouple psychrome-
ters were scanned twice daily and heat dissipation probes
were scanned once daily. Pressure transducers and ther-
mocouples were sampled twice hourly for the first 90
days; thereafter, they were sampled at least every two
hours. The data logger was programmed to log more
frequently, when significant pressure changes were
occurring. The data logger used to measure temperature
had much greater input impedence than the data logger
used to obtain psychrometric measurements from the
thermocouple psychrometers. The greater input impe-

-30

.0

.

C

0.
U

,

-20 

Heat-dissipation probe:
3A I_

2B 
4-ad 41 -SE T-

-3

in

-2E

e

0.

E

_r

.5
4.-

I C
l

-1 4-
0.
-0
h.

0

-10 I

0 . * I

0 N
1983

D J
184

Figure 9. Variation of matric potential with time. as measured
with heat-dissipation probes.

dence was required to minimize the effect of the length of
the lead wires.

A weather station was installed near the test borehole
site to monitor barometric pressure, air temperature,
relative humidity, wind speed, and precipitation. These
data were logged hourly.
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Monitoring Fluid Potentials
Matric Potential

Examples of variations with time of the matric poten-
tial measured with heat dissipation probes are shown in
Figure 9. Most of the heat dissipation probes initially
measured large matric potentials, because the silica flour
was wetter around these probes than elsewhere in the
silica-flour column. The matric potential measurements
rapidly decreased as this water dissipated into the silica
flour and possibly into the formation. The data for
HDP-3A have a different trend. However, the calibration
curve for the indicated range for the heat dissipation
probe was based on linear extrapolation from the -5 bar
(-0.5 megapascal) range, and the absolute values may not
be reliable for matric potentials less than -5 bars (-0.5
megapascal).

Examples of variation of the water potential with
time measured by the thermocouple psychrometers are
shown in Figure 10. In this case, the water potentials
initially were small; they very rapidly increased during
the first 90 days and then increased more slowly. The
thermocouple psychrometers were stemmed within initi-
ally dry sand. The unsaturated hydraulic conductivity of
this sand was extremely small at the presumed ambient-
moisture tension in the surrounding medium. Conse-
quently, vapor diffusion into the sand and subsequent
sorption on the sand grains probably was the dominant
transport process, by which the moisture content of the
sand backfill equilibrated with that in the formation. The
rate at which this process progressed decreased exponen-
tially with time.

Three downward spikes in water potential occurred
on November 8, 1985 (Figure 10). These increases in the
water potentials occured during pumping for gas samples;
they resulted from the flow of nearly vapor-saturated air
through the sand column. This vapor-saturated air
increased the humidity around the thermocouple psych-
rometer. Soon after pumping stopped, however, the
normal trend resumed as vapor condensed on the drier
sand without significantly changing its matric potential.
This phenomenon would indicate that, under transient
conditions, advection of nearly saturated air could occur
through an unsaturated medium without equilibrating
with that medium. That is, there is a delay in absorption
of the vapor on the grain surfaces. Another interesting
phenomenon was observed during this pumping activity.
The temperatures in the pumped zones were raised by
about 0.1 to 0.2 C (Figure 11). It is suggested that this
temperature rise could have resulted from the heat of
wetting of the sand grains. However, the higher tempera-
ture readings could also have resulted from the distur-
bance of the thermocouple reference junctions during
pumping activities. On the other hand, this magnitude of
rise in temperature would translate to a heat of wetting of
about 0.08 to 0. 16joule per gram, which is not unreason-
able for a very dry sand.

IS-IA initially measured large water potentials from
October to December 1983 (Figure 10). In December
1983, this thermocouple psychrometer began measuring
very low water potentials. This sudden reversal probably
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is the result of single-point measurement technique as
discussed by Thamir and McBride (1985) and summar-
ized here. The data acquisition system used for collecting
thermocouple psychrometer data measured only one
point along the evaporation curve, at a preselected delay
time of five seconds after termination of the cooling
current. The shapes of the evaporation curves are signifi-
cantly different at different water potentials (Figure 12).
At low water potentials (dry conditions), the evaporation
occurs rapidly and, therefore, the voltage output drops
quickly. Consequently, if the single-point measurement
delay time is set too long, the measurement could be
made when the output voltage has already dropped below
that of an output that would have resulted from wet
conditions. Under these circumstances, very dry condi-
tions could be interpreted as wet conditions. Therefore. it
is advisable to measure as many points as possible along
the evaporation curve after termination of the cooling
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current. Theoretically, the shape of the evaporation curve
should remain the same at any given water potential
level; however, under field conditions slight variation in
characteristics of the thermocouple psychrometers with
time may result in variations in the shape of the evapora-
tion curve measured at different times at the same water-
potential level. Although this data acquisition procedure
affected the results of the dry conditions, it probably had
little effect on the overall results of the monitoring.

Temperature
Temperature records at various instrument stations

are very noisy for some of the instrument stations. The
mean temperatures from November 1983 to April 1984,
however, indicated that temperatures of the instrument
station nearly had equilibrated with temperatures in the
adjacent formation by mid-November. However, the
temperatures at IS-I, IS-2, IS-3, and IS-4 had some
variations with time. No seasonal changes would be
anticipated at the depths of IS-3 and IS-4; the cause of
variation was unknown. In addition, the temperature
data for IS-I, IS4, IS-7, and IS-8 indicate departures
from the normal trend; the cause of these variations is not
known at this time. Temperature records are available
only for IS-3, IS-4, IS-13, IS-14, and IS-IS, after April
1984; temperature records for other instrument stations
are not available because of data-acquisition problems.

Pneumatic Potential
Data from the downhole-pressure transducers Vr6

shown in Figure 13 for February 25-27, 1984. Diurnal

1984

Figure 14. Adjusted downhole-pressure variations at test borehole
USW UZ-1. Differential pressures measured with uphole trans-
ducers, were added to the calculated pneumatic-gravitational
potential.

pressure changes occurred at most of the instrument
stations shown in this diagram, in response to more
pronounced barometric changes at land surface. At
greater depths, pressure responses to diurnal barometric
fluctuations were damped out; however, seasonal changes
(not shown) occurred. The zero offset was shifted from
that obtained during calibration, so that the positions of
various curves were not offset necessarily by an amount
equal to the gravitational potential in the gas phase.
However, these data can be adjusted to provide total
pneumatic potential, by subtracting the long-term mean
pressure from each transducer record and adding the
mean barometric pressure.

Fluctuations in total pneumatic potential were moni-
tored during the same period, using a differential-pressure
transducer connected through a solenoid-valve manifold
system to various access tubes at land surface. Data were
obtained by opening the valves sequentially using a data-
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logger actuated multiplexor system; absolute pressure at
land surface was monitored using a digital barometer.
Results of these measurements are shown in Figure 14;
these results, in terms of pressure fluctuations, agree well
with results obtained using the downhole pressure
transducers.

Pneumatic-Gravitational Potential
The change in pneumatic-gravitational potential

across each screened interval can be used to determine
the actual offset error in the downhole pressure trans-
ducers. Moreover, computations of soil-gas density, made
as pan of the gravitational-potential calculations, can
indicate zones in which buoyant gas flow could occur.
The changes in pneumatic-gravitational potential across
each screen and the pressure potential at each screen are

shown in Table 1. with the mean Januar% 19X4 temper,
ture at each instrument station and the mean soil-gay
density for each screened interval. For the computation-
the soil gas was assumed to be saturated with ate
vapor. The mole density for each screened interval A a
computed by estimating the midpoint pressure from
pressure transducers), computing the midpoint tempera
ture (from thermocouplers). and inserting these value,
into the ideal gas law. The saturated water-vapor densitv
for the mid-point temperature was obtained from a tabf
(Camphell 1977), and the moles of water apor wer
subtracted from the total number of moles. This'
remainder was multiplied by the molecular weight of air
and added to the water-vapor density to vield total soil
gas density. The change in pneumatic-gravitationa,--
potential across each depth interval was computed by the

TABLE 1
Average January 1984 Downhole Temperatures, Mean Density of Air Between Adjacent Screens,
Computed Increase in Pressure with Depth Between Each Screen (AP), and Computed Absolute
Pressure at Each Screen, Based on the Cumulative Increase in Weight of the Air Column Above-

the Screen.*

Depth interval
below land

surfaceScreen Temperatitre Air Density AP

(0C) (lb/ft3) kg/mi (millibars)

Pressure

(bar) (kPal(ft) (m) (0F) (kPa)

LS 0.869 86.90
42.1 12.83

67.75 19.861
6.39xl0 ! 1.0234 1.29

6.4x 10 1.0255 1.56
3

4

5

6

7

8

51.0 15.55

37.9 11.55

70.0 21.34

64.8 19.75

82.6 25.17

72.5 22.10

80.6 24.57

119.3 36.36

126.4 38.53

123.9 37.75

126.8 38.66

101.8 31.03

106.9 32.58

67.40 19.666

67.45 19.692

68.15 20.085

69.70 20.947

70.98 21.657

72.31 22.393

72.89 22.716

74.18 23.435

75.48 24.154

76.66 24.810

77.59 25.326

78.92 26.069

6.414xIO' 1.0275

6.421xIO 2 1.0286 2.15

6.421xIO 1.0285 1.99

6.416xIO 2 1.0278 2.54

6.415x10' 1.0276 2.23

6.419x10 2 1.0282 2.48

6.428xlO 1.0296 3.67

6.430x10 2 1.0310 3.89

6.446x 10 1.0325 3.82

1.16

0.129

0.156

0.116

0.215

0.199

0.254

0.223

0.248

0.367

0.389

0.382

0.8703 X7.029

0.871X5 87.185

0.87301 87.301

0.87516 87.516

0.87715 87.715

0.87969 87.969

0.88192 88.192

0.88439 88.439

0.88806 88.806

0.89195 89.195

0.89577 89.577

0.89969 89.969

0.90284 90.284

0.90615 90.615

9

10

II

12

13

14

15

6.459x 1 2 1.0346 3.92 0.392

6.467x 2 1.0359 3.15 0.315

0.3316.474x10 2 1.0371 3.31
79.73 26.519

*(Air throughout the column is assumed to be saturated with water vapor. Densities were computed for the midpoint temperature .int
pressure between each screen, except that the temperature from land surface to screen I was assumed equal to the tenperattire at rJctn I._
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equation:

&P.g = p.gAz

where
APag = gravitational potential in the gas phase

Pa = gas density
g = acceleration due to gravity

Az = depth interval.

In Table 1, the soil-gas density in the interval between
IS-6 and IS-8 is slightly less dense than in the overlying
interval, and air might flow upward by free convection.

Gas samples were collected at various times during
the monitoring period. Results of gas sampling are dis-
cussed by Yang et al. (1985).

Discussion of the Results
Matric Potential and Flux

Interpretation of the data from thermocouple psy-

FIgure 1. Water potential at test borehole lSW UZ-1 based on
data from thermocouple psychrometers.

chrometer and heat dissipation probes in test borehole
USW UZ-1 is complicated by the effect of the large
volume of backfill material, in which matric potential
must equilibrate with the conditions in the formation
before accurate measurements can be obtained. As noted
before, the thermocouple psychrometers were installed
in initially dry sand, and the heat-dissipation probes were
emplaced in locally wetted silica flour. Therefore, the
expected trend for the water potential measured by the
thermocouple psychrometer would be from low to high
(dry to wet), and the expected trend for the matric poten-
tial measured by the heat-dissipation probe would be
from high to low (wet to dry). The wet zone created
around the heat-dissipation probe in the silica flour was
expected to become drier as the water dissipated. The
drier sections of the column were expected to absorb
water from the formation, and, therefore, to attain equi-
librium with the rest of the column.

Measurements of water potentials made on the cut-
ting and core materials are shown in Figure IS. For
comparison, Figure 16 shows the gravimetric moisture
content of the bulk cutting material.

Variations in average matric potential, as measured
by heat-dissipation probes for the months indicated. are
shown in Figure 17. Seven of the heat-dissipation probes
eventually became inoperative, so only a few data are
shown for these probes. Variation of water potentials
with depth, measured using thermocouple psychrometers
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in the A-screens, are shown for various times in Figure 18.
All thermocouple psychrometers except three showed
expected trends of dry-to-wet conditions. Analysis of the
trends and equilibrium problems are discussed by Mon-
tazer et al. (1985) and Montazer (1987).

Interpretation of the latest matric-potential data
measured with heat-dissipation probe and thermocouple
psychrometer is shown in Figure 19. This figure was
constructed by analyzing individual graphs of matric
potential vs. time for the duration of the monitoring
phase. In some cases, where equilibrium conditions have
not been reached, extrapolation of the trend was made to
a predicted equilibrium. The left column of this figure is a
plot of the fracture traces, as determined from television
camera surveys. Orientation with respect to the test-
borehole axis (nearly vertical), and the trace length of the
fractures, are shown with solid lines. As discussed before,
the thermocouple psychrometer measurements probably
are more reliable below depths of about 200 feet (61 m).
In addition, the thermocouple psychrometers in A-
screens were pumped several times for gas samples;
therefore, they were more near equilibrium with the
formation than thermocouple psychrometers in B-
screens. The thermocouple psychrometer installed adja-
cent to some of the heat-dissipation probes did not per-
form well, probably because of the ceramic tip that was
chosen to minimize contamination from direct contact
with silica flour.

With these considerations, two regions with variations
of less thatwbnebar ofmatfipotential maybe recegnized

within the Topopah Spring welded unit (considering onlk
thermocouple psychrometers in A-screens): one between
depths of 500 to 800 feet (152 to 244m), and another
between depths of 1000 to 1100 feet (305 to 335 m). No
apparent correlation existed between abundance of the
fractures and matric-potential distribution. This lack of
correlation may have been because matrix flow is domi-
nant in this unit.

Above a depth of about 160 feet (49 m). good agree-
ment existed between thermocouple psychrometer and
heat-dissipation probe measurements. Very dry condi-
tions were observed for a bedded tuff underlying a non-
welded tuff below alluvium, probably the result of a
contrast in hydraulic conductivity of the units. The
bedded tuff had greater saturated hydraulic conductivity
and was coarser grained than the overlying non-welded
tuff(Montazer and Wilson 1984). Therefore, the bedded
tuff could transmit a given flux of water at much smaller
matric potential than the non-welded tuff. However. in
adjacent washes where the bedded tuff is directly beneath
the alluvium, perched conditions are reported.

The gravimetric water contents for the PNWU (Fig-
ure 16) is between 10 and 22 percent with a mean of about
15 percent, which correspond to volumetric water con-
tents ranging from 15 to 23 percent. Assuming an average
porosity of 46 percent, the saturation would range from
32 to 50 percent. These estimates are below the range of
values (61 percent with standard deviation of 15 percent)
reported in Montazer and Wilson (1984). However. the
water potentials measured on the drill cuttings from the
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PNWU range from I to 4 bars. This range of water
potentials corresponds to the interpretation of the in situ
measurements (Figure 19) with the exception of the dry-
bedded tuff unit, for which water content and water
potential data from drill cuttings do not exist. On the
basis of the characteristic curves for this unit (Peters et al.
1984), at saturations between 30: and 50 percent, the
water potential is around 7 bars.' This value falls within
the same order of magnitude as the water potential values
measured in situ.

The water potentials measured on the cuttings of the
TSWU are about I order of magnitude smaller than
those measured in situ. The gravimetric water contents
obtained from the drill-cutting samples obtained from
TSWU (Figure 16), correspond to volumetric water con-
tents ranging from 1.5 to 11 percent. With an average
porosity of 14 percent (Montazer and Wilson 1984), the
saturations would be between 10 and 80 percent. This
saturation range corresponds with the water potential
range of the drill cuttings (10 to 100 bars) using character-
istic curves for TSWU (Peters et al. 1984). In addition,
the mean saturation (reported by Montazer and Wilson
1984) corroborates the range of saturation estimated
from the drill-cutting data.

Therefore, the only major inconsistency seems to be
with the data from the TSWU. That is, the interpretation
of the in situ data indicates an order of magnitude wetter
conditions than the interpretation of the drill-cuttings
data. It is very unlikely that all three types of sensors
(TP-A, TP-B, and HDP) are off by an order of magni-
tude. Also, downward flow of any water from the upper
parts of the borehole is extremely improbable because of
the mass of the dry material that has to be wetted along
its path. In addition, the wetting front would have been
detected by the instruments in the borehole. The amount
of water used to mix the cement was very small compared
to the mass of the silica flour (100 feet) to cause the
wetness interpreted from the in situ instrumentation.
Nevertheless, the evidence favors the dryness of the silica
flour and wetness of the formation (pumping effects). It
is very likely that the drill cuttings were dried during
drilling and sampling operations. It is also probable that
the laboratory data reported by Peters et al. (1984) for the
welded tuff are slightly biased toward the drier ranges, as
they used a microwave oven to remove the moisture from
the samples before measuring their water potential and
water content. Although they allowed an hour for equilib-
rium in their Richard's psychrometric chamber, it is
conceivable that the redistribution of the moisture within
the sample could require days after removing from the
microwave oven, considering the small hydraulic con-
ductivity (3 x 106 m/d) of the welded tuff. The effect of
the hydraulic conductivity could also explain the reason-
ableness of the PNWU data, because this unit has
hydraulic conductivities 3 orders of magnitude larger
than those of the TSWU.

Another very unlikely possibility would be the lack of
equilibrium between the matrix and the fracture system
of the welded tuff. If this were the case, the in situ data
would represent the water potential of the fracture system

and the drill cuttings data would indicate the water
potential in the matrix of the welded tuff. One of the
ways by which this discrepancy may be resolved would
be by checking the calibration of the sensors through the
access tube.

In the depth interval of 500 to 800 feet (152 to 244m),
where a" relatively constant matric potential may be
assumed within the Topopah Spring welded unit, a flux
of water was estimated. The constant matric potential
may indicate that a unit hydraulic gradient existed in this
interval; if so, the downward flux of water would be
equivalent to the effective hydraulic conductivity (Weeks
and Wilson 1984). The average relative permeability of
the matrix at ambient matric potential ranged between
0.1 to 0.5 in this interval (Peters et al. 1984). The saturated
matrix hydraulic conductivity was about 3.3 x 106 ft. d
(I x 106 m/d, or about I mmlyr) (Montazer and Wilson
1985). Therefore, flux through this interval was about
4 x 10-3 to 2 x 10-2 in./yr(0. Ito 0.5 mmj yr). Weeks and
Wilson (1984) estimated 7.9 x 10-3 in./ yr (0.2 mm/yr) of
flux using matrix properties of the core. However, these
flux values would only apply to the matrix flux; the flux
through the rock mass including fractures would proba-
bly be different and cannot be calculated without charac-
teristic curves describing the variation of the potentials
and properties of the rock mass as a function of the
moisture content.

Air Permeability
Weeks (1978) developed a method for determining

the vertical permeability of materials to air in the unsatu-
rated zone by monitoring soil-gas pressure fluctuations
at depth that were the result of barometric fluctuations at
land surface. For this method, the material separating
each pair of adjacent screens was assumed to constitute a
separate layer with uniform pneumatic properties.

The total pneumatic potentials measured in test
borehole USW UZ-I were suitable for analysis by Weeks'
(1978) method, with certain modifications. One modifi-
cation involved the boundary condition at the base of the
system. Surface-induced barometric fluctuations were
nearly damped at a depth of 340 feet (104m), so that no
impermeable boundary could be included in the simula-
tion. Consequently, the data were analyzed, beginning
with the top two layers, by setting pneumatic potentials
at the base of the second layer and at land surface as
boundary conditions. Air-filled porosities were specified
for each layer, based on laboratory and neutron-log
results from adjacent boreholes (Palaz 1985, Weeks and
Wilson 1984). Trial values for the air permeabilities of
each layer were used in an initial simulation of the equa-
tion for one-dimensional flow of slightly compressible
fluids (valid because of the small changes in barometric
pressure about the mean) in an attempt to match the
pneumatic potential measured in the top screen. Air
permeabilities for both layers were varied, using an
automatic search procedure, until the sum of square of
deviations between simulated and measured pneumatic
potentials changed by no more than a specified value.
When this match was obtained, the air permeabilities
giving the best fit were fixed for the top two layers.
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An additional layer (between IS-2 and IS-3) then was
added to the simulation model, with boundary conditions
set as pneumatic potentials measured at land surface and
at IS-3. Permeability to air of layer 3 then was systemati-
cally varied (air-filled porosity being fixed) by the search
procedure to obtain a match between measured and
simulated potential for IS-2. This procedure was repeated
until air permeability for each layer was determined.

Pneumatic potentials measured in test borehole USW
UZ- I were poorly matched by Weeks'( 1978) simulation
procedure; they appeared to be affected by the slow
dissipation of pneumatic potential from fractures or
open-flow pathways into a less permeable matrix - a
dual-porosity effect. Consequently, the simulation model
was modified to incorporate dural porosity, based on the
assumptions of Warren and Root (1963) that the pressure
change during gas movement from the fracture to the
matrix occurs only at the fracture face, but that significant
storage occurs within the matrix. The best-fit simulation
produced using this model is shown by the symbols in
Figure 14. The fit to the measured data (lines) is almost
exact. The number of layers with dual porosity needed to
obtain a good fit was kept to a minimum. Dual porosity
was required in the interval from 266 to 340 feet (8 to
104m), which included densely welded tuff, and in the
intervals from 42 to 93 feet (13 to 28 m), 93 to 131 feet (28
to 40m), and 131 to 201 feet (40 to 61 m), which included
non-welded to partly welded tuff. These data indicate
either that the non-welded to partly welded tuff in these
zones was fractured, or that this unit contained preferred
flow pathways because of its depositional environment.
A comparison between the equivalent hydraulic conduc-
tivity estimated at the site of test borehole USW UZ-1

and those estimated at the site of test borehole lJ E-25av4
is presented in Figure 20. Values of equivalent hydraulic
conductivity were derived from values of air permeability
using viscosity and density of water at standard con-
ditions.

A piezometer nest was completed in test borehole
UE-25a#4, located about one mile (1.6km) southeast of
test borehole USW UZ- 1. Pneumatic-potential data were
collected at that site and analyzed by the method of
Weeks (1978). A major difference in the data from the
two sites was that there was no indication of the effects of
dual porosity at the site of test borehole U E-25a#4. Also,
test borehole UE-25a#4 had been drilled with bentonite
mud containing a polymer. Thus, some screens were
placed in zones that were invaded by drilling mud and
determination of barometric fluctuations was not possi-
ble; therefore, some thick sequences had to be treated as
uniform layers.

The hydraulic conductivity equivalent to the vertical
permeability to air is tabulated for both sites in Table 2.
Permeability data for both sites also are shown relative to
the geologic section in Figure II. Hydraulic-conductivity
values for the non-welded tuff at test borehole
USW UZ- I are much larger than those at test borehole
UE-25a#4, possibly because of fracturing at the site of
test borehole USW UZ-1, particularly because the non-
welded layer, not requiring dual porosity, has relatively
small permeability. Simulation results for the welded tuff
at the site of test borehole UE-25a#4 indicated that the
welded units were much more permeable at this site than
at the site of test borehole USW UZ- 1. Qne problem with
the simulation approach used to determine air permea-
bility was that the curve fitting is not sensitive to the
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TABLE 2
Results of Air-Penneability Calculations from Barometric Fluctuations

Hydraulic Conductivity Air-Filled Air-Filled
Depth (equivalent) Matrix Porosity Fracture Porosity

ft m ft/d m/d (assumed)

Test borehole USW UZ-1
0-42

42-93
93-131

131-201
201-266
266-340

0-12.8
12.8-28.3
28.3-39.9
39.9-61.3
61.3-81.1
81.1-103.6

20
7

20
8
.6

2

6
2
6
3
.2
.7

Test borehole UE-25a#4
15

.02

.04
10

.6

0.2
.1
.22
.23
.25
.13

0
.10
.03
.02

0
.02

0-124
124-150
150-313
313-351
251-399

0-37.8
37.845.7
45.7-95.4
95.4-10.0

107.0-121.6

50
.06
.1

30
2

0.15
.04
.29
.02
.04

Not considered
Do.
Do.
Do.
Do.

absolute values for air permeability for each layer. Per-
meability ratios, in contrast, are well determined. Thus,
all values for a given site may be somewhat larger or
smaller by about the same factor.

Thermal Gradient
Variations of temperatures with depth are shown in

Figure 21. For depths between 200 and 1000 feet (61 and
305m), temperature measurements after June 1984 were
made with thermocouple psychrometer data loggers. As
discussed by Thamir and McBride (1985), this data logger
does not measure temperature accurately and these data
are not shown in Figure 21.

The temperature profiles between depths of about
300 feet to about 100 feet (91 to 305m) generally are
convex upward. This curvature may be explained either
by variations in thermal conductivity of the geologic
units or by an upward flow of vapor-saturated air through
the fracture network of the Topopah Spring welded unit.
Comparison of these profiles with the frequency of frac-
ture traces (Figure 12) indicates a correlation between
frequency of fracture traces and convexity of the profile.
The two zones in which fractures are most frequent occur
at the depth intervals from 300 to 500 feet (92 to 152m)
and from 700 to 900 feet (213 to 274m). The shallower
zone has higher fracture frequency than the deeper zone.
Accordingly, the temperature profile of the shallower
interval is more convex than the temperature profile of
the deeper interval. The temperature measurements made
in June 1984, using a special thermistor probe in the
fiberglass access tubing (John Sass, U.S. Geological Sur-
vey, written communication 1985), also are shown in
Figure 21. All temperatures measured with the probe are
consistently about 0.5 C lower than the temperature
measurements made by the emplaced thermocouples, for
reasons unknown at this time (possibly because of air
convection in the tubing). Nevertheless, both of the con-
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Figure 21. Temperature profiles and distribution of fracture traces
at test borehole ESW UZ-I. Data for June 1985 from John Sass
(US. Geological Survey, written communication 1985).

vex profiles were reproduced by the second set of mea-
surements; therefore, they. probably represent in situ
conditions.

Thermal conductivity of this unit was assumed to be
uniform throughout its thickness, and a vapor flux was
calculated using the methods described by Bredehoeft
and Papadopulos (1965), who provided a solution to the
equation describing one-dimensional convective-heat
transfer. This equation is not strictly applicable to con-
vective flow of gases, and it ignores vapor diffusion.
However, for practical purposes, the solution of this
equation can be used to approximate one-dimensional
natural convection of the air, where small temperature
and pressure gradients exist. Sorey (1971), using data
from Kunii and Smith (1961), demonstrated that this
equation can approximate convection of helium. The
solution to the equation is provided by Bredehoeft and
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Papadopulos ( 1965) in the form of type curves. The tpe
curve closely matching the data from the present study is
shown in Figure 13. with the parameters used for calcula-
tion of the vapor-saturated air flux. The air flux calculated
ranges from49 to 98 in.. yr(1250 to 2500mm yr) upward,
depending on the type curve used. f is between I and 2.
The quantity of water in the form of vapor can be calcu-
lated by multiplying these fluxes by the moisture content
of the air at saturation. which is approximately 1.24 x
103 (220). Therefore, the quantity of water that can move
upward in the unsaturated zone by these air fluxes is
from I x 10-3 to 2 x 103 in.: yr (0.025 to 0.05 mm,'yr).

Summary and Conclusions
Fifteen depth intervals were selected in a 17.5-inch-

(44.5-cm) diameter test borehole (borehole USW UZ- 1),
which was drilled in tuff with a reverse-air vacuum-
drilling technique, for emplacement of thermocouple
psychrometers, pressure transducers and piezometers.
An additional 18 depth intervals were selected for
emplacement of heat-dissipation probes in silica-flour
columns. The thermocouple psychrometers and pressure
transducers were housed in well screens and were
embedded in coarse sand. After more than two years of
monitoring, a majority of the instruments were still func-
tioning and producing results. Heat-dissipation probes
that were placed adjacent to non-welded tuff and allu-
vium attained equilibrium faster than those that were
placed adjacent to welded tuff. The results indicated that
matric potentials ranged from -0.5 to -25 bars (-0.05 to
-2.5 megapascals) in non-welded tuff. No apparent
correlation existed between matric-potential distribution
and frequency of fracture traces observed in the borehole
in the welded tuff. Therefore, water flow probably
occurred mainly in the matrix of the welded tuff. With
this assumption. the water flux through the welded tuff
was estimated to be between 4 x 10-3 to 2 x 10-2 in./ yr (0.1
to 0.05 mmi vr).

Values of air permeability were estimated from mea-
surements of barometric fluctuations in the test borehole
that were detectable to a depth of about 300 feet (91 m).
Values of equivalent hydraulic conductivity, calculated
from these values of air permeability, ranged from 0.6 to
20 ft, d (0.2 to 6.1 m/ d) for non-welded tuff and alluvium.
A single value of 2 ft/ d (0.6 m/d) was calculated for the
air permeability of the welded tuff. The large air permea-
bility of the non-welded tuff could be attributed to the
existence of fractures or other depositional pathways in
this unit. However, comparison with data from a nearby
test borehole shows that this condition was not pervasive
within this unit.

Long-term temperature measurements within this
borehole indicated that the geothermal gradient was
slightly convex upward within the welded unit. Deviation
from the straight line correlated with frequency of frac-
ture traces observed in the borehole. Assuming a uniform
thermal conductivity, calculated air fluxes range from
49 to -98 in.! yr (- 1250 to -2500 mm/ yr). The quantity
of water that could be transported upward by this flux in
vapor form was estimated to be from -I x 10-3 to 2 x 10-3
in.. yr (-0.025 to -0.05 mm/yr). This air flux probably
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occurred through the fractures of the welded tuff.
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WELL

PRODUCTS, INC.

* PVC and Poly Pro flush threaded well screens and casings * 1 thru 8" * Slots .010 to .130 * PVC
well screens * Casings and fittings from 1/2" to 20" * PVC and steel centralizers * Watertight fill rings
* Locking well covers * Sanitary well seals * Submersible pumps and cable * Distributor for 114" and
1/2" Volclay tablets * Drilling fluids * Environmental Bentonite * Filter sands * Cement and ready mix
* Hydrocarbon and vapor detection equipment * Johnson well screens * Custom PVC, Poly Pro steel
and stainless steel fabricating 
Manufacturer and Distributor for a Complete Line of Well Products. Anaheim, CA [714] 635-5700
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