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ABSTRACT

Seismic refraction surveys were conducted in washes near Yucca
Mountain, Nevada, to determine if depths to the interface between
unsaturated alluvium and unsaturated bedrock could be obtained. Allu-
vial deposits consisted of intermixed and interbedded silt, sand,
gravel, and boulders. The bedrock refractor was a moderately to densely
welded ash-flow tuff. Degree of welding and fracture density varied.
Borehole data from which depths to bedrock were determined directly were
compatible with depths estimated from seismic data. Analysis of seismic
data from 11 locations in three washes indicated that the thickness of
alluvium ranged from 3.3 to 51.9 feet. Seismic velocities ranged from
1,251 to 3,876 feet per second in the alluvial deposits, with velocities
less than 2,000 feet per second corresponding to surface layers.
Seismic velocities in the bedrock ranged from 4,138 to 8,836 feet per
second and could be attributed to differences in the degree of

~

weathering, fracturing, and(or) welding.
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INTRODUCTION

The U.S. Geological Survey is conducting onsite investigations to
characterize the hydrology of the unsaturated zone at Yucca Mountain,
Nevada. LXnowledge of spatial and temporal distribution of infiltration
into the upper part of the unsaturated zone is needed to help evaluate
the suitability of the Yucca Mountain site as a potential high-level
radioactive-waste repository. Unsaturated alluvial deposits underlie
about 35 percent of the Yucca Mountain area; these deposits occur along
washes that form the major drainage system at the site. Understanding
of the three-dimensional configuration of the alluvial deposits 1is
needed to help guide drilling programs, and to enable extrapolation of
infiltration and recharge data throughout the site. These studies afe a
part of the Nevada Nuclear Waste Storage Investigations project of the

U.S. - Department of Energy (Interagency Agreement DE-AIO8-78ET44802).

To obtain information on present infiltration and recharge in
the shallow unsaturated zome, a drilling program for neutron-access
holes has been established. (Hammermeister, D., U.S. Geological Survey,
written commun., 1984). The majority of access holes are located in
alluvium-filled washes; drilled to a depth sufficient to penetrate five
feet of bedrock. As eaéh hole is drilled, cuttings and drive cores are
collected at specified depth intervals and later analyzed for lithology,
density, porosity, and moisture content. Upon completion of each hole,
neutron moisture logs are .run, followed by a continuing program of
density, porosity, and moisture logging. A limited number of boreholes

can be drilled in the relatively large number of washes at Yucca Moun-



. tain, therefore, the majority of holes are located in easily accessible,
well-defined geohydrologic environments. Detailed recharge data from
these washes will be used to make recharge estimates in similar washes
that contain fewer, or in some cases no boreholes. One of the first
steps in identifying similar washes and(or) portions of washes is to
determine alluvium thickness and layering sequences. [;eismic surveys
are an indirect method of obtaining such information. The high cost of
geophysical services and the uncertain results from preliminaryAlarge
scale work influenced the decision to conduct shallow seismic refraction

surveys of the washes at Yucca Mountain.’r

The seismic refraction method consists of measuring travel times of
compressional waves to known points along the ground surface. Compres-
sional waves generated by an impulsive energy source are detected,
amplified, and then recorded by equipment that is collectively referred
to as a seismograph system. The instant of energy impulse, or =zero
time, is recorded on the seismic record. Raw data consists of travel
times and distances between shotpoints  and geophones. This time-dis-
tance iﬁformation is graphically and mathematically manipulated to
derive velocity variations with depth. All measurements are made at the
ground surface, and subsurface structure is inferred from interpretation
based on the laws of energy propagation. Seismic surveys are commonly
used in hydrologic investigations to obtain information such as depth to
ground water, location of buried stream channels, and thickness of
unconsolidated overburden. In areas with a shallow water table, .the
interface between saturated and unsaturated unconsolidated materials is

often the first horizon of interest. Although individual stratified



layers of unconsolidated material may not be distinquishable within the
unsaturated overburden, the depth to saturated sediments and bedrock is
usually definable. In this study, depth of interest is the boundary
between unsaturated alluvium and unsaturated bedrock. The velocity
contrast between these units is wvariable and often low because of

fractures and weathering in the bedrock unit.

A preliminary literature review suggested that the refraction method
of seismic surveying should be used rather than the seismic reflection
method. Reflection methods require prior knowledge of seismic veloci-
ties and velocity distributions. This information is not well known in
the study areas. Further, a sledgehammer would be used as the source
for seismic waves for the following reasons: (1) Shallow depth of
investigation; (2) lack of explosives training  for personnel; and (3)
difficulties in augering the surface sediments of the study area for

emplacement of explosives. (Hammermeister, D., written commun., 1984).

The objectives of this study were: (1) To determine if shallow
seismic refraction surveys could be used to deteryine thicknesses of
alluvium by performing surveys near boreholes that determined thick-
nesses directly; (2) if the seismic refraction method proved to be
successful, perform preliminary surveys in washes that did not contain
boreholes; and (3) to define conditions under which shallow seismic

surveys could be successfully carried out in washes at Yucca Mountain.



SEISMIC REFRACTION THEORY

Fundamentals of Seismic Refraction Theory

‘The principles of seismic refraction surveying are bésed on the
knowledge that elastic waves travel at particular, and in some cases,
well defined velocities through different materials. In general, the
more dense the material, the faster the wave travels through the medium.
Propagation of seismic energy through subsurface layers is described by
the laws of physical optics. The refraction that a light ray or seismic
wave undergoes when passing from one material into another depends upon

the ratio of the transmission velocities of the two media.

Physical laws that apply to seismic refraction surveys are Huygen's
Principle, Snell's Law, and Fermat's Principle. Huygen's Principle
states that every point on a wave front is the source of a new wave that
travels out from that point in spherical shells (Halliday and Resnick,
1974, p. 672). When the wave generated according to Huygen's Principle
strikes an interface at a critical angle, part of the wave is reflected
back into the first medium and part is refracted into the second medium
(fig. 1). The direction of the reflected ray is governed by the law of
reflection which states that the angle of reflection is equal to the
angle of incidence and the reflected and incident rays lie in the same
plane (Mason and Berry, 1968, p. 106). The relationship between the
paths of the incident and refracted rays is kmown as the Law of Refrac-
tion and as Snell's Law. It states that the ratio of the sine of the

angle of incidence, i, to the sine of the angle of refraction, r, is



constant, that is:

sin i _ .
sin r (1)

where n is the index of refraction (Mason and Berry, 1968, p. 106). For

optical purposes, the value of n is the ratio of the velocity of light

in air, V, to the velocity of light in solid, v:

(2)
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Figure 1.--Reflection and refraction of a ray transmitted across

the boundary between two media (modified from Redpath, 1973).



In seismic studies, refraction occurs at the interface between two
subsurface stratigraphic units. The value of n in equation (1) is
replaced with the ratio between the elastic wave velocities in the two

units,

sin i _ V1

sin r ~ V2 (3)
where V1 is the velocity of the upper layer, V2 is the velocity of the
lower layer, and V2 > V1. For the case where V1 > V2, the incident ray
is deflected downward toward the vertical and will not return to the
surface until it has encountered a layer with a velocity greater than

any velocity encountered on its downward travel.

The critical angle of incidence is defined as the angle of the
incident ray that results in a refracted angle equal to 90 degrees
(Jakosky, 1950,p. 665). At angles less than the critical angle of
incidence, almost all compressional energy is refracted into the higher
velocity medium. When the critical angle is exceeded, energy is almost
totally reflected. When r is 90 degrees, sin r is 1, theréfore, the

critical angle of incidence, is:

sin i = == . (4)



Reflection and refraction of a ray or seismic wave follow Fermat's
Principle of least time, which states that the travel path between two
points 1is the path of minimum time (Gary and others, 1974, p. 257).

The travel time from point B to D in figure 2 is:

_B0, 0D
T=\*wn

_ Y12 + X2 22 + (L-X)?

= Vi T V2 . (5)

If this time is a minimum, then dT/dX = 0 and

X ) (L-X)

V1 Y12 + X2 v2 JY22 + (L-X)2

0=

- sin i sin r . (6)

V1 V2

-~

Therefore,

sin i _ V1

= = ' 7
sint - V2 constant , 7)

which also illustrates Snell's Law and evaluates the index of refraction
as the ratio of the velocities in the two media. For other wave paths,

the travel time predicted to be a minimum may be a maximum or a sta-

tionary value (Martin and others, 1967, p. 74).
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Figure 2.--Schematic illustrating Fermat's Principle (modified

from Martin and others, 1967).
~Seismic Wave Types

Four types of elastic waves may be transmitted through a homo-
geneous, isotropic, elastic solid. They are compressional (P), shear
(S), Rayleigh, and Love waves (fig. 3). Only P, S, and Rayleigh waves
can be observed in shallow seismology. Each of these waves causes a

slight, momentary, vertical displacement of material as it passes

through the earth.

P and S waves are body waves that are transmitted through the in-
terior of a solid. They return to the surface by reflection or refrac-

tion. P waves cause compressional motion that is parallel to the



direction ‘in which the wave 1is traveling. S waves cause transverse
motion that is perpendicular to the direction in which the wave is
traveling. Rayleigh and Love waves are near surface waves whose
amplitude dies out rapidly with depth. Rayleigh waves are elliptical in
motion and retrograde with respect to the direction of propagation.
Part of the motion is parallel to the surface of the earth along which
the wave is traveling and part is perpendicular to the surface. Love
waves are generated when there is a surface layer with an elastic
constant different from that of the rest of the solid (Dobrin, 1976, p.
38-39; Zohdy and others, 1980, p. 68). Wave motion is horizontal and
transverse and therefore, is not recorded by geophones that are designed

to respond to vertical ground motion only.

DIRECTION
OF PROPAGATION

(A) Compressional wave. (B) Shear wave.

DIRECTION OF

L

DIRECTION OF

SBURFACE (HORIZ,) ROPAGATION

PROPAQATION

PARTICLE £MOTION *
SURFACE LAYER
SANSANNNANNANNANNNNNAN

Q PARTICLE MOTION
TRAJECTORIES

(C) Rayleigh wave. (D) Love wave.

Figure 3.--Seismic wave types and particle displacements during passage

through a medium (modified from Mooney, 1977 and Dobrin, 1976).
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Each of the three wave types recorded by geophones travels at a
characteristic velocity. P waves travel at the greatest velocity. The
S wave travels at approximately one-half of the P wave velocity (S =
0.577P for well-consolidated rock; S = 0.45P in soils) (Mooney, 1977,
p.- 3-3). Rayleigh waves travel at approximately 0.9 the velocity of the

S wave (ibid).

In shallow seiémology, nearly all work is based on the P wave
because of two factors. First, the distances involved are very short
and the P and S waves arrive so closely together that the S wave is lost
in the train of motion following the first arrival of the P wave.
Secondly, because the vertical component of vibration is sensed by
geophones, the shear component of the waves is greatly minimized
(Jakosky, 1957, p. 651). All further discussion of elastic waves and

seismic waveforms will be concerned with compressional (P) waves only.

Seismic Wave Paths

A record of seismic waveforms shows ground motion at a geophone (or
series of geophones) as a function of time. A complete seismic waveform
may show several distinct arrivals. These arrivals are produced not only

by the different wave types but also by different wave paths through the

earth.

Seismic waves generated from a point source at the surface of a two

layer medium are shown in figure 4. The paths are illustrated as four
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rays and are: (1) The direct ray that follows a horizontal path from
the source point to the detector; (2) the totally reflected ray that
strikes the boundary between two layers at an angle greater than the
critical angle of incidence; (3) a ray that strikes the boundary at
exactly the «critical angle of incidence, part of the energy being
reflected and part of it being refracted along the interface; and (4)
the refracted ray that strikes the interface at an angle less than the

critical angle of incidence.

| X
i 1
ENERGY SOURCE (.62 MILE)  GEOPHONE

?T///////////////////, 777770 BIRECT RAY FATH
<,
£,
4

‘ Vi =1.2 ft/s
\
v
\

V; 52,3 £t/s (3) PATH OF RAY REFRACTED
ALONG V) -V;CONTACT

Figure 4.--Ray-path diagram of seismic energy generated at source S

and detected at geophone G (modified from Zohdy and others, 1974). '
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First arrivals on a seismic data record may be produced by either
the direct or the refracted ray. The direct ray travels the shortest
distance from shotpoint to geophone; first arrivals at the geophones
closest to the shotpoint are often the direct ray. The refracted ray
travels through the higher velocity medium and therefore arrives at the
geophones before the reflected portion of the wave that must travel

through the lower velocity medium.

Seismic Wave Velocities in Geologic Media

Seismic wave velocity in a geologic medium is dependent on density
and factors that affect density such as mineralogical composition, grain
size, lithification, direction with respect to bedding or foliation,
fluid vontent, pressure, and temperature (Grant and West, 1965; Clark,
1966). Velocity tables for geologic materials report values based on
material type, age, depth of burial, and degree of water saturation.
Reported values are most often obtained from laboratory measurements of
core samples. Example values are shown in table - 1. Velocity tables
are used to obtain a general range of velocities that may be expected in
a particular study area. These ranges are often wide and field measure-
ments are usually necessary to obtain more specific information on
velocities. Preliminary velocity information can also be obtained from
borehole acoustic-velocity logs. These logs are run in a water or
mud-filled borehole however, and information regarding seismic veloci-

ties in the unsaturated zone cannot be obtained from dry-drilled bore-

holes.
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Table 1.--Reported velocity values for geologic materials similar to
those found in the Yucca Mountain area, Nevada Test Site
[ft/s, foot per second]

Material Velocity in ft/s Reference
Water (fresh) 4,800 (Mercer, 1970)
Water (saline) 4,860 {ibid.)
Volcanic tuff

New Zealand 7,090 (Clark, 1966)
Weathered and fractured rock 1,500 to 10,000 (Redpath, 1973)
Alluvium, near surface 1,640 to 6,560 (Clark, 1966)
Weathered surface material 1,000 to 2,000 (Redpath, 1973)
Gravel, rubble, or sand (dry) 1,500 to 3,000 {(ibid.)
Quaternary sediments

various degrees of consolidation 1,000 to 7,500 (Jakosky, 1950)
Tertiary sediments

consolidated 5,000 to 14,000 (ibid.)

7L\

 Seismic wave velocity in a porous media is effected by the amount
of pore or void space and the type of fluid(s) that occupy the space.
Gas-filled pores decrease velocities; liquid-filled pores increase
velocity. Low porosity igneous rocks have the highest velocities for
geologic materials: often, the veiocity is greater than 16,000 ft/s.
Since porosity tends to decrease with depth because of compression,
porosity effects are most pronounced in upper'geologic units. Labora-
tory measurements on sandstone cores indicate that the velocity of

compressional waves is roughly inversely proportional to porosity over a

broad range (Wyllie and others, 1958).

In general, velocity values are greater for: mafic igneous rocks
than felsic igneous rocks; igneous rocks than sedimentary rocks; con-
solidated sediments than wunconsolidated sediments; water-saturated

unconsolidated sediments than dry unconsolidated sediments; wet soils
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than dry soils; carbonates than sandstones; sandstones than shales;
solid rocks than fractured rocks; unweathered rocks than weathered
rocks; dense rocks than light rocks; and finally, older rocks than

younger rocks (Mooney, 1977).

Interpretation of Seismic Refraction Data

First Arrivals and Time-Distance Graphs

Interpretation of seismic refraction data depends on the precise
identification of first arrivals on a seismic data record. The "first
arrival” or "first break" is defined as the first noticable departure of
the seismic pulse from a background signal (Hatherly, 1982, p. 1431).
There 'are several problems associated with the selection of first
arrivals: (1) Backround noise may over-shadow the early part of the
seismic signal and delay its appearance (fig. 5A and 5B); (2) amplitudes
of both the signal and noise vary from trace to trace, and a phase
picked as a first arrival on one trace may not be identical to the
phase picked on another; and (3) the recording equipment may not be able

to detect weak signals and therefore first arrivals may not be recorded.

The first arrival of a P wave is a small amplitude, sharp break, -
upward or downward on the seismic record. First waves recorded in
figure 6A are Rayleigh waves and later arriving P waves. Thése signals
have large amplitudes and are easily sensed by geophones. A record

with distinct, downward breaking, first arrivals is shown as figure 6B.
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Arrival times are plotted on a graph as milliseconds verses dis-
tance (fig. 7). The distance axis represents geophone locations as well
as the closest offset shotpoints that aré usually equal to the geophone
spacing. A reference point is selected. Zero on the x-axis represents
geophone #1 in this report. All shotpoints for a particular line are
plotted on a single graph, each shotpoint having its own curve. Every
point for a particular shotpoint is connected. Curves generated by
different shotpoints are then compared. Existence of parallel line
segments generated from different shotpoints indicates arrivals from the
same refracéor. The number of line segments with different slopes
indicates the probable number of geologic layers present beneath the
seismic line. The slope of each straight-line segment on the
time~distance graph is in units of time per distance. The inverse slope
is in units of distance per time and represents the velocity of the

medium through which the compressional wave travelled.

Interpretation Methods

Two methods of seismic data interpretation were used in this study.
For a discussion of the other interpretation methods that are available,

the reader is referred to Musgrave (1967) and Dobrin (1976).
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Critical distance method

The critical distance method of data interpretation was used in the
field to determine the arrangement of shotpoints and geéphones required
to record first arrivals from bedrock. Velocity values were calculated
for a single shotpoint and the resultant depths represented the average
depth to the refracting layer beneath the middle of the seismic line

(Mooney, 1977).

The simplest case for seismic data interpretation is that of two
geologic layers with plane and parallel boundaries. Compressional waves
are detected by a series of geophones laid out in a straight line along
the ground surface. Arrival times of the wave are plotted against
corrésponding shotpoint-to-detector distances (fig. 8). The first few
arrival times are those of direct arrivals through the first layer. The
slope of the line through these points is the reciprocal of the velocity
for that layer, i.e. 1/V1. A line drawn through these points will pass
through the origin of the time-distance graph. At some distance from
the shotpoint, a distance called the "cri;ical distance" exists. At
this point, the refracted wave arrives at the same time as the direct
wave. Refracted arrivals that are recorded beyond the critical distance
will plot along a line with a slope of 1/V2. A line drawn through these
refracted arrivals will project back to the time (Y) axis and intercept
it at a time called the intercept time. The critical distance, Xc, is
the breakpoint in the slope between the two line segments. Both inter-

cept time and critical distance are dependent upon the velocity of each
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of the layers and thickness of layer #1, and may therefore be used to

determine the‘depth to the top of layer #2.

The total travel time, T, for a compressional wave along the path

ABCD in figure 9 is:

T =T + T + T , (8)

where TAB is the travel time from A to B, TBC is the travel time from B

to C, and TCD is the travel time from C to D.

From figure 9:

AB = (D = —21_ . (9)
COS 1
and
BC =X - 22, tan i ; (10)

where Z; is the thickness of layer 1 and i is the critical angle of

incidence.

Substituting equations (9) and (10) into equation (8):



- AB + CD + BC

V1

V2

274 + X - 2Z4 tan 1
V1 cos i v2
= 22, ( 1 sin 1

2Z; (

Vl cos i V2 cos 1

V2 -~ V1 sin i

V1iV2 cos i )

X

v2 -

) +

X

V2

(11)
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From Snell's Law, the critical angle of incidence, i, is:

sin 1 = V1
v2
therefore,
-1
i = sin Kl'. (12)

Substituting equation (12) into equation (11):

in i - sin 1) + X

1/s
= 22191 (55197 o8 1

-3
I

1 - sin? i ) + X
V1V2 cos i sin i

2Z,V1 (

1 - sin? i ) + X
V2 cos i sin i

2z, (

cos i X
221 Grem Dt (13)

Substituting V1 = V2 sin i into equation (13),

T = 22 (59533) + V% } - (14)

When the value of X on the time-distance graph is equal to zero, T is

equal to the intercept time Ti’ and equation (14) can be rewritten as:

_ cos 1
Ti = 2Z; ( Vl_ ) . (15)



24

Rewriting equation (15) in terms of the unknown thickness of layer 1

yields:
TiVI
22, = cos i’
and
TiVI
2y = 2 cos i

TiVI
= o . (16)
2 cos (sin V1/V2)

Written in terms of velocities and times, equation (16) is;

T
i V1v
zy = 5 (—2E—) . (17)

Jv2Z -2

To express the depth to the top of layer 2 in terms of the «critical
distance, two relationships are used. The direct wave travels from the

shotpoint to the geophones at a velocity of V1 such that:
T, = X (18)

\'2 0

Equation (14) can be written in terms of T, as:

Ty = &5 + 2Z, (JYZE:E:iiZ) . (19)



25

At the critical distance, Xc, T, and T, are equal, therefore:

and,

which simplifies to the equation for determining the thickness of layer

1 in terms of critical distance and two velocities;

X
_ _C V2 - V1
Z1 = 2 Vo +v1- (20)

This calculation is easily performed in the field with a programmable

calculator.

Delay time method

Where boundaries between stratigraphic units are nonparallel, a
plot of arrival time verses distance will produce apparent velocities
for the refracting layers; velocity values will be less than the true
velocity if down-dip and greater if up~-dip. Use of these apparent

velocities will result in erroneous depth calculations.
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The delay time of a seismic wave is the difference between time
actually spent traveling upward or downward through the upper layer, and
the time it would have spent traveling at the refractor velocity, along
the normal projection of this path on the interface (Redpgth, 1973, p.
10; Dobrin, 1976, p. 314). Delay time is defined at the shotpoint and
geophones. Referring to figure 10, the delay time at the geophone is

defined as:

_c o
PIg =91 ~v2

— ZG zG tan i

"Vl cos i V2

- 1 _ _sin i

- ZG (Vl cos i V2 cos i) ’ (21)

where bTG is the delay time at the geophone and ZG is the depth to layer

2 beneath the geophone.

From Snell's Law,

..
sin i = &5 ,
therefore
. wn A )
V2=5ini Eﬁ;ﬁ/ (=
/~
) v
and ,2::%51 5
’ _ \ipv‘) L/
‘ 1 sin? i
DT = Zg (fT cos T ~ V1 cos T
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Because sin? i + cos? i = 1,
Z
_ Gecos i
DT = V1 ’

so that the delay time beneath the geophone is;

z -1
- G cos (sin V1/V2)
DTG = Vi . (22)

The delay time beneath the shotpoint is obtained in a similar manner and

is:

z -1
_ 'S cos (sin V1/V2)
DTy = i (23)

where DTS is the delay time beneath the shotpoint and Zs is the depth to

>layer 2 beneath the shotpoint.

Total delay time (DTT) is, by definition:

DT, =T_- 55 ; (24)

where 'I‘t is the observed total travel time from shotpoint to geophone;
S is the distance along the interface between the normal pro-

jections beneath the shotpoint and geophone calculated from

the dip of the beds; and

V2 is the velocity of the refracting layer (Layat, 1967).
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Dip of the refractor bed must be small (less than 10 degrees) such that
S is approximately equal to A'E in figure 10. With this condition,
Fermat's principle is valid within the accuracy limitations of other

factors (Gardner, 1967, p. 339).

Because delay time is defined at both the shotpoint and the geo-
phone, the total delay time may be expressed as the sum of delay times
at the shotpoint and at the geophone as:

DT, = DT, + DT (Dobrin, 1976, p. 313). - (25)
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Figure 10.--Schematic definition of delay time.
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By combining equations (24) and (25), an expression for delay time

beneath the shotpoint or the geophone is obtained. For example:

= S .
DTG = Tt v3 - DIg . (26)

If depth to the refractor beneath the shotpoint and velocities of the
layers are known, then DTS can be calculated, and the only unknown value
would be the delay time beneath the geophone; the arrival time from one
end of the line would be sufficient to determine the delay time beneath
the geophone (Redpath, 1973, p. 11). Because velocity and depth infor-
mation are not often known prior to surveying an area, shotpoints at
both ends of the line are required to determine true layer velocities
and depths. This method of seismic surveying is known as a "reversed
profile” or "reversing the line." Reversed profiles are seismic lines
surveyed using common geophone locations with shotpoints recorded from
opposite (reversed) directions (fig. 11). Because minimum-time travel
paths are independent of direction, the total travel time (Tt) from each
shotpoint must be equal; that is, Tt from_shotpoint 1 must equal Tt from
shotpoint 2. A range of about three milliseconds is generally consid-
ered to be acceptable. Furthermore, the same number of velocity layers

must be identifiable on the reversed time-distance graphs (Ackerman and

others, 1982, p. 13).
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one of a reversed profile have been

designated as TG and TG in figure 11. Each arrival time can be ex-
1 2 v

pressed in terms of component delay

times by rewriting equation (26) as:

= X
TG1 = DTSl + DTG + V3
and
- S - X
TG2 = DTS2 + DTG + V2 ,
so that
T. +T. =DT. +DT, + 2DT, + > (27)
G, Go S, So G V2
In a similar manner, the total travel time can be written as:
T = DI, +DT. +3 ;
t S S, Vv2 7
so that
TGl + TG2 = ZDTG + Tt
and therefore,
1
= = + - - (28)
DTG 5 (T TGz Tt)
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The depth to the top of the refractor beneath the geophone may then be

calculated by rewriting equation (22) as,

DTGVI

Z,= (29)

g § .
cos (sin V1/V2)

SIPT seismic data interpretation model

Seismic data wére interpreted with the SIPT (Seismic Interpretation
Program Timeshare) Fortran-IV computer program developed by J. H. Scott
(Scott and others, 1972, Scott, J. H., 1973, Scott, J. H., 1977). The
program was revised on 22 February 1984 for the Prime 850 computer and
updated on 25 April 1984. The program was run on a Prime 850 and Prime
9950 computer. A batch-mode program, SIPB, is also available (Scott,
J. H:, 1977). For seismic refraction spreads of great length and depth
of investigation, the reader is referred to Ackerman and others (1982).
This computer program will account for horizontal (lateral velocity

variations.

A data input file is created for each seismic spread. Data may be
formatted in card or free field format. Shotpoint and geophone loca-
tions, travel times, and layer designations are supplied as input.
Layer velocities may be calculated from time-distance graphs and entered
as input data or they may be calcu1a£ed by the program. A first
approximation of each refraction horizon is obtained by a computer

adaptation of the delay time method. The " approximation is then
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tested and improved through use of a ray-tracing procedure in which
computed ray travel times are compared against field-measured travel
times. The model is then adjusted in an iterative manner so as to
minimize discrepancies between computed and measured travel times.
Output of the program is presented in tables and as a plotted cross

section that represents velocity layering beneath a seismic spread.

;?Q Assumptions applied to the SIPT model are: (1) Layers are con-

tinuous and extend from one end of the refraction spread to the other;
(2) layer velocity increases with layer depth; (3) horizontal velocity
is equal to or greater than vertical velocity for any given layer;
(4) although vertical and horizontal velocity for a given layer may be
different from one another, both velocities are constant from one end of
a spread to the other; (5) refracted rays represent minimum-time travel

paths; and (6) the deepest layer extends to an infinite depth.

Computer program data requirements are: (1) The program user
determines and specifies the refraction layer that is represented by
each arrival time entered as input data; if a refraction layer is not
specified (input value of zero), that arrival time is not used in com-
puting the depth model; and (2) the program user determines and speci-
fies the position (in 3-D space) of each shotpoint and geophone for

which arrival times are entered as input data.

The limits of input data are: (1) Number of layers in a problem,

2 to 5; (2) number of geophone spreads in a problem, 1 to 5; (3) number



of shotpoints per spread, 1 to 7; and (4) number of geophones per

spread, 2 to 25.

Errors in Seismic Data Interpretation

Errors in interpretation of seismic refraction data have been ex-
tensively studied and reported (Domzalski, 1956; Soske, 1959; Green,
1962; - Berry, 1971;Greenhalgh, 1977; Whitely and Greenhalgh, 1979).
Sources of error common to shallow seismic refraction studies in arid,
alluvial, and fractured sediments are hidden layers and velocity in-
versions which are collectively known as "masked layers" (Schmoller,

1982).

Hidden layers

A "hidden layer" is a subsurface layer that cannot be identified by
first arrivals because of insufficient thickness or velocity contrast
with the underlying layer (Soske, 1959). The term "blind zone" is used
in conjunction with the hidden layer problem and it refers to the maxi-
mum theoretical thickness of a hidden layer. Blind zones are hypo-
thetical spaces that exist at every recorded refractor. Any hidden
layers, if present, will occur within this space (Merrick and others,
1978; Greenhalgh, 1977). In most cases, the blind zone will lie between
the surface low-velocity layer and a high-velocity layer at depth. If

time-distance graphs show a very large velocity contrast (i.e. 4,500
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ft/sec to 16,000 ft/sec) between the first and second layer, existence
of an intermediate velocity, hidden layer may be suspected. In prac-
tice, a blind zone can be empty or contain one or more hidden layers.
Thickness of a hidden layer will be between zero and a maximum value
that is a function of the velocity contrasts with adjacent layers.
Presence of a hidden layer results in underestimation of depth to the
refracting layer. If the presence of a hidden layer is suspected, there
are methods available to estimate its maximum possible thickness
(Redpath, 1973; Merrick and others, 1978; and Schmoller, 1982). These
methods are based on prior knowledge of the study area and may not be

applicable in unexplored areas.

Velocity inversion

.

Velocity inversion can occur wherever a geologic layer has a lower
seismic velocity than that of the overlying layer. According to Snell's
Law, critical refraction at the top of a low velocity layer is not
possible, therefore, it cannot be directly detected in the course of a
normal seismic refraction surQey. In arid alluvial sediments, velocity
inversions could result from caliche layers, sand or gravel beds,
lateral changes in weathering of bedrock surfaces, fault and breccia
zones, large vertical differences in moisture content, buried animal
dwellings, or boulders buried at some depth. In any case, velocities
do not always increase progressively with depth, and at some point in
the stratigraphy'vthere may be a downward transition to a relatively

lower velocity (fig. 12). This has the effect of refracting the seismic
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ray downward toward the vertical. Refractions from a low velocity layer
cannot be detected at the surface, therefore first arrivals are not
recorded. The effect of a velocity reversal is to make computed depths

greater than actual depths.

Progressive increase in velocity

A third type of velocity-depth problem is a continuous increase in
velocity with depth; the bedrock surface will act as a zone of tramnsi-
tion rather than a well-defined boundary. Example causes are: (1)
Finely stratified layering that increases in density with depth due
to compaction; and (2) progressive decrease in weathering with depth.
A continuous increase in velocity with depth will appear on a time-

distance graph as a curve rather than as a series of distinct line

segments.

Types and characteristics of seismic sources

Several types of sources have been used to generate seismic waves

for shallow refraction studies. The primary objective is to transfer
energy into the ground. Secondly, a wavefront that has a sharp rise

time, rather than a gradual beginning, must be produced.
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Explosives

An explosion is the most common seismic source. Signal strength is
dependent on the amount and type of explosive used. Coupling to the
ground is achieved by burying the explosive and then saturating the hole
with water or drilling mud. The resulting wavefront will be sharp.
Charge weight required depends upon local geology, length of the seismic
line, and amount of backround noise. Charge weight may vary from a
blasting cap for a 100 ft line to several pounds of explosives for a

long line under adverse conditions.

Use of explosives is limited by concerns of safety and speed.
Explosives may only be handled by trained individuals who must operate
under legal restrictions. In most seismic operations, the charge 1is
planted in the earth at depths ranging from a few to several hundreds of
feet (less thén 25 ft is common for shallow refraction work). This

requires drilling or augering of access holes.

Weight Drop

A weight drop from some height is most often used as a seismic
source for reflection surveys. The amount of energy transferred to the
ground is proportional to the mass of the weight and the change in
velocity at the instant of impact (Mooney, 1977, p. 21-1). By doubling
the mass of a weight, the amplitude of a seismic wave will be doubled,

however, the horizontal and vertical range of imnvestigation will not
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double proportionately. A seismic wave signal will decrease with
approximately the square of the distance, therefore, increasing the mass
of the weight by a factor of two, will increase the range of investi-
gation by a factor of about 2% = 1.4. Terminal velocity of a falling
object is proportional to MH%. To double the signal amplitude from a
given weight drop, the mass (M) would need to be increased by a factor

of 2 or the height (H) by a factor of 4.

If the weight penetrates the ground surface upon impact, the wave-
front will build more slowly and fail to produce a sharp rise. Because
a heavier weight will tend to penetrate the ground, effectiveness of
increasing the mass of the weight may be lost. To lessen the effects of
this phenomenon, the weight should be dropped on a hard surface whenever
possible. Weight bounce should be avoided because this energy is trans-
ferred to the ground. An ideal drop would stop the weight instantly

upon impact.

Shape of the weight should be such as to avoid horizontal motion
upon impact. A flat or oval-bottomed weight will usually ‘impact one
edge before the other, dissipating energy into horizontal signals. A
sphere is an excellent shape, provided it is not dropped into a hole so

that it makes first contact along the side.
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Sledgehammer

Effectiveness of a sledgehammer strike as a seismic source is
governed by the same considerations as a weight drop. Two additional
factors need also be considered. The first regards increased impact
velocity provided by swinging the hammer. A study by Mooney (1977)
indicates that a hard swing can increase signal amplitude by a factor
of 2. The second factor to consider arises from use of a strike (or
impact) plate. A strike plate serves to stop the hammer upon impact.
Without a plate, the head of the hammer can sink into the ground and

produce the same negative result as mentioned with the weight drop.

Size of the strike plate required is determined by the nature of
the ground surface. If the plate is too small, it can be driven into
the ground by successive blows. If it is too large, much of the energy
from the impact can be dissipated through vibration. In this study, it.
was experimentally determined that a 0.9 by 1.25 ft aluminum plate was

most effective.

The sledgehammer must strike the plate perpendicularly to impa;t
maximum energy. It should also strike near the center of the plate to
avoid driving one corner of the plate into the ground. Number of
strikes per seismic record varied from three for 55-ft interior shots to
more than twenty for 110-ft offset shots. The only criteria for deter-
mining the number of sledgehammer strikes required for a particular

seismic record is the quality of the "first breaks" obtained.
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Signal Enhancement Seismograph With Respect To Energy Source

The signal enhancement seismograph has expanded the utility of non-
explosive sources. The basic function of the signal enhancer is to
stack successive seismic signals. This allows the true seismic signal
to "grow" and become more distinct while backround noise is limited or
drowned out. The seismic signal increases in definition because re-
fraction will occur at the same point on the record. Reduction of noise
is achieved because it is a random signal that will not occur at the

same time on successive seismic records.

STUDY AREA

Geographic and Geologic Setting

Yucca Mountain is located on the U.S. Department of Energy's Nevada
Test Site (NTS), Nye County, Nevada. It lies on the western boundary
of the NTS, between Bureau of Land Management and U.S. Air Force lands
(fig. 13). The NTS is located within the most arid region of the United
States. Average annual precipitation at Yucca Mountain is estimated to
be 4 to 6 inches. Depth to ground water ranges from about 1,500 to

2,300 ft (Waddell and others, 1984).

Yucca Mountain is an eastward-tilted volcanic plateau composed of
ash-flow tuffs and related rocks of Miocene age (Scott and Castellanos,

1984). Most exposures on Yucca Mountain are the Tiva Canyon Member of
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the Paintbrush Tuff. East-west trending alluvium-filled washes occur on
both sides of the mountain and form the major drainage system. Bedrock

underlying the alluvium is generally the Tiva Canyon Member.

Alluvium is used as a general term to describe any deposit that
involves water transport. It includes debris flows and stream deposits.
Particle sizes range from silt to boulders (Hoover and others, 1981).
In the washes surveyed, the surface unit is a fluvial deposit of Holo-
cene age. It consists of gravel, sand, and silt, intermixed and inter-
bedded, poorly to moderately well-sorted. Gravel is angular to sub-
rounded. Boulder patches and trains are common. No pavement has
developed. The lower alluvial unit is of Pleistocene age and consists
of gravel, sand, and silt, poorly to moderately well-sorted, nonbedded
to well-bedded. Sand and silt occur as a matrix for gravel, as sand and

gravelly sand beds, and as lenses interbedded with gravel (Swadley,

1983).

The Tiva Canyon Member is a multiple-flow compound cooling unit of
moderately to densely welded ash-flow tuff. The unit is petrograph-
ically distinguished by a mafic-rich caprock, a sanidine-rich and
hornblende-rich lower section, and the presence of sphene throughout the
unit. Scott and Castellanos (1984) have created field subdivisions based
on mineralogical, degassing, weathering, jointing, and welding features
(fig. 14). These subdivisions, in descending order, are: (1)
Light-brown caprock; (2) gray caprock; (3) upper cliff; (4) upper litho-
physal; (5) lower cliff; (6) gray clinkstone; (7) red clinkstone; (8)

lower lithophysal; (9) hackly; (10) columnar; (11) and basal.
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It has been shown that a correlation exists between the degree of
welding and rock mass properties such as porosity and fracture density
(Scott and others, 1983). Densely welded tuff fractures readily; non-
welded tuff does not. Columnar jointing characterizes zones of dense
and partial welding. Joints are formed as a response to tensional
forces that are active during cooling of the flow (Winograd and
Thordarsom, 1975). Joint spacings range from a few tenths of an inch to
many feet (ibid). More closely spaced joints occur in the zone of most
intense welding. Degree and extent of bedrock weathering is variable.
Petrographic studies indicate that differences in weathering character-
istics are related to differences in devitrification textures (Scott and
others, 1983). Weathered surfaces composed of small (2 to 3 inches),
irregular fragments, have small, finely fibrous devitrification
textures. Weathered surfaces with 3-ft-long, smooth, conchoidally
fractured blocks, have long, coarsely fibrous devitrification textures.

The columnar zone has an almost unaltered glass shard texture.

Geologic units encountered in test hole USW H-4 (fig. 15) are
representative of the stratigraphy expected beneath most seismic lines.
The first bedrock unit penetrated by the drill hole is the Lower
Lithophysal Subunit of the Tiva Canyon Member (Whitfield and others,
1984). This subunit is densely welded and devitrified. Calculated

fracture density is 6.23 fractures/unit ft? (Scott and others, 1983).
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Local Study Areas

The study areas (fig. 15) were selected because: (1) Neutron-
access holes were sited for future drilling in these washes and borehole
data could be used to verify seismic results, and (2) they did not
contain boreholes and information regarding depth to bedrock was not

available.

Vegetation in the washes is sparse. Varieties include creosote

bush (Larrea divaricata), sagebrush (Artemesia tridentata), Mormon tea

(Ephedra nevadensis), and various grasses. The washes contain com-

pacted road beds, stream channels (surface and buried), debris piles,
and animal burrows which can adversely affect seismic records through
signal dispersion due to decreased grain-to-grain contact and increased
gas-filled void space. Road beds had been established to drilling sites
and are made of compacted, local materials. Stream channels are present
in all study areas and vary in width and depth of cut below land sur-
face. Debris piles are composed of weathered ashflow tuff and gravel.
Buried and partially-buried debris piles are commonly inhabited by
burrowing animals. These conditions controlled the location and number
of seismic lines that could be surveyed in an area. In general, selec-
ted sites were clear of stream channels and road beds, relatively level,
and free of obviously loose, disturbed surface sediments. Lines were
set parallel to the length of the washes because of the narrow width of

the washes and the length of seismic lines necessary to record bedrock

refractions.
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Pagany Wash is 2.5 miles in length and has an average width of
340 ft in the upper wash and 430 ft in the lower wash. Total area is
approximately 510 acres. Elevation ranges from 3,840 to 4,380 ft.
Average slope of the walls is 0.46 in the upper wash and 0.35 in the
lower wash. Stream channels are located across the bottom of the wash;

depth of cut below land surface ranges from 0 to &4 ft.

The wash was undisturbed at the beginning of this study; there were
po roads or boreholes. Seismic line locations were initially estimated.
After several neutron-access holes were drilled, the lines were mapped

by locating them in reference to the surveyed borehole locations

Qac Canyon is 1 mile in length and has an average width of 430 ft
in the upper wash, 445 ft in the middle wash, and 800 ft in the lower
wash.” Total area is approximately 385 acres. Elevation ranges from
3,820 to 4,280 ft. Average slope of the walls is 0.45 in the upper
wash, and 0.30 in the middle and lower wash. The northwest extent of
the wash is divided by a bedrock spur into two branches. At the
juncture, a large area has been disturbed from a trenching project. A
stream channel with a2 cut of 0 to 6 ft runs eastward from the trench
along the south wall of the wash. A jeep trail is located in the

approximate center of the wash and extends for the entire length.
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Qac Canyon did not contain any boreholes. Seismic lines were
located on the map by siting to two or more control points. Control
points were coordinate locations that had been surveyed prior to this
study, for example: (1) Control point #1, original site for test well
USW WT-2; (2) control point #5, a recording seismic station; (3) control
point #6, west boundary, NTS; and (4) seismic shothole US-25#1. Several
neutron-access holes were tentatively sited in this area, therefore many

seismic lines were run.

The third area surveyed is unnamed, and is referred to as WI2 Wash.
It is 0.6 miles in length and has an average width of 315 ft in the
upper wash and 250 ft in the lower wash. Total area is approximately
165 acres. Elevation ranges from 4,020 to 4,340 ft. Average slope of
the walls is 0.15 in the upper wash and 0.30 in the lower wash. Narrow
stream channels are located between the base of the walls-and a road

bed.

Neutron-access holes located in this wash have not been drilled or

" surveyed. Therefore, seismic lines were located on the map im relation

to prominent land forms.
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PREVIOUS WORK

Sledgehammer Seismic Refraction Method

The sledgehammer seismograph was developed by Gough (1952) for use
in seismic investigations of subsurface geologic structure to a maximum
depth of about 100 ft. The original equipment consisted of: (1) A
10-1b sledgehammer with inertia contactor; (2) a timing unit; (3) a
single geophone; (4) an amplifier unit; (5) a display unit with cathode-
ray tube; and (6) a power supply unit. Parts (2), (4), and (5) were
built into a single receiver unit. The inertia contactor consisted
of two flat springs with silver contacts that were normally separated by
0.01 inch. When the hammer struck a hard surface, the upper spring bent
under the inertia of its own mass and closed the gap. A voltage pulse
was sent from the contactor to a trigger circuit in the receiver. Input
time-constants were designed such that if the contactor closed more
than once for a given blow, due to vibration of the upper spring, only
the first contact would operate the trigger. A vertical-component,
moving-coil geophone was wused. The geophone was connected to the
amplifier with shielded cable because of the voltage surge induced when

the contactor closed.

Field procedures consisted of burying the geophone 100 ft from the
receiver unit and setting shotpoints at increasing distances away from
the geophone. The method of increasing shotpoint distance was intended
to allow. the operator to become familiar with the appearance of the

seismic wave at short range, where noise was not visible, so that the



51

same signal could be recognized in noise at large distances. Accuracy
of surveying techniques and depth models was tested by surveying an area
that contained several boreholes that determined layer depths directly.
A typical, long seismic line was about 800 ft with 33 shotpoint loca-
tions. The number of sledgehammer strikes per record ranged from &
to 20. Data were interpreted using intercept times. The seismic lines
were not reversed, and depths obtained represented an average over the
length of the line. Seismic depths compared to borehole depths within a

range of 15 percent.

Shallow Seismic Refraction Surveys in Hydrologic Investigations

Research of geophysical and hydrologic literature vyielded no
reports of shallow seismic investigations conducted in unsaturated
sediments only. Previous work in weathered bedrock and alluvium, or
similar unconsolidated sediments, has been conducted in areas with a
relatively shallow water table and location of the wvelocity horizon
between unsaturated . and saturated sediments was at least one of the
study objectives. Although the magnitude of velocity values from
saturated sediments cannot be directly compared to unsaturated velocity
values, previous seismic investigations in unconsolidated sediments and
weathered bedrock zones have reported similar difficulties and results

that were attributed to the sediment type rather than the presence or

absence of fluid.
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Shallow seismic refraction studies were conducted by Hobson to
determine bedrock topography and thereby identify previously existing
surface-drainage systems (Hobson and others, 1964; Hobson and Carr,
1967). Bedrock units were overlain by Pleistocene sands, gravels, and
tills. Depths to bedrock were determined within 7.3 percent of borehole
depths. Within the study area, three layers of unconsolidated sediments
were identified based on compressional wave velocity. Beneath any one
seismic line, each layer was represented by one of two or more velocity
sub-layers. The range of velocities was attributed to different degrees
of compaction. Stratigraphic differentiation between unconsolidated
sediments was possible in general terms only. The soil zone and aerated
tills were identified with velocities of about 1,500 ft/s and less. Low
occurrences of high-velocity (3,000 to 6,750 ft/s) unconsolidated
material were identified as tills with a large concentration of cobbles
and boulders (Hobson, 1967). Although velocities were not able to be
identified with specific stratigraphic layers, the velocity demarkation
between unconsolidated sediments and bedrock was determined to 6,750

ft/s.

Depth to the water table and thickness.of saturated alluvial fill
have been determined using seismic refraction methods to locate the
velocity horizon between saturated and unsaturated sediments. Studies
conducted in alluvium-filled valleys and river channels have reported
that depths determined by seismic methods corresponded within 10 percent
of borehole depths (Duguid, 1968; W?hrhaftig, 1984). Differentiation
based on compressional wave velocity was possible between saturated aﬁd

unsaturated sediments, and alluvium and bedrock only. For unconsolidated
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materials in general, vsat (saturated velocity) is about 5,000 ft/s and
usat (unsaturated velocity) is 1,000 ft/s (Haeni, 1984).

Weathered bedrock zones underlying alluvium have been identified as
layers with velocity values intermediate to alluvium and non-weathered
bedrock (Duguid, 1968; Wahrhaftig and others, 1984). Depths to the
weathered zone were determined within 5 to 10 percent of depths deter-
mined by borehole data. Thickness of the weathered zone was obtained
where velocity contrasts between overburden, weathered bedrock, and
non-weathered bedrock were appreciable. Where the weathered zone had
insufficient thickness and(or) velocity contrast with overlying layers,
refractions were not recorded and the weathered zone was considered as a
hidden layer. Because bedrock refractions were from the base of the
weathered zone, actual depths to bedrock were less than those determined

by seismic methods.

Seismic Studies in the Yucca Mountain Area

Previous seismic studies in the Yucca Mountain area were primarily
concerned with identifying regional structure and basement complexes.
Seismic waves generated by tectonic events, nuclear weapons tests, and
conventional explosives were recorded (King, 1982; Pankratz, 1982;
Hoffman, 1983). Summary reports contain little information regarding
velocities and geologic layering for depths less than 100 feet. Two
studies that did provide information pertinent to this study were

conducted by Pankratz and Ackerman.
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Ekperiments conducted by Pankratz in December, 1978 and September,
1979 included three 1.7-mile seismic lines that were located in the
vicinity of Yucca Mountain. The spreads are shown in figure 16 as Yucca
A, Yucca 2b, and Yucca C. Three problems noted in his summary report
were: (1) Inaccessability of the area to vehicles, (2) difficulty in
obtaining adequate first arrivals which he attributed to absorption of
seismic energy in weathered material, and (3) lateral velocity var-
iations having no geologic significance (Pankratz, 1982). In general,
results in the Yucca Mountain area were considered poor and subject to
discrepancy with velocity and depth information obtained from borehole
data (Ue-25ai#1). Discrepancies were attributed to the following
factors: (1) Low signal-to-noise ratio due to the absorptive character
of the subsurface, (2) occurrences of undetected low-velocity layers,
(3) the existence of a major vertical discontinuity between materials of
contrasting velocity in the vicinity of the seismic spread (i.e., fault
blocks with different degrees of weathering or welding), and (4) the
suspected presence of a strong anisotropy of acoustic impedance. With
much caution, he assigned velocities of approximately 5,577 ft/s to the

Tiva Canyon Member and velocities of approximately 6,562 ft/s either to

the lower Tiva or the upper Topopah Springs Member.
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Location of the seismic line surveyed by Ackerman is shown in
figure 17. The 1line consisted of three spreads, 48 geophones per
spread. Shotpoints were 50 feet deep and explosive charge weight varied

from 10 to 75 pounds.

One important result of this investigation was the observation and
experimental verification of the apparent large variability in seismic
velocity of the welded Tiva Canyon Member. At the eastern end of the
seismic 1line, velocity. of the Tiva Canyon Member was approximately
10,000 ft/sec. At the western end, near Exile Hill, the velocity was
about 6,800 ft/sec (Ackerman, written commun. 1984). To further verify
the velocity variation, measurements were made in wells along the crest
of Yucca Mountain and velocity values obtained were lower vet (no
velocity value cited). A functional relationship between degree of
welding and velocity was not established, although it has been generally
agreed upon that degree of welding is the primary factor affecting
density in ash-flow tuffs, and density to a large degree controls

velocity (Ackerman, written commun., 1984; Scott and others, 1983).
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MATERIALS AND METHODS

Seismic Refraction Survey Equipment

Seismograph

The EG&G ES-lZlO.signal enhancement seismograph was used for all
seismic surveys in this study. It is packaged in a weatherproof,
aluminum case and operates from a 12-volt external power supply. It
records 1024 by 10-bit words on 12 channels. Enhancement is achieved by
signal sampling, digitizing and storage in a random access memory.
Repeated signals are added while random noise is cancelled or limited.
A CRT (cathode ray tube) screen continuously displays the signal stored
in memory on all channels simultaneously, or on selected combinations of
fewer channels. Each channel has a separate input gain control, trace-
size control, and analogue filter mode-selector. Filter settings
available are: (1) Band pass, that records on the selecte& frequency
only; (2) band reject, that eliminates the selected frequency only; (3)
low pass, that records low frequencies only; (4) high pass, that records
high frequencies only; and (5) all pass, that records all frequencies.
Filters are used to eliminate noise that may be present in a particular
area. Vehicle traffic, machinery, and wind are examples of the noise
that may be eliminated. Existing noise may be analyzed by depressing a
noise monitor button that causes any noise being transmitted to the
geophones to be displayed on the CRT. This cépability aids in deter-
mining filter selection and quality of geophone emplacement. A

variable time delay option allows recording signals from great depths
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(greater than 100 ft) or use of time-delayed energy sources. Built-in
voltage and resistance meters allow the operator to monitor power input

and check cable and geophone conditions before recording.

. Once a data set is recorded and stored in the seismograph memory,
it is immediately displayed on the CRT for observing data quality and
for adjusting individual trace sizes. A built-in electric writing
oscillograph provides a permanent paper record when desired. Data is
displayed and printed in either wiggle-trace or variable-area form
(fig. 18). Wiggle-trace form produces a good printed copy from seismic
records that contain much backround noise or where several shots per
seismic record are required. The first arrivals are recorded and

printed as solid lines; the late, large amplitude, wave arrivals as

scattered lines.

Cables and Geophones

Signal input is obtained fhrough a 12-channel cable that connects
directly to the seismograph. Receiver stations of 10, 20, 50, and
100 ft spacings are available. At each of the 12 stations, a geophone
is connected with alligator clips. Fourteen-Hz Geosource sM-71 geo-

phones were used for all surveys.

1Use of brand names is for descriptive purposes only and does not

constitute endorsement by the U.S. Geological Survey.
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Seismic Energy Source

Several energy sources are available for use with this system. A
12-1b sledgehammer impact on an aluminum plate was used for all surveys
in this study. Zero-time for the seismic record is initiated by a
switch that is attached with tape along the length of the handle, a few
inches from the hammer head. It is protected by silicone from excessive
vibration and environmental elements. A 250-ft cable between the
sledgehammer and seismograph start-signal port allows the seismograph to

remain stationary while the shotpoints are moved along the line.

Miscellaneous Equipment

Assorted hand tools and spare parts are necessary to perform equip-
ment repairs and modifications in the field. Screwdrivers, pliers,
fuses, a volt-ohmmeter, wire cutter and strippe;, electrical tape, extra
wire, spare hammer switch, and heat-sensitive recording paper are some

of the items that should be available.

Field Vehicle and Survey Crew

The seismograph system and survey team was transported in a 4 X 4
pick-up truck. On most occasions, a two-member field crew operated the
system. A few surveys were conducted by one person. Although less

time-efficient, operating the system without assistance allowed the
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author to more easily trouble-shoot field operations and determine

optimum working arrangements.

Equipment Setup

Geophone Cable and Geophones

After the survey site had been selected, the line was measured for
cable length and shotpoints. Stakes were used to identify first and
twelfth geophone positions. Rock rings identified shotpoints. The
geophone cable was then laid out between the stakes. The cable was
pulled taut as equidistant 10- or 20-ft geophone spacings were used.
Geophones were then emplaced. Geophones were placed within 10 degrees
of the vertical and firmly planted such that they would not wiggle
when tested with a finger on the top. After each geophone was emplaced,

it was connected to the geophone cable with alligator clips.



63

Seismograph

The seismograph was operated from the seat of a vehicle. Geophone
cable, 12-volt power cord, and start-signal cord connect to the seismo-
graph. The geophone cable has a 12-pin Canon connector on each end and
may be connected to the seismograph from either end. Connecting either
end of the geophone cable determines which geophone (#1 or #12) is
recorded at the top of the seismograph CRT screen. Screen position
of the geophones can be determined by tapping the first or twelfth
geophone or stamping the ground and then noticing which seismic trace

responds on the CRT.

Preliminary Survey

A seismic survey was performed to establish geophone and shotpoint
arrangements capable of obtaining refractions from bedrock. This was
accomplished by surveying an area where the depth to bedrock was known.
Test hole Ue-25 aff4, located in Drill Hole Wash (fig. 16), was selected
for this purpose. From drilling data, depth to bedrock was known to be
30 ft (Spengler, 1980). The geophone cable was laid out in a line
across the drill site: 10-ft geophone spacings were used. The first
shotpoint was set 40 ft southeast of geophone #1. Surveys with shot-
points at 50, 70, and 200 ft were also performed. First arrivals were
not observed at any of the locations. As a result of these surveys, it
was determined that the delay switch in the seismograph was mal-

functioning. Wave arrivals were being recorded after an unknown, set
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time delay. As a check for the malfunction, a seismic line was surveyed
on Frenchman Flat, NTS, where refraction surveys had been previously
performed and first arrivals were obtained. First arrivals were not
observed. Large-amplitude, irregular wave traces were recorded. On
recommendation of the manufacturer, the delay switch was removed from
the seismograph and the preliminary survey resumed. First arrivals of
sequentially greater time at each geophone were then observed. Ten-ft
geophone spacings.were determined to be adequate and off-set shotpoints
equal to the length of the geophone spread (110 ft) would be sufficient

to obtain refractions from bedrock.

RESULTS AND DISCUSSION

Data interpretations are reported for seismic surveys that produced
data records with first arrivals that could be picked within a 2-ms
(millisecond) range and depth models that were verifiable by borehole

data or field correlation.

Elevations cited are relative for each line. Where land surface is
horizontal over the length of the seismic line, land surface is assigned
an elevation of 0.0 ft. Elevation of velocity layers beneath a hori-
zontal line are given as feet below land surface. Seismic lines sur-
veyed on a sloping surface are assigned elevations relative to the last
shotpoint. The furthest shotpoint down-slope is assigned an elevation
of 0.0 ft; elevations for geophones and other shotpoints are calculated

for the appropriate slope angle. This method of elevation assignment is
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considered to be the easiest and most practical method for this study
because the information desired is thickness of alluvium beneath land

surface.

Seismic line trends were sited from geophome #1 to geophone #12.
Where the land surface was sloping, geophone #12 was the furthest geo-

phone down-slope. !

Seven shotpoints were used for each seismic line wherever possible.
For a 110-ft geophone spread (10-ft geophone spacing), with respect to
geophone #1, shotpoints were placed at -110 ft, -55 ft, -10 ft (forward
shotpoints), 55 ft (interior shotpoint), 120 ft, 165 ft, and 220 ft
(reverse shotpoints) (fig. 19). Several attempts were made to obtain
data records from -165 and 275 ft. These records were of poor quality

and first arrivals could not be picked with the desired precision.
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Figure 19.--Shotpoint and geophone locations for a typical

seismic line.

Pagany Wash

Eight neutron-access holes are located along a line that extends
about 180 ft across the wash (fig. 20).- Stream chahnels interéect the
line between access holes N5 and N6. Alluvium-bedrock contacts,
measured below land surface are; N2, 0 ft; N3, 9 ft; N4, 24.5 ft; NS,
44.5 ft; N6, 39.5 ft; N7, 40.5 ft; N8, 40 ft; and N9, 35 ft
(Hammermeister, written commun., 1985). N2 and N5 are 86 ft apart and
have a 44.5 ft difference in depth to bedrock. N4 and N5 are about 26

ft apart and have a 20 ft difference in depth to bedrock.
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Seismic Line NDWI

The line was located about 78 ft northeast of the south wall of the
wash. Northeast of the line was a well-developed stream channel with a
cut of about 4 ft below land surface. Data acquired were good with
exception of the 220-ft shotpoint. Recorded waveforms were complete,
however, first arrivals were difficult to pick within the 2-ms range of
precision. Four velocity layers were identified on the time-distance
graph (fig. 21). Three data sets were used to generate depth models:
(1) Hodel #1 was obtained using esti@ated first arrival times from the
220-ft shotpoint; (2) model #2 was obtained by deleting layer designa-
tions from the 220-ft shotpoint; and (3) model #3 was obtained by

adding the 2-degree slope of the land surface to the input data of (2).
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Velocities generated from the three models range within 2 percent
for a particular layer (table 2). Because reciprocity of reversed
profiles requires that total travel times and identifiable layers be the
same for reversed shotpoints, velocity layers identified from the -110
shotpoint should be present at the 220-ft shotpoint. Refractions re-
corded at the -110 ft-shotpoint are from layers 3 and 4. Deleting layer
designations from the 220-ft shotpoint has little effect on velocity
determination because refractions from layers 3 and 4 also were recorded
at the -110, -55, and 165-ft shotpoints and these arrivals were suffi-

cient to calculate velocities and depths.

Table 2.--Seismic velocities, line NDWI.

Layer Layer velocity

number Model #1 Model #2 Model #3
1 1250 ft/s 1251 ft/s 1251 ft/s
2 1965 ft/s 1966 ft/s 1966 ft/s
3 4138 ft/s 4078 ft/s 4078 ft/s
4 8229 ft/s 8172 ft/s 8172 ft/s

Depth plots obtained from each model are shown as figures 22, 23,
and 26. Removing uncertain data from the ZéO-ft shotpoint changes the
depth to layer 4 by less than *2 feet. Velocities and depths are con-
sidered to be accurate values because slope angle is small and refrac-

tions from all layers were recorded from reversed shotpoints.

Model #3 is considered the most reasonable interpretation of

seismic line NDW1 (table 3).
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nine neutron-access holes at or above (NW of) the seismic line site.

Seismic velocities of layers 3 and 4
obtained from NDW1.
geophone and the nearest (-10 ft and

table 4. A depth plot beneath the line

Seismic velocities

are within 10 percent of those
and depth to layers beneath each
120 ft) shotpoints are shown in

is shown as figure 26.

Table 3.--Seismic depths beneath line NDW1, model #3.

Position of Layers Beneath Shotpoints and Geophones

SP Position

Surface Elev

Layer 2 Layer 3 Layer 4

Depth Elev Depth Elev Depth Elev

3 -10
4 55
5 120.
GEO

1 0
2 10.
3 20.
4 30.
5 40.
6 50.
7 60.
8 70.
9 80.
10 90.
11 100.
12 110.
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5.2 16.3 -8.3 61.2 -53.2
2.7 15.3 -9.5 65.6 -59.8
1.4 14.7 -11.2 68.3 -64.8
4.9 16.3 -8.6 61.2 =53.5
4.0 15.7 -8.4 61.2 -53.9
2.6 15.3 -8.3 60.5 =53.5
2.1 15.2 -8.6 62.5 =-55.9
2.5 15.7. -9.4 63.8 -57.5
2.7 15.6 -9.7 65.0 ~59.1
2.6 15.0 -9.4 66.2 -60.6
2.6 14.2 -9.0 68.3 -63.1
2.9 15.5 -10.6 68.3 -63.4
2.8 15.6 -11.1 68.3 -63.8
2.6 15.1 -10.9 68.3 -64.1
1.7 14.6 -10.8 68.3 -64.5
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Table 4.--Seismic velocities and depths, line NDW3.
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Layer number

Layer velocity

£ -

1381 ft/s
2472 ft/s
4286 ft/s
8836 ft/s

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3 Layer 4
Depth Elev Depth Elev Depth Elev

C -10.0 8.0 4.1 3.9 16.6 -8.6 68.2 -60.2
D 55.0 5.8 3.2 2.6 18.1 -12.3 65.6 -59.8
E 119.9 3.5 4.4 -0.9 20.3 -16.8 68.1 -64.6
GEO

1 0.0 7.7 4.2 3.5 16.7 -9.0 68.2 -60.5
2 10.0 7.3 4.1 3.2 16.3 -9.0 68.2 -60.9
3 20.0 7.0 4.0 3.0 16.0 -9.0 67.5 -60.5
4 30.0 6.6 3.5 3.1 15.8 -9.2 65.7 -59.1
5 40.0 6.3 3.3 3.0 16.7 -10.4 64.7 -58.4
6 50.0 5.9 2.9 3.0 17.8 -11.9 65.0 -59.1
7 60.0 5.6 3.5 2.1 18.3 =-12.7 66.1 -60.5
8 70.0 5.2 3.9 1.3 19.1 -13.9 65.6 -60.4
9 79.9 4.9 4.3 0.6 19.6 -14.7 68.1 -63.2
10 89.9 4.5 4.6 -0.1 21.1 -16.6 68.0 -63.5
11 99.9 4.2 4.2 -0.0 21.4 -17.2 68.1 -63.9
12 109.9 3.8 4.4 -0.6 20.2 -16.4 68.0 -64.2
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Table 5.--Seismic velocities and depths to layers beneath
seismic lines NDW1 and NDW3

Layer
Number NDW1 NDW3
Average Average
Velocity (ft/s) depth (ft) Velocity (ft/s) depth (ft)
1 1251 Surface 1381 Surface
2 1966 3.5 2472 3.9
3 4078 15.3 4286 18.3
4 8172 65.0 8836 67.0

Velocity layers 1 and 2 can be identified as surface and
more-compacted alluvium respectively.

Depths to bedrock determined from neutron-access holes (fig. 20)
more closely correspond to velocity layer 3 than layer 4. IA;;hough
velocity values of about 4,200 ft/s are low for a rock unit, density
and neutron-moisture logs from N3, N4, and N5 show a common increase in
density and decrease in moisture con%int at the bedrock contact
(Hammermeister, written commun., 1985).‘ This suggests that although
the bedrock surface may be weathered, it is significantly more dense
than overlying sediments and should be identifiable by methods
dependent on density contrasts. The low moisture content of the upper
bedrock wunit may also be a contributing factor to the low seismic
velocity of the unit.

The bedrock unit penetrated by neutron-access holes N2 through N9

is non-lithophysal Tiva Canyon Member (hackly and columnar field sub-

divisions), about 35 ft thick, underlain by the non-welded shardy base
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(basal field subdivision) (Hammermeister, D., written commun., 1985).
Velocity layer 3 corresponds to the weathered and(or) fractured densely-
welded tuff and layer 4 to non-weathered densely-welded tuff or the

lower, non-welded unit.

Seismic line NDW2

The line is located in the approximate center of Pagany Wash, 0.10
miles from the end of the south-eastern wall of the wash. Three
velocity layers are indicated by the time-distance graph (fig. 27).
Seismic velocities and depths are shown in table 6 Layer 2 has the
greatest velocity for alluvium encountered in Pagany Wash. This is

attributed to increased compaction with depth.

A depth plot is shown as figure 28. There are not any boreholes
in the near area for depth correlation, however, access holes drilled in
the center of Pagany Wash, both above and below NDW2 have bedrock

contacts between 44 ft and 49 ft.
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Table 6.--Seismic velocities and depths, line NDW2.

Layer number Layer velocity Geologic description
1 1303 ft/s alluvium
2 3576 ft/s alluvium
3 4909 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

c ~-10.0 8.0 8.9 -0.9 43.8 -35.8
D 55.0 5.8 10.0 -4.2 42.8 -37.0
E 120.0 3.5 8.7 -5.2 42.4 -38.9
GEO

1 0.0 7.6 8.9 -1.3 43.7 -36.1
2 10.0 7.3 3.1 -1.8 43.8 -36.5
3 20.0 7.0 9.5 -2.5 43.8 -36.8
4 30.0 6.6 9.7 =3.1 43.8 -37.2
5 40.0 6.3 9.9 -3.6 43.8 -37.5
6 50.0 5.9 9.9 ~4.0 43.7 ~37.8
7 60.0 5.6 10.0 ~4.4 41.7 -36.1
8 70.0 5.2 9.8 -4.6 40.0 -34.8
9 80.0 4.9 9.4 -4.5 42.4 -37.5
10 90.0 4.5 9.0 -4.5 42.4 -37.9
11 100.0 4.2 8.8 -4.6 42.4 -38.2
12 110.0 3.8 8 -4.9 42.4 -38.6
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Qac Canyon

Several seismic lines were surveyed in this wash. This was the
first area surveyed, and much unusable data was acquired during the time
that survey techniques and line location skills were being learned.
Limitations of the sledgehammer refraction method for obtaining layer

depth information in arid, alluvium-filled washes were learned in this

study area.

Seismic line Qac 14

Line location (fig. 29) is approximately two feet north of and
parallel to a well-established jeep trail. The area contains debris

piles of welded tuff and several rodent habitats and tunnels. Slope is

2 degrees. Four velocity layers are present (fig. 30).

Depths to velocity layers (table 7) are shown as Figure 31.
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Table 7.--Seismic velocities and depths, line Qacl4.

Layer number

Layer velocity

W N -

1424 ft/s
2977 ft/s
3422 ft/s
7273 ft/s

Position of Layers Beneath Shotpoints and Geophones

SP Position  Surface Elev Layer 2 Layer 3 Layer 4
Depth Elev Depth Elev Depth Elev

c -10.0 8.0 5.0 3.0 11.5 -3.5 51.9 -43.9
D 55.0 5.8 6.3 -0.5 7.7 -1.9 48.1 -42.3
E 120.0 3.5 2.8 0.7 4.6 -1.1 50.0 -46.5
GEO

1 0.0 7.6 4.9 2.7 11.4 -3.8 51.8 -44.2
2 10.0 7.3 5.4 1.9 11.1 -3.8 51.9 -44.6
3 20.0 7.0 6.1 0.9 8.3 -1.3 51.2 -44.2
4 30.0 6.6 6.4 0.2 7.3  -0.7 50.0 -43.4
5 40.0 6.3 6.5 -0.2 7.7 -1.4 48.9 -42.6
6 50.0 5.9 6.6 -0.7 7.3 -1.4 48.2 -42.3
7 60.0 5.6 6.0 -0.4 8.0 -2.4 47.9 -42.3
8 70.0 5.2 4.9 0.3 7.5 -2.3 47.5 -42.3
9 80.0 4.9 4.4 0.5 6.7 -1.8 47.2 -42.3
10 90.0 4.5 4.0 0.5 6.9 -2.4 50.0 -45.5
11 100.0 4.2 3.5 0.7 6.0 -1.8 50.0 -45.8
12 110.0 3.8 2.8 1.0 4.6 -0.8 50.0 -46.2
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Seismic Line Qacl5

Line Qacl5 is located 55 ft, N 25 E (90 degrees) of line Qacls.

line is 177 ft from the north wall of the wash and runs

approximately parallel to it. Three velocity layers are identifiable

(fig. 32). Seismic velocities and depths are shown in table 8.

TIME, IN MILLISECONDS

no A1 ¥ ¥ R 1 L4 1 T T T T 1] A
~}
90 | 4 °
v
80 | -1 ,:'J’ ok
70 -
&0 | .
30 -
40 -
30 1 EXPLANATION
O =116 1T SHOT poMT
O =33 17 3107 pousT
20 |} O =10 1T $xoT poiNT
® 3377 swot PouNT
w0 b o @ T 17 3501 PO
B 1307 suot Pouer
i @ 22017 310t POUIT
° 'l L . 1 A L L L 'l ] ] 2
-0 0 ® 20 30 40 s0 80 70 80 | [ 0o 10 o

DISTANCE, IN FEET
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Table 8.--Seismic velocities and depths, line Qacl5.
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Layer number Layer velocity

1 1266 ft/s
2 3876 ft/s
3 4760 ft/s

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

c -10.0 8.0 6.4 1.6 31.5 -23.
D 55.0 5.8 6.5 -0.7 32.8 -27.
E 120.0 3.5 4.4 -0.9 34.9 -31.
GEO

1 0.0 7.6 6.4 1.2 31.5 -23.
2 10.0 7.3 6.5 0.8 31.5 -24.
3 20.0 7.0 6.3 0.7 30.9 -23.
4 30.0 6.6 6.4 0.2 30.4 -23.
5 40.0 6.3 6.9 -0.6 31.6 -25.
6 50.0 5.9 6.7 -0.8 32.7 -26.
7 60.0 5.6 6.1 -0.5 32.8 -27.
8 70.0 5.2 5.7 ~0.5 34.9 -29.
9 80.0 4.9 5.9 -1.0 34.9 -30.
10 90.0 4.5 5.3 -0.8 34.9 -30.
11 100.0 4.2 4.7 -0.5 34.9 -30.
12 110.0 3.8 4.4 -0.6 34.9 -31.

W oW N WO

SO NN

~4

A depth plot is shown as figure 33.
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Figure 33.--Depth plot, line Qacl5.

Velocity layers 1 and 2 beneath Qaclé4 and Qacl5 can be related to
surface materials that are transported by modern vehicles, water, and
animals. Neutron-moisture logs from UE-25 UZ-N20 (Fig. 29) indicate a
zone of increasing moisture that peaks between 6 and 7 ft below land.
surface (Hammermeister, written commun., 1985). This type of change in
moisture content and increasing compaction with depth may be related to
the §elocity changes between layers of alluvium.

Neutron-access hole UE-25 UZ-N20 is located 61 ft, N55W (up-slope)
of geophone #1, line Qacl4. Layer 4, line Qacl4, corresponds to the

Tiva Canyon Member. The seismic velocity, 7,273 ft/s, is greater than
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was determined at all other sites in the wash and may be due to a lower
degree of weathering. Qacl4 is located near the center of the wash
where early alluvial deposits may have accumulated and'protected the
bedrock surface. The seismic velocity of layer 3, line Qacl5 is within
the range of bedrock velocities determined from NDW1, NDW2, and NDW3.
The corresponding depth of about 33 ft agrees with field estimates of

the change in depth to bedrock as the wall of the wash is approached.

Seismic Lines Qacl and Qac40

Lines Qacl and Qac40 were laid out end-to-end: geophone #12 for
Qacl was the location of geophone ff1 for Qac40. Because of the limited
amount of clear area, 110 ft offset shotpoints were not used, therefore
total 1line length was 330 ft. Layer designations for each line were
determined from separate time-distance graphs. Data from each line was

then combined to form a single input file for the SIPT program.

Shotpoints A through E are from line Qacl. Shotpoints F through J
are from line Qac40. Because each line had a shared geophone position,
there are 23 geophone positidns rather than 24. Geophones #1 through
#12 are from line Qacl. Geophones #13 through #23 are from line Qac40.
The combined time-distance graph (fig. 34) indicated three velocity

layers. Seismic velocities and depths are shown in table 9.
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The depth plot (fig. 35) shows a 7.6-ft change in bedrock elevation

beneath geophones #22 and #23. A field study was not made to account

for this feature, however, it could represent a buried drainage channel

or a terrace-like change in bedrock elevation. . At least one more

k/.
seismic survey, continuing from the end of line Qac40, would be required

to determine the extent of this feature.”lz

e



Table 9.--Seismic velocities and depths, lines Qacl and Qac40.

Layer number Layer velocity Geologic description
1 1402 ft/s alluvium
2 2792 ft/s alluvium
3 4578 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

B -10.0 9.9 9.9 ~0.0 19.3 -9.4
C 55.0 7.7 8.1 -0.4 25.2 ~-17.5
G 100.0 6.1 8.5 -2.4 27.4 -21.3
D 120.0 5.4 9.0 -3.6 24.6 -19.2
H 165.0 3.8 6.9 -3.1 20.7 -16.9
I 230.0 1.6 8.2 -7.6 24.7 ~-23.1
GEO
1 0.0 9.6 10.0 -0.4 19.3 -9.7
2 10.0 9.3 10.2 -0.9 19.0 -9.7
3 20.0 8.9 9.9 -1.0 19.1 -10.2
4 30.0 8.5 9.1 -0.5 21.3 -12.8
N 5 40.0 8.2 8.0 0.2 23.6 ~-15.4
6 50.0 7.9 7.4 0.5 24.7 -16.9
7 60.0 7.5 8.7 -1.2 25.6 -18.1
8 70.0 7.1 8.1 -1.0 27.3 -20.2
9 80.0 6.8 7.9 -1.1 27.0 -20.2
10 90.0 6.5 8.3 -1.8 27.4 -20.9
11 100.0 6.1 8.5 -2.4 27.4 -21.3
12 110.0 5.8 8.8 -3.0 25.4 -19.6
13 120.0 5.4 3.0 -3.6 24.6 -19.2
14 130.0 5.1 9.1 -4.0 24.0 -18.9
15 140.0 4.7 8.4 -3.7 22.8 -18.1
16 150.0 4.4 7.4 -3.0 21.5 -17.1
17 160.0 4.0 6.4 -2.4 20.7 -16.7
18 170.0 3.7 7.6 -3.9 20.8 -17.1
19 180.0 3.3 8.3 -5.0 19.6 -16.3
20 190.0 3.0 9.1 -6.1 18.5 -15.5
21 200.0 2.6 9.6 -7.0 17.5 -14.9
22 210.0 2.3 9.6 -7.3 17.4 -15.1
23 220.0 1.9 9.2 -7.3 24.6 -22.7
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Seismic Line Qac2

Line Qac2 is located 45 ft due south of line Qacl: geophone loca-
tions and shotpoints for Qac2 are parallel to those for Qacl. Three
velocity layers are present (fig. 36). Seismic velocities and depths

are shown in table 10.
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Table 10.--Seismic velocities and depths, line Qac2.

Layer number Layer velocity Geologic description
1 1282 ft/s alluvium
2 2795 ft/s alluvium
3 4881 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

9.0 0.2 28.0 -18.

B -10.0 9.2 8
c 55.0 5.8 7.7 -1.9 22.7 -16.9
D 120.0 2.4 8.3 -5.9 23.2 -20.8
GEO
1 0.0 8.6 9.0 -0.4 28.0 -19.4
2 10.0 8.1 8.6 -0.5 27.5 -19.4
3 20.0 7.6 8.5 -0.9 24.8 -17.2
4 36.0 7.1 8.5 -1.4 23.6 -16.5
5 40.0 6.5 8.3 -1.8 22.8 -16.3
6 50.0 6.0 8.1 -2.1 22.8 -16.8
. 7 60.0 5.5 7.2 -1.7 22.4 -16.9
8 70.0 5.0 8.1 -3.1 21.9 -16.9
9 80.0 4.5 8.9 -4.4 22.5 -18.0
10 90.0 3.9 9.1 -5.2 22.4 -18.5
11 100.0 3.4 8.8 -5.4 22.2 -18.8
12 110.0 2.9 8.3 -5.4 23.2 -20.3

Layer velocities correspond with the wvelocities obtained from Qacl and

Qacl5 within 10 percent.

The depth plot is shown as figure 37. Comparing depth plots

obtained from lines Qacl and Qac2, the alluvial layers thicken and thin

to a similar degree beneath corresponding geophones.
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Figure 37.--Depth plot, line Qac2.

Seismic Line Qacl0

Geophones #1 through #4 were located near a 3-ft channel cut:

geophones {5 through #12 were near a 6-ft channel cut. The time-

distance graph (fig. 38) indicated three velocity layers. Seismic

velocities and depths are shown in table 11.

-{> The contact between alluvium and bedrock was determined from the

velocity contrast between layers 2 and 3 (fig. 39).
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Figure 39.--Depth plot, line QaclO.
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Table 11.--Seismic velocities and depths, line Qacl0.

Layer number Layer velocity Geologic description
1 1330 ft/s alluvium
2 1878 ft/s alluvium
3 5753 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position  Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

C -10.0 8.0 3.3 4.7 19.6 -11.6
D 55.0 5.8 2.8 3.0 18.2 -12.4
E 120.0 3.5 2.2 1.3 20.4 -16.9
GEO
1 0.0 7.6 3.3 4.3 19.5 -11.9
2 10.0 7.3 3.8 3.5 18.3 -11.0
3 20.0 7.0 4.4 2.6 17.2 -10.2
4 30.0 6.6 4.2 2.4 17.2 -10.6
5 40.0 6.3 3.3 3.0 18.0 -11.7
6 50.0 5.9 2.6 3.3 18.2 -12.3
7 60.0 5.6 3.0 2.6 18.1 -12.5
8 70.0 5.2 2.4 2.8 19.0 -13.8
9 80.0 4.9 1.9 3.0 19.4 ~-14.5
10 90.0 4.5 1.1 3.4 19.6 -15.1
11 100.0 4, 6 2.6 20.0 -15.8
12 110.0 3.8 2 1 20.4 -16.6
WT2 Wash

The study area consisted of two branches that merged with the trunk
of the wash (fig. 40). Compacted, dirt road beds extend the length of

the wash trunk and the branches.
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Seismic Line WT2X

The line was located on the eastern border of a dirt road. The
road was located at the intersection of a bedrock spur and land surface.
Three velocity layers were identified on the time-distance graph

(fig. 41). Seismic velocities and depths are shown in table 12.
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Figure 41.--Time-distance graph for seismic line WI2X.
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Table 12.--Seismic velocities and depths, line WT2X.

Layer number Layer velocity Geologic description
1 1750 ft/s alluvium
2 4180 ft/s bedrock
3 7459 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

c -10.0 0.0 4.2 -4.2 23.3 -23.3
D 55.0 0.0 3.4 -3.4 20.8 -20.8
E 120.0 0.0 4.3 -4.3 22.9 -22.9
GEO

1 0.0 0.0 4.2 -4.2 23.3 -23.3
2 10.0 0.0 4.3 -4.3 21.5 -21.5
3 20.0 0.0 4.2 -4.2 21.6 -21.6
4 30.0 0.0 4.1 -4.1 21.6 -21.6
5 40.0 0.0 3.6 -3.6 21.0 -21.0
6 50.0 0.0 3.3 -3.3 20.7 -20.7
7 60.0 0.0 3.5 -3.5 21.0 -21.0
8 70.0 0.0 3.7 -3.7 21.6 -21.6
9 80.0 0.0 3.5 -3.5 21.9 -21.9
10 90.0 0.0 4.0 -4.0 21.6 -21.6
11 100.0 0.0 4.0 -4.0 21.4 -21.4
12 110.0 0.0 4.3 -4.3 22.9 -22.9

—

The depth model(féfif;ﬂéii- can reasonably be verified by local
geology. The small rise in bedrock elevation shown in the cross sec-
tion, corresponds with the bedrock spur.

\\1/— . The seismic velocities of layers 2 and 3 represent the general

/o

~// range of velocities that have been attributed to bedrock. Because of

the shallow depths to layers, a borehole along this line could be /’/

v -

Vo : )
A .© M drilled to directly determine the accuracy of layer assignments.
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Seismic Line WT2STH

Line location was near the base of a branch, where it merged with

the trunk of the wash. Data acquired from reverse shotpoints did not

show distinct first arrivals. This was due to noise from machinery

operating in the area and perhaps the merging of the wash branch with
the trunk of the wash. Using forward and interior shotpoints only,
three velocity layers were indicated from the time-distance graph

(fig. 43). Seismic velocities and depths are shown in table 13.
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The depth plot is shown as figure 44. Beneath geophone #8, layers
2 and 3 merge to form a single layer. This fault(?) in the data inter-
pretation probably is the result of the lack of reversed data. Depths
to bedrock beneath geophones {1 through #7 are reasonable. It was
expected that the depth to bedrock would increase towards the base
of the wash, however, the results obtained and the lack of reversed data
make it difficult to assign layer depths with confidence. Results from
this survey do point out the necessity of reversed data when inter-

preting seismic data from areas with irregular and dipping refractors.
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Figure 43.--Time-distance graph for seismic line WI2STH.
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Table 13.--Seismic velocities and depths, line WT2STH. .

Layer number Layer velocity Geologic description
1 1510 ft/s alluvium
2 4306 ft/s bedrock
3 6876 ft/s bedrock

Position of Layers Beneath Shotpoints and Geophones

SP Position  Surface Elev Layer 2 Layer 3

Depth Elev Depth Elev

C -10.0 8.4 7.3 1.1 33.8 -25.4
D 55.0 3.8 11.9 -8.1 24.7 -20.9
GEO

1 0.0 7.7 7.3 0.4 33.8 -26.1
2 10.0 7.0 7.5 -0.5 33.2  -26.2
3 20.0 6.3 8.1 -1.8 32.0 -25.7
4 30.0 5.6 8.7 -3.1 30.8 -25.2
5 40.0 4.9 9.3 -4.4 29.6 -24.7
6 50.0 4.2 10.0 -5.8 27.0 -22.8
7 60.0 3.5 13.9 -10.4 22.5 -19.0
8 70.0 2.8 20.4 -17.6 20.4 -17.6
9 80.0 2.1 30.6 -28.5 30.6 -28.5
10 90.0 1.4 36.2 -34.8 36.2 -34.8
11 100.0 0 36.2 -35.5 36.2 -35.5
12 110.0 0 36.2 -36.2 36.2 -36.2
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Figure 44.--Depth plot, line WI2STH.

In- each of the study areas, at least one other seismic line was
surveyed. Data interpretations were not possible or presented because
of uncertain first arrival times. Uncertainties were the result of high
levels of noise that masked compressional wave traces and(or) weak

signals that had nd distinct break in slope.

Data records obtained from upper wash locations (most proximal to

Yucca Mountain) contained much noise. lggper washes are characterized by

narrow width, steep walls, and deep chaanel cuts. Z Seismic noise. was

-

attributed to interception of signals by the walls, the presence of

large boulders, and the unconsolidated state of surface sediments. Data

records from lower wash locations (most distal from Yucca Mountain) were
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of poor quality because of noise, low-amplitude compressional wave
traces, and distortion of the printed wave traces. Seismic noise and
signal dispersion was attributed to wind, animal burrows, the unconsoli-
dated state of surface sediments, and perhaps, increased stratification
within the alluvial 1layers due to the relatively high~deposition
environment. To obtain distinct first arrivals at difficult sites or
from offset distances, several shots per data record were required. In
theory, first arrivals should become more pronounced with each
additional shot, while noise signals cancel out. In several surveys
this was the case. In the lower washes however, more than 20 shots per
seismic record were required and the additional shots produced un-
readable records. Wave traces were large in amplitude and irregular

over the entire time period recorded; first arrivals could not be
/

~ e ‘:"\_'l(,’ s . "’1""“

distinquished from the backround.

Ti e

Seismic noise was primarily caused by: (1) Dry and unconsolidated
surface sediments that lessen the strength of seismic signals through
decreased coupling of the sediment grains and increased gas-filled void
space, and (2) wind that caused the geophones to vibrate and sense
non-seismic vertical motion. To minimize the effects of these two
phenomena, methods for emplacing geophones and setting the strike plate
were establishedwif%eophones were firmly placed in the surface sedi-
ments, a small amount of water was poured over them to increase ground-
to-geophone coupling, and then each geophone was covered with local
surface sediments. At each measured shotpoint, ground surface was
broken with a pick and the sediments tilled. Rock fragments and debris

were removed until an area slightly larger than that of the plate was
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clear. The strike plate was placed in the cleared area and hit with a
hammer until it was well-seated. Where the clear area was very dry and
loose, a small amount of water was poured around the perimeter of the

strike plate to increase ground-to-plate coupling.; These techniques did

<__
improve the quality of first arrivals recorded from mid-wash seismic

line locations, however, first arrivals from upper and lower wash

locations remained masked by noise or distorted.

A histogram of observed P wave velocities versus each occurrence

[
is shown as Figure 45. ;Efsed on extrapolation of borehole data, com-
pressional wave velocity in alluvium was always less than 4,000 ft/s;

velocities in bedrock were always greater than 4,000 ft/s; Boreholes on
which seismic layer assignments were based, were alwafg—iess than 70 ft
up or down slope from seismic lines. Preliminary density logs have
showrr that a significant density contrast exists between alluvium and
bedrock, therefore, the bedrock surface was not considered to be a

hidden layer and velocity values are considered accurate within the

limits of the seismic refraction method.
SUMMARY AND CONCLUSIONS

The sledgehammer seismic refraction method has been used to

determine overburden thickness in arid, alluvium-filled washes near

f
I
Yucca Mountain, Nevada. i Seismic and borehole data are compatible in the

\f
study areas.” It is therefore concluded that this technique can be used
successfully in the washes associated with Yucca Mountain, where thick-

ness of alluvium is generally less than 70 ft. Application of this

e
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Figure 45.--Histogram of observed compressional wave velocities,
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method does have limitations which are controlled by the condition of
alluvial overburden. Limits of the depth of investigation could not be
defined.

Results cited in this report were generated from data records that
had distinct first arrivals. Arrival times could always be picked
within a 2-ms range. Each 12-channel seismic line was shot internally
and offset from both ends. Geophone spacing was 10-ft. Seven shot-
points were used wherever possible. Velocity of alluvium was consis-
tently less than 4000 ft/s; bedrock velocity was greater than 4,000 ft/s.
Velocity values obtained for the Tiva Canyon Member agree within the
range determined by the previous investigators. The range of bedrock
velocities was attributed to changes in degree of weathering degree of
welding, and perhaps the low moisture content of the surface bedrock

unit.

Seismic lines were surveyed at upper, middle, and lower wash
locations. Best data were obtained from mid-wash locations. Data
records from upper wash locations (most proximal to Yucca Mountain)
contained large amounts of noise that masked the first arrivals of P
waves. Seismic data records obtained from lower wash locations (most
distal from Yucca Mountain) were generally of poor quality because of
noise and distortion of the printed record trace. Seismic noise was

attributed to wind and the unconsolidated state of surface sediments.

(:yerification of seismic depth models was primarily based on
reasonable extrapolation of drill hole data and secondly, on local geol-

ogyf} Angle and direction of bedrock slope beneath alluvial overburden
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was not accurately known, therefore, analytical determination of the
change in bedrock elevation along the length of the washes was not
possible. When first arrivals have been accurately selected and masked
layers accounted for, degree of accuracy of the seismic refraction
method has been reported to be between 5 and 20 percent (Domzalski,

1956; Berry, 1971; Wahrhaftig, 1984).

Hidden layers were not considered to be a source of error in this
study because of the large quantity of borehole data showing alluvium to
be underlain by the Tiva Canyon Member. Velocity inversions could occur
because of sand and gravel layers, however, alluvium in the study areas
was generally quite thin (less than 40 ft) and often disturbed by flash

flooding and runoff. Compaction is gradual or slight.

*Drilling associated with the shallow unsaturated zone project is
continuing. As of May, 1985, more than 45 neutron access holes have
been drilled in several of the washes associated with Yucca Mountain, at
upper, middle, and lower wash locations. Bedrock contact is at depths
of less than 60 ft at all locations. Sledgehammer seismic refraction
methods are well suited to shallow depths of interest. Ewever, dry,
unconsolidated surface materials do not transmit compressional waves
well; therefore, use of this method is limited to areas where the
surface sediments have not been greatly disturbéd.) Data acquisition
could bqéimproved by using small explosive charges as the seismic energy
source. This may permit the successful seismic surveying of broad

washes and bases of washes as well as improve the quality of data

obtained from offset shotpoints./ Seismic data interpretations are based
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on the first arrival times of compressional waves. Further interpreta-
tion of this data, as well as that from surveys that did not produce
distinct first arrival times, may be possible using later wave arrival

times.
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1. INTRODUCTION

A major limitation of many reforestation
sites is a lack of water during the growing
season. In areas with xerlc climates, this is
often combined with high temperatures which act
to increase plant stress. Any assessment of the
harshness of reforestation sites requires infor-
mation regarding both water supply and environ-
mental demand. The measurement and evaluation of
a surface energy budget is a useful analytical
approach because components of both the heat and
water environments are included. This approach
does, however, require detailed, site specific
measurements.

A number of simplifications of energy
budget techniques have been used to decrease the
quantity and intensity of measurements required.
The Penman equation (Penman, 1948) is commonly
used in situations where detailed data are avail-
able. The simplifications used to model the
aerodynamic parts of the equation make the equa-
tion useful only for calculation of potential
evapotranspiration. Furthermore, the equation
requires calibration. The Penman-Monteith equa-
tion (Monteith, 1966) allows calculation of
actual evapotranspiration but requires detailed
knowledge about the resistance to heat and water
flow at the evaporating surface. Priestley and
Taylor (1972) suggested a modification of the
Penman equation which requires less extensive
measurements: s :

s
s + v

AEP -a . -(Q* - G) (D

where AEP is potential evapotranspiration, a is a
model coefficient, s is the slope of the satura-
tion vapor density curve, v is the psychrometric
constant, Q¥ is net radiation and G is soil heat
flux. 1In this formulation the aerodynamic term
is modeled as (a-1)+[s/(s+y)]*(Q*-G). This
simplification is successful because the radia-
tion term generally dominates the aerodynamic
‘term (Stewart, 1983). : .

The coefficient a for daily calculations
is 1.26 for freely evaporating surfaces
(Priestley and Taylor, 1972; Stewart and Rouse,
1977). a depends on surface vegetation and

microclimatic conditions and ranges from 1.57 for

conditions of strong advection to 0.72 for forest
conditions (Table 1).
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Table 1. Measured values
coefficient, a.

of the Priestley-Taylor

[ Surface conditions Reference

Strongly advective

conditions Jury & Tanner, 1975

1.29 Grass (soil at
field capacity) Mukammal & Neumann, 1977
1.27 Irrigated ryegrass Davies & Allen, 1972
1.26 Saturated surface Priestley & Taylor, 1972
1.26 Open water surface Priestley & Taylor, 1972
1.26 Wet meadow Stewart & Rouse, 1977
1.18 Wet Douglas-fir
forest McNaughton & Black, 1973
1.12 Short grass DeBruin & Holtslag, 1982
1.05 Douglas-fir forest McNaughton & Black, 1973
1.04 Bare soil surface Barton, 1979 .
0.84 Douglas-fir forest -
Unthinned Black, 1979
0.80 Douglas-fir forest
Thinned Black, 1979
0.73 Douglas-fir forest
(Daytime) Giles et al., 1984
0.72 Spruce forest Shuttleworth & Calder,
(Daytime) 1979

Although the value of & for moist surface
conditions (a>1) may be a function of wind speed
and aerodynamic resistance, under drier con-
ditions (a<l) it is related to surface resistance
(De Bruin, 1983). Actual evapotranspiration
under dry conditions is lower than potential and
depends on soil water status, exchange surface
properties and environmental demand (Black, 1979;
De Bruin, 1983; Priestley and Taylor, 1972;
Tanner and Jury, 1975).

Methods involving calculation of surface
resistance have generally been based on the
Penman-Monteith equation. Use of the Priestley-
Taylor equation for calculation of actual evapo-
transpiration has involved empirlcal relation-
ships to soil water content. Often, a is rede-
fined to be a function of soil water content
(Mukammal and Neumann, 1977, Davies and Allen,
1972, Barton, 1979). Another approach is to
define a soil water content below which evapo-
transpiration is limited and the Priestley-Taylor
equation is in error. This value would vary



greatly with soil type, vegetation and environ-
mental demand but covers a much smaller range
when expressed as a percentage of total "avail-
able” soil water (Table 2). For vegetated
surfaces, 50 to 80 percent of the "available"
soil water can be extracted at the potential
rate. Bare soil evaporation was limited when 40
pPercent of the available water was removed. This
result is not unexpected (Tanner and Jury, 1976).

2. OBJECTIVE AND APPROACH

The objective of this research was to
calibrate the modified Priestley-Taylor equation
for soil water limited conditions. This was done
by redefining the coefficient, a, to be a fune-
tion of soil water content (a'). Since soil
water status changes with depth, we also examined
the relationship between o’ and soil water
content at different depths. Although the
original approach of Priestley and Taylor was to
apply their formulation to large scale environ-
ments, we apply the modified version to a small
forest clearcut.

Table 2., Percentage reduction in "available”
water (R;) before evapotranspiration is limited.

Re Surface conditions Reference

82 Douglas-fir forest Black & Spittlehouse, 1980
(Low Demand)
81 Lysimeter and

bean crop N Priestley & Taylor, 1972
77 Lysimeter and
field crop Priestley & Taylor, 1972

75 Lysimeter and
grass cover

66 Douglas-fir forest
(High Demand)

60 Douglas-fir forest

60 Forest clearcut

35 Cropped surface

50 Lysimeter and
pasture crop

40 Bare soil surface

Mukammal & Neumann, 1977

Black & Spittlehouse, 1980
Black, 1979

Figure 3, this paper
Davies & Allen, 1972

Priestley & Taylor, 1972
Estimate from Barton, 1979

3. METHODS
3.1 Field Methods

Data for this study were obtained during
a reforestation field experiment in southwest
Oregon [see Flint and Childs (1987) for complete

details]. The site had a southerly exposure, a
shallow, rocky soil and 81 percent vegetation
cover. Measurements of soil water content and

temperature were made at ten locations and
averaged for the site. Data were collected on
ten dates between April and September, 1983,

Soil water content was measured using a two probe
gamma attenuation device (Model 2376, Troxler
Labs, Research Triangle Park, NC) in 0.025 m
depth intervals,
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Soil temperatures were measured at five
depths (0.02, 0.04, 0.08, 0.16, 0.32 m) using
five thermistors (YSI #44202, Yellow Springs
Instruments, Yellow Springs, OH) in a plastic
pProbe. Data were integrated for 15 minutes and
stored in a data logger (Model CR-5, Campbell
Scientific Ine., Logan, UT). Temperature data
and soil heat capacities calculated from soil
density and water content were used to calculate
soil heat flux using a calorimetric technique
(Fuchs, 1986).

Air temperatures were measured at 0.2 m
and 2.0 m using thermistors (YSI #44202) mounted
in radiation shields. Dew point temperatures
were measured at 0.2 and 2.0 m using LiCl dew-
cells (Holbo, 1981). Net radiation was measured
using a miniature all-wave net radiometer (C. W.
Thornthwaite Assoc., Camden, NJ). Sensor output
was read every 10 seconds, integrated for 30
minutes and stored [using a Model CR-21 data-
logger (Campbell Scientific Ine., Logan, UT)].

3.2 odelin ocedure
Actual evaporation was

using the Bowen ratio method:
*
AE = {0 -6
a 1L+ 8

calculated hourly

(2)

where 8, the Bowen ratio, is the ratio of sen-
sible to latent heat flux. B is calculated as:

pC (T1 - T2)
-t 3
Moy - py) .

where pCp is the volumetric heat capacity of air,
A 1s the latent heat of vaporization, T; and Tp
are alr temperatures at two heights, p1 and P2
are water vapor density at the same heights.

The Priestley-Taylor equation (Eq. 1) was
modified by replacing AEp and a with AE; and o
and solving for a’:

AE
a

4)

a’ =
S *
oy * (@0
Although the coefficient e’ could be re-

lated to any process that limits evapotranspira-
tion (e.g. soil hydraulic resistance, aerodynamic
resistance, stomatal resistance), we chose to
relate a’ to soil water status in a manner
similar to Davies and Allen (1973) and Barton
(1979):

a' = A[l-exp(-B g“)] (5)
: s

where A and B are regression coefficients and
6/6s is the current volumetric soil water content
divided by the value at saturation. Davies and
Allen (1972) used soil water content divided by
soil water content at field capacity (8/8fc)
while Barton (1979) simply used gravimetric water
content without any scaling. 1In Eq. 5 the coef-
ficient A approaches the Priestley-Taylor coeffi-
cient (a) as the soil moisture content approaches
saturation, :



4, RESULTS AND DISCUSSION

One of the ten diurnal data sets analyzed
is shown in Figure 1. Thé measured values (Bowen
ratio) and the modeled data (modified Priestley-
Taylor equation with daily average a') are in
close agreement at midday. The apparent error in
measured values of AE; occurs when the Bowen
ratio (8) is near -1 (0700, 1800 and 1900 hours,
Figure 2). 1In order to avoid the large variation
in @’ calculated when the Bowen ratic method is
unstable (Jury and Tamner, 1975), daily average
values of o’ were calculated using midday values
of o’ when g > 0. The magnitude of error asso-
ciated with applying the midday average of a’ to
early and late periods of the day is small be-
cause the value of (Q*-G) is small. The Bowen
ratio technique could also be improved by smooth-
ing or averaging f. We preferred, however, to
use the Priestley-Taylor equation because of the
smaller data requirements.

o o—oPriesHéy—Toylor
E 500 = Bowen Ratio 7
=
S 250
w
I
S 0
w
o
<
— -250 1 1 1 [l L i I
3 6 9 12 5 18 21 24
TIME, HOURS
Figure 1. Results of latent heat flux using the

Bowen ratio technique and the Priestley-Taylor
technique with the daytime average value of the
modified Priestley-Taylor coefficient a' for
August 12, 1983. (a’'=0.55).
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Figure 2. Values for the Bowen ratio (8) and for
the ratio of latent heat (AE) to (s/s+71)+(Q*-G)
which is equated to the Priestley-Taylor coeffi-
cient a' for nonsaturated conditions.

The regression coefficients A and B in
Eq. 5 were estimated using nonlinear regression
of o' against 6/85. The values for § and fg were
determined for five different total soil profile
depth increments (Table 3).

Table 3. Results of a series of regressions
between a' and 4/85 (Eq. S). SSQ is the error
sum of squares.

Depth (m) A B SSQ

All data points

0-0.1 1.08 -4,06 0.1178
0-0.2 1.09 -4,20 0.1243
0-0.3 1.18 -3.41 0.1017
0-0.4 1.17 -3.38 0.0922
0-0.5 1.27 -2.83 0.0831
..... 8/8g -----
Depth (m) _A B SsQ

All data points where Q* > 12 MJ m-2

0-0.1 0.89 -6.30 0.0559
0-0.2 0.88 -6.63 0.0642
0-0.3 0.93 -5.42 0.0490
0-0.4 0.96 -4.82 0.0378
0-0.5 1.00 -4.18 0.0371

The effect of depth of water content
measurement on regression results showed distinct
trends. Increased profile depth reduced the
error sum of squares (SSQ) in the regressions.
The coefficient A, which should approximate the
Priestley-Taylor coefficient (a) ranges from 1.08 -
to 1.27 as the soil thickness goes from 0.1 to
0.5 m. This large variation is within the range
commonly measured (Table 1) but the sensitivity
of this value to depth of measurement of soil
water content discourages attaching any signifi-
cance to the value of A.

The relationship of a’' to soil water con-
tent is given in Figure 3 for a profile depth of
0.50 m. The regression fits the data well except
at higher soil water contents. One of these
outlier points represents a day with low environ-
mental demand. Black (1979) suggested that it
may be inappropriate to use the modified
Priestley-Taylor approach on such days because
even soils with low water content can supply
enough water for potential evapotranspiration.

We reanalyzed our data excluding values with a
total radiation load of <12 MJ m-2 day'1 (one
data point is noted in Figure 3). The resulting
values of A (0.89 to 1.00 over the depth range,
Table 4) were similar to the values of a found by
Black (1979, Table 1). Excluding the one data
point <12 MJ m-2 day-l, would yield an estimate
of A = 0.85 when the soil is near field capacity
(6/65 = 0.6).

A simplified formulation of a' would be
to set an upper limit of @' = 0.85 where AEp =



AEz. o' could be reduced when soil water content
falls below some critical value of 8/8¢ where
soil water supply limits evapotranspiration. By
estimating total available water content as the
difference between field capacity (8/8¢ = 0.60)
and driest seasonal water content (8/6g = 0.18)
it can be seen that when more than 60 percent of
this total available water is used, (6/6g =~ 0.35,
Figure 3), soil water becomes limiting, This
value is in general agreement with the data in
Table 2. Although further analysis is needed to
properly evaluate o' when the soil is at field
capacity for our soil, the relationship between
a’ and #/0g below field capacity would remain the
same.

1.2 v T r T &7
1.0
0.8 o hd -
cz' 0.6
04_ 4 . (-2 83§ )
: Q= 1.27[1-¢ 7408 ']
0.2 -

L | I I 1 | i 1 L
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6/ 64
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Figure 3. Modified Priestley-Taylor coefficient
@' versus percentage of saturation (0/85, O-

0.5 m). The circled’point indicates data for a
day with Q*<12 MJ m-2 day-1,

5. CONCLUSIONS

The Priestley-Taylor equation can be used
to calculate actual evaporation by incorporating
a’, a variable dependent on soil water content.
The relationship to soil water content is expo-
nential. The coefficients A and B depend on the
depth of measurement for soil water content and
the environmental demand. The best results for
our data were achieved when soil water content
was averaged from the surface to 0.50 m and any
data point with total radiation less than 12 MJ
m- day'1 was excluded.
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1. INTRODUCTIOR

A major limitation of many reforestation
sites is a lack of water during the growing
season. In areas with xeric climates, this is
often combined with high temperatures which act
to increase plant stress. Any assessment of the
harshness of reforestation sites requires infor-
mation regarding both water supply and environ-
mental demand. The measurement and evaluation of
a surface energy budget is a useful analytical
approach because components of both the heat and
water environments are included. This approach
does, however, require detailed, site specific
measurements.,

A number of simplifications of energy
budget techniques have been used to decrease the
quantity and intensity of measurements required.
The Penman equation (Penman, 1948) is commonly
used in situations where detailed data are avail-
able. The simplifications used to model the
aerodynamic parts of the equation make the equa-
tion useful only for calculation of potential
evapotranspiration. Furthermore, the equation
requires calibration. The Penman-Monteith equa-
tion (Monteith, 1966) allows calculation of
actual evapotranspiration but requires detailed
knowledge about the resistance to heat and water
flow at the evaporating surface. Priestley and
Taylor (1972) suggested a modification of the
Penman equation which requires less extensive
measurements: '

]
5+ 9

AE, = a - @ -6 (D

where AE; is potentlal evapotranspiration, a is a
model coefficient, s is the slope of the satura-
tion vapor density curve, y is the psychrometric
constant, Q* is net radiation and G is s0il heat
flux. 1In this formulation the aerodynamic term
is modeled as (a-1)+[s/(s+y)]+(Q*-G). This
simplification {s successful because the radia-
tion term generally dominates the aerodynamic
term (Stewart, 1983),

The coefficient a for daily calculations
is 1.26 for freely evaporating surfaces
(Priestley and Taylor, 1972; Stewart and Rouse,
1977). a depends on surface vegetation and
microclimatic conditions and ranges from 1.57 for
conditions of strong advection to 0.72 for forest
conditions (Table 1).
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Table 1. Measured values of the Priestley-Taylor
coefficient, a.

a Surface conditions Reference

1.57 Strongly advective

conditions Jury & Tannér, 1975

1.29 Grass (soil at

field capacity) Mukammal & Neumann, 1977
1.27 Irrigated ryegrass Davies & Allen, 1972
1.26 Saturated surface Priestley & Taylor, 1972
1.26 Open water surface Priestley & Taylor, 1972
1.26 Wet meadow Stewart & Rouse, 1977
1.18 Vet Douglas-fir

forest McNaughton & Black, 1973

1.12 Short grass DeBruin & Holtslag, 1982
1.05 Douglas-fir forest McNaughton & Black, 1973
1.04 Bare soil surface Barton, 1979
0.84 Douglas-fir forest
Unthinned Black, 1979
0.80 Douglas-fir forest
Thinned Black, 1979
0.73 Douglas-fir forest
(Daytime) Giles et al., 1984
0.72 Spruce forest Shuttleworth & Calder,
(Daytime) ) 1979

Although the value of a for moist surface
conditions (a>1) may be a function of wind speed
and aerodynamic resistance, under drier con-
ditions (a<l) it is related to surface resistance
(De Bruin, 1983). Actual evapotranspiration
under dry conditions is lower than potential and
depends on soil water status, exchange surface
properties and environmental demand (Black, 1979;
De Bruin, 1983; Priestley and Tayior, 1972;
Tanner and Jury, 1975).

‘Methods involving calculation of surface
resistance have generally been based on the
Penman-Monteith equation. Use of the Priestley-
Taylor equation for calculation of actual evapo-
transpiration has involved empirical relation-
ships to soil water content. Often, a is rede-
fined to be a function of soil water content
(Mukammal and Neumann, 1977, Davies and Allen, -
1972, Barton, 1979). Another approach is to
define a soil water content below which evapo-
transpiration is limited and the Priestley-Taylor
equation is in error. This value would vary



greatly with soil type, vegetation and environ-
mental demand but covers a much smaller range
when expressed as a percentage of total "avail-
able" soil water (Table 2), For vegetated
surfaces, 50 to 80 percent of the "available"
soil water can be extracted at the potential
rate. Bare soil evaporation was limited when 40
percent of the available water was removed. This
result is not unexpected (Tanner and Jury, 1976).

2. OBJECTIVE AND APPROACH

The objective of this research was to
calibrate the modified Priestley-Taylor equation
for soil water limited conditions. This was done
by redefining the coefficient, a, to be a func-
tion of soil water content (a’). Since soil
water status changes with depth, we also examined
the relationship between o' and soil water
content at different depths, Although the
original approach of Priestley and Taylor was to
apply their formulation to large scale environ-
ments, we apply the modified version to a small
forest clearcut.

Table 2, Percentage reduction in "available”
water (R.) before evapotranspiration is limited.

Re  Surface conditions Reference

82 Douglas-fir forest
(Low Demand)
81 Lysimeter and

Black & Spittlehouse, 1980

bean crop N Priestley & Taylor, 1972
77 Lysimeter and
field crop Priestley & Taylor, 1972

75 Lysimeter and
grass cover

66 Douglas-fir forest
(High Demand)

60 Douglas-fir forest

60 Forest clearcut

55 Cropped surface

50 Lysimeter and
pasture crop

40 Bare soil surface

Mukammal & Neumann, 1977

Black & Spittlehouse, 1980
Black, 1979

Figure 3, this paper
Davies & Allen, 1972

Priestley & Taylor, 1972
Estimate from Barton, 1979

3. METHODS
3.1 eld thods

Data for this study were obtained during
a reforestation field experiment in southwest
Oregon [see Flint and Childs (1987) for complete
details]. The site had a southerly exposure, a
shallow, rocky soil and 81 percent vegetation
cover. Measurements of soil water content and
temperature were made at ten locations and
averaged for the site. Data were collected on
ten dates between April and September, 1983,
Soil water content was measured using a two probe
gamma attenuation device (Model 2376, Troxler
Labs, Research Triangle Park, NC) in 0.025 m
depth intervals,
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Soil temperatures were measured at five
depths (0.02, 0.04, 0.08, 0.16, 0.32 m) using
five thermistors (YSI #44202, Yellow Springs
Instruments, Yellow Springs, OH) in a plastic
Probe. Data were integrated for 15 minutes and
Stored in a data logger (Model CR-5, Campbell
Scientific Inc., Logan, UT). Temperature data
and soil heat capacities calculated from soil
density and water content were used to calculate
so0il heat flux using a calorimetric technique
(Fuchs, 1986),

Air temperatures were measured at 0.2 m
and 2.0 m using thermistors (YSI #44202) mounted
in radiation shields. Dew point temperatures
were measured at 0.2 and 2.0 n using LiCl dew-
cells (Holbo, 1981). Net radiation was measured
using a miniature all-wave net Tadiometer (C. W.
Thornthwaite Assoc., Camden, NJ). Sensor output
was read every 10 seconds, integrated for 30
minutes and stored fusing a Model CR-21 data-
logger (Campbell Scientific Inc., Logan, 7).

3.2 od ocedure
Actual evaporation was calculated hourly

using the Bowen ratio method:
*

=175 (2)

where 8, the Bowen ratio, is the ratio of sen-
sible to latent heat flux. B is calculated as:

pCE (Tl - T,

SSYPR e

where p is the volumetric heat capacity of air,
A is the latent heat of vaporization, Tj and Tp
are air temperatures at two heights, p1 and pj
are water vapor density at the same heights,

The Priestley-Taylor equation (Eq. 1) was
modified by replacing AEp and a with AE; and a'
and solving for o’:

AE
a

(4)

a’ -
S *
prwil I C RO

Although the coefficient af could be re-
lated to any process that limits evapotranspira-
tion (e.g. soil hydraulic resistance, aerodynamic
resistance, stomatal resistance), we chose to
relate a' to soil water status in a manner
similar to Davies and Allen (1973) and Barton
(1979):

a' = All-exp(-B &)} (5)
: s

vhere A and B are regression coefficients and
6/8s is the current volumetric soil water content
divided by the value at saturation. Davies and
Allen (1972) used soil water content divided by
soil water content at field capacity (8/0fc)

while Barton (1979) simply used gravimetric water

content without any scaling. In Eq. 5 the coef-
ficient A approaches the Priestley-Taylor coeffi-
cient (a) as the soil moisture content approaches
saturation.

S



4, RESULTS AND DISCUSSION

One of the ten diurnal data sets analyzed
is shown in Figure 1. The measured values (Bowen
ratio) and the modeled data (modified Priestley-
Taylor equation with daily average a') are in
close agreement at midday. The apparent error in
measured values of AE; occurs when the Bowen
ratio (f) is near -1 (0700, 1800 and 1900 hours,
Figure 2). In order to avoid the large variation
in a’ calculated when the Bowen ratio method is
unstable (Jury and Tanner, 1975), daily average
values of a' were calculated using midday values
of a’ vhen 8 > 0. The magnitude of error asso-
ciated with applying the midday average of a’' to
early and late periods of the day is small be-
cause the value of (Q*-G) is small. The Bowen
ratio technique could also be improved by smooth-
ing or averaging 8. We preferred, however, to
use the Priestley-Taylor equation because of the
smaller data requirements.

iy o—o Priestley -Taylor
E 300F «— Bowen Ratio 7
=
S 250
w
I
£ 0
w
[
g
- -250 L (Y 1 I 3. 1 1
S 6 9 12 15 18 21 24
TIME, HOURS
Figure 1. Results of latent heat flux using the

Bowen ratio technique and the Priestley-Taylor
technique with the daytime average value of the
modified Priestley-Taylor coefficient a' for
August 12, 1983. (a'=0.55).

-le 1 (] 1 |
'3 6 9 12 15 18 21
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24

Figure 2. Values for the Bowen ratio (B8) and for
the ratio of latent heat (AE) to (s/s+y)e+(Q*-G)
which is equated to the Priestley-Taylor coeffi-
cient a' for nonsaturated conditions.

The regression coefficients A and B in
Eq. 5 were estimated using nonlinear regression
of a’ against §/65. The values for ¢ and §g were
determined for five different total soil profile
depth increments (Table 3).

Table 3. Results of a series of regressions
between o’ and §/65 (Eq. 5). §SQ is the error
sum of squares.

----- 8/6g «----

Depth (m) _A B S50
All data points

0-0.1 1.08 -4.06 0.1178
0-0.2 1.09 -4,20 0.1243
0-0.3 1.18 -3.41 0.1017
0-0.4 1.17 -3.38 0.0922
0-0.5 1.27 -2.83 0.0831

..... 6/8g ~----
Depth (m) A B $SQ

All data points where Q* > 12 MJ m-2

0-0.1 0.89 -6.30 0.0559
0-0.2 0.88 -6.63 0.0642
0-0.3 0.93 -5.42 0.0490
0-0.4 0.96 -4,82 0.0378
0-0.5 1.00 -4.18 0.0371

The effect of depth of water content
measurement on regression results showed distinct
trends. Increased profile depth reduced the
error sum of squares (SSQ) in the regressioms.
The coefficient A, which should approximate the
Priestley-Taylor coefficient (a) ranges from 1.08
to 1.27 as the soil thickness goes from 0.1 to
0.5 m. This large variation is within the range
commonly measured (Table 1) but the sensitivity
of this value to depth of measurement of soil
water content discourages attaching any signifi-
cance to the value of A.

The relationship of e’ to soil water con-
tent is given in Figure 3 for a profile depth of
0.50 m. The regression fits the data well except
at higher soil water contents. One of these
outlier points represents a day with low environ-
mental demand. Black (1979) suggested that it
may be inappropriate to use the modified
Priestley-Taylor approach on such days because
even soils with low water content can supply
enough water for potential evapotranspiration.

Ve reanalyzed our data excluding values with a
total radiation load of <12 MJ m-2 day'1 (one
data point is noted in Figure 3). The resulting
values of A (0.89 to 1.00 over the depth range,
Table 4) were similar to the values of o found by
Black (1979, Table 1). Excluding the one data
point <12 MJ m-2 day-l, would yield an estimate
of A = 0.85 when the soil is near field capacity -
(6/65 = 0.6).

A simplified formulation of a' would be
to set an upper limit of o' = 0.85 where AEp =



CII 0.6

AEs. a’ could be reduced when soil water content
falls below some critical value of 8/65 where
soil water supply limits evapotranspiration. By
estimating total available water content as the
difference between field capacity (8/85 = 0.60)
and driest seasonal water content (8/8s = 0.18)
it can be seen that when more than 60 percent of
this total available water is used, (4/6g = 0.35,
Figure 3), soil water becomes limiting, This
value is in general agreement with the data in
Table 2. Although further analysis is needed to
properly evaluate o’ when the soil is at field
capacity for our soil, the relationship between
a' and ¢/85 below field capacity would remain the
same .,

1.2
1.0

0.8

0.4
0.2

0 0.2 0.4 0.6 0.8 1.0
6/6,

Figure 3. Modified Priestley-Taylor coefficient
@' versus percentage of saturation (8/6g, O-

0.5 m). The circled point indicates data for a
day with Q¥<12 MJ m-2 day-1,

5. CONCLUSIONS

The Priestley-Taylor equation can be used
to calculate actual evaporation by incorporating
a’, a variable dependent on soil water content.
The relationship to soil water content is expo-
nential. The coefficients A and B depend on the
depth of measurement for soil water content and
the environmental demand. The best results for
our data were achieved when soil water content
was averaged from the surface to 0.50 m and any
data point with total radiation less than 12 MJ
m-2 day-1l was excluded.
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IDENTIFICATION OF 'THE SOIJ. THERMAL DIFFUSIVITY FROM THE
TEMPERATURE IN SITU MEASUREMENYS IN A SEMI-ARID REGION

M. FIKDAOUSS', M, MAALEJ? and B, BeLIn!

! LIMSI (CNRS) BY 30 91406 ORSAY CEDEX  FRANCK
2 IRST Campus Universiteire TUNIS  TUNISIE

ABSTRACT

The purpose of this study is to predict the apparent thex-
mal diffusivity of the soil from the temperature in situ measu~
rements, It can be determined as a constant from an anglytical
approach based on Fourier analysis, or as varying with the soil
temperature by a numerical identification., The results of nutne-
riecal resolution of the heat diffusion equation utilizing Qiff-
erent values, of the diffusivity are compared to the obscrved
temperatures. We note that the smaller differences are obtained
when the diffusivity used for computations varies as & sceond
order polynomial function of temperature. In all the cases the
mean relative absolute difference doosn’l execd 0.33%¢ .(1.14%).
This confirms that the diffusion-based heat flow model gives
quite acceptable simulations of the soil temperatuare,

INTRODUCTEON

In the hot sumwmer so0il temperature becomas too high end
this greatly affects the growth of roots of plants and micro-
organisms living in the soil. The daily differcnces between

-meximum and minhiwm values of the soil temperature near the
surface axe about 30°C. Knowledge of the thermal and hydraulic
charactéristics of the soil plays an important role in the
determination of the rate of evaporation of water, which is a
rare element especially in arid regions. In this study we have
taken into consideration the thermal characteristics related
to this problem, , .

The temperatures of the natural soil in southern Tunisia
had been weasured at different depths below the surface and
recorded at 3'min intervals during five different time period
of a year. This soil is practiecally a homogeneous mixture of
muddy sands down to a depth of ] m. We show tliat the prediction
of the thermal characteristics of the soil ie possible from the
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in situ weasurements of the soil tewperature either by an ana~
lyrical approach based on Fourier analysis, or by a numerical
identification on polynomial forms.

FOURIER ANALYSIS

The ID heat conduction in the soil is modelled with the
cquation . a8
b et &-wdirn & W

vhere:T §s temperature in K, ¢ is the specific heat capacity

(3 K g7y, p is the density g m™%), A is the thermal con—

ductivity (W m"’K“‘), z ig depth (W), t is tiwe (sec), _
If we consider the variation with respect to the tempera-

ture of the heat capacity ¢(1) and thermal conductivity A(T)

negligeable, and by introducing the thermal diffusivity a=23/pe

equation (1) can bo rewritten as :

2epe . :
, e dd @)

If we suppose that the boundaxy condition nesr the surface of

the soil te be of the forme :

A » :
T(eget) = Ty(5,) + ZlAk(”b)'CGS{kWt”¢k(zo)} (3)
k (%3
and at the bottom as :
g T, when g+ w | : ' (4)

The goil temperature.can be approximated analyticelly in a
F¥ourier series as below 3 ° :

T(z,t) =Ta(z) "'kzlAk(i’o)' exp{- (Z““r'-o)l(f)] . cos{kwt.—(z—zo) /D~ q)k(zo)]

(5)

the constant D 45 called the &amping depth. It is related to
the thermal diffusivity of the soil and the frequency of the

variations as follows :
: ' D =yZa/kw . (6)

"In Eq, 5, Ar(2)=AL (z0) . expl=(z-2,) /D} xepresents the amplitude

of the soil temperature of an order of maguitude k, and
b (e)=(2~20) /D + 1 (o) is the corresponding phase ghift,

The table J presents the temperature awplitudes and phase
shifts of the first and second order, The devliopment is restrj-
cted to the second order because the amplitude of the third
order are rather negligeable. The decrease of the amplitude
with depth and the increasing phase lag are typical for the
propagation of the periodie Lemperature variation in a goil.

At & deptl.z=16,2 em, the amplitude (first oxder) is 0,18 times
the amplitude at z=lemy it is only about 0.0GA;(zo) &4t 2=30cm,
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This confirms that the diurnal variation does not penetxates
below 50 em.

-~ e e e e NP

‘ first order second order

z, o | Ta(2),°C [ A1(2),°C | ¢2(2), x| 82(2),°C | Qa(z), xd
1,01 29,11, | 11.78 3.593 | 3.98 0.834
2.3 28.98 10,09 3.719 3,24 1.011%
8.3 28,10 4,70 4.349 i.78 1.810
16.2 27.4) 2.12 5,105 0.38 2.896
30,0 26,71 0.77 6.110 0.102 4,347
100,01 24,96 0.12 12,532 0,008 8,284

Table | : Valués of the' mean soil temperature, the amplitudes
and the phase shifts of the first and second order,
at different depths .

The mean thermal diffusivity of the soil is obtained by a
linear repression of the curves Log{Ak(z)/Ak(zo)}'=F(z) and
P (2)—dx (7o) #G(2). The diffusivities determined with respect
to the amplitudes are :
a(py) = 10,492 cn’/h  for the first oxder
and a(p,) =11.181 en®/h  for the second order

With respect to the phase shifts they are given by 1

a(g,) =13.260 cmi/h  for the first order
and a(g,) =14.394 cn®/h for the second order

The diffusivities are relatively the same whether they
are c¢alculated with the first or second order. But these values
are rather different when caleculated with the phase shifts and
this is 25 7 more important than that obtained from the ampli-
tudes.

NMERLICAL SIMULATION

The dircct problem (Eq. 2) is then solved numerically by
an implicit scheme utilizing the values of diffusivity. The
observed temperatures at the depth of 1 cm and 100 cm awe taken
respectively as the upper and the lower boundary conditions,
The time step is taken to be 15 min and the space discretiza-—
tion is variable, . :

The results axe compared to the observed temperstures as
can be shown in the ¥igures 1 and 2 at depths of 2.3 em, 4.2,
8.3, 16,2, and 30 em. The differences axe initially zers ( at
t=0h), increase around noon, and decrease again after the soil
temperature in & given depth reaches its maximum, and are
negligeable at the end of the cycle ¢ t=24h.).

The effect of soil diffusivity used to solve pumerically
Eq. 2 is shown by comparisons beiween Figs., ) &nd 2. The
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differcnces are quite smaller when the diffusivity is determined
from the amplitudes (a=10.4%9cm®/h) than when it is determined
from the phase, shifts (a=13,26cm?/l).

In the table 2 are given the waximune values of the absolute
differences between the observed and the couputed goil tempe-
. Tatuxe. The corresponding relative values (%), the absolute mean
differemces and their relative values arc equally presented.’

maxinum maximan wean . |mean
abgelute Irelative [absolute. [relative
difference|difference [difierence |difference
a(¢1)=13.26 | 1,63 °C | 4.87 7 | 0.330 °C | 1.141 %
8(Ay)=10.49}  1.08 °C | 3.35% | 0.275 °C | 0.982 %
Table 2 : Values of the maximum or mean, absolute or relative

differcnces between the observed soil tewperature

and the computed one using the diffusivity determined
by the phase shifts 8(y) O by the amplituder a(y,)
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The mean relative differences are about | Z and are of the
same order as the experimental error induced by the thermo-
couples (10,5 7).

NUMERICAL IDENTIFICATION

By minimizing the differences between experimental resulis
and those obtained by numerical resolution of Eg., 1 it is -
possible to identify the apparent diffusivity of the soil
knowing the thermal profiles at differnet instants ¢of the cycle.
The water content of the soil is supposed to be known, them it
is possible to calculate at cach instant the specifice heat for
different depths. Thie problem then leads to identification of
the apparent thermal éonductivity of the soil which can be
determined Lxom the following equation :

3T d oy 8T
and ve search the value of % which minjmizes the following
function : v ofol £TRO01E - (7D}
TV e (8>
nii {10)? .
1 -
where TP is the experimental value of the soil temp rafure At
any point zj and at any instant t, of the cycle, $A) is

the temperature computed with A and corresponds to the same
peoint.
« Moreover, we assulte that

[tecky -y

'Y
£ ; 3 s ;
£ AT)S A ax VT deimeq as T i '1‘§ T

~0 Vin )

and A

min max

X is expressed as & polynomial function of T as 3

%(T) - }: aj o (2)
X

The initiel estimation of * is that obtained from the
enalytical solution. The numerical. identification utilizes a
sequential augmented lagrangian method. The miniwization
problem is solved by a newton method. ’

We show in figure 3 the variations of the apparent
thernal diffusivity function of the temperature. These
diffusivities are supposed o be of the form : a=cte, a(T)=A+BYT,
a(T)=A+B.T+C.T*, a(T)wA+B.T ", valuables for 20 °C € ¥ €44 °C.

We note that the diffusivity determined by numerical identi-
fication as a constant is close to the value determined

‘analytically from the amplitudes.
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Finally we show in table 3, when the diffusivities are
determined by numerical identification, the same differcnces as
in table 2. Onec notes that the sbsoluto mean difference obtajined
with the polypomial of the sccond ordex is 0.22 °C, and is 1.5
times smaller than in case of diffusivity determined from the

phase shifts ( 0,33 °C ),

ngi@ﬁém"-'ﬁgghmu{m"ﬁganl me%nt’
28olute Ixejative [absolute |[relative
difference di%?erence difference |difference
a = gte 1,09 °C | 3.47 % 0.281 °c 1.01 %

a(Ty=A+R,T 0.80 °¢ 2.54 % 0.228 *¢ 0.832 %
a(T)=A+B,T+C.%%| 0,73 °C | 2.33 % | 0.220 °C | 0.796 Z
a(T)=A+R,T ] 0.9 °¢c 2.53 7 | 0.227 °C 0.828 %

Table 3 : Values ¢of the maximum or mean, absolute or relative
differences betwecn the obsexved soil temperature
and the computed one using the diffusivity deter-
nined by a numerical identification.

,.CONCLUSION

In the present work we propose a numerical method to
identify the apparent thermal diffusivity of a soll from the
experimental field tcuwperature, YLhe diffusivity can be
determined either as a constant or varying with temperature.
The differences between the observed and the computed
temperatures are small, and are of the same order as the
experimental error induced by the thermocouples.

The diffusivity whieh induces the smaller errors seams to
be the second order polynomial as a(l)=4.52+0.5761~-0,01217%
. The mean absolute difference is in this case found to be 0.22°C
and the absolute difference does not exeed 0.7°C in a maximum,

The propused method was tested on one day eyecle and will
be applicated to other daily cycles. Now it seams possible that
this analysis can be extended to other type of soils, which
contains water and wherc the hydraulie non linecarities will be
prepondarants,
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FIELD MEASUREMENTS OF THE INFLUENCE OF ENTRAPPED AIR
UPON PONDED INFILTRATION RATES

Jim Constantz and W.N. Herkelrath?

ABSTRACT

Field experiments were designed to measure the effects of air entrapzent
in the transmission zone upon infiltration rates in two soils. Infiltratica
rates were measured using a double-cap inflltrometer, and soil water contents
were measured using time-domain reflectometry(TDR). <Carbon dioxide flecaing
was used to reduce the amount of air entrapment in half of the infiltratien
experiments. TDR measurements indicated that CO, in the pore space rapidly
dissolved into infiltrating water, resulting in complete water-saturation cf
the transmission zone for experiments preceded by CO, flooding. For 2
gravelly loam soil as steady {nfiltration rates were approached, the average
volumetric water content in the top 35 cm of soil, as measured by TDR, was
0.38 em3ca™3 for control experiments and 0.U43 emdem™3 for CO, experiments,
The average steady infiltration rate was 0.42 cm min ' for the coatrol
experiments compared to 4.40 cm min'? for the 002 experiments. For a sandy
loam soil as steady infiltration rates were approached, the average volumetric
water content in the top 35 cm of soil was 0.43 cm3cm- for control
experiments compared to 0.45 cm’cm’° for 002 experiments. The average final
infiltration rate was 0.07 cm min~ ' for the control experiments compared to
0.36 cm min’, for the CO2 experiments. These results suggest that at least
some air resided in open channels or conduits within the s0il, reducing the
effective hydraulic conductivity of the transmission zone well below the
saturated hydraulic conductivity of the soil.

?Hydrologist and Physicist, repectively; U.S. Geological Survey,
345 Middleflield Road, MS 496, Menlo Park, CA 94025 USA.
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aesearchers have known for more than half a century that air residing in

eze pore space of solls reduces infiltration rates(Powers, 1934; Horton, '
13:0). Soil air influences infiltration through four processes: 1) air
s1splacement out of the transmission zone, 2) air compression below the
transzission zone, 3) air solution-dissolution within the transmission zone,
{) and air entrapment or retention within the transmission zone. One or all
= these processes can influence infiltration rates, depending on boundary
ccaditions and soil properties. Numerous workers have shown that air
splacement can effect infiltration rates(e.g., Morel-Seytoux, 1973). During
ri1tration, air is displaced downward in advance of the wetting front (Wilson
and Luthin, 1963), and sometimes, air is displaced upward through the
«a¢iltrating water(Adrian and Franzini, 1966). Air compression is extremely
t=portant where an impervious layer or water table exists near the soil
surface(Adrian and Franzini, 1966; Jarret and Fritton, 1978; Linden and Dixon,
1373; Dixon and Linden, 1972; and Breckenridge, Jarret, and Hoover, 1978).
1ir solution into infiltrating water has been shown to be important when
tafiltration continues for an extended period(Bianchi and Haskell, 1966).
_ Zowever, air entrapment or retention in the transmission zone always

tafluences the rate of water entry into soils(Christiansen, 194%4). During
tnfiltration, air is entrapped or retaired in the soil's transmission zone as
sounward flowing water circumvents regions in the air-filled pore space(Bond
and Collis-George, 1981). Air retained in the pore space of the transmission
safe reduces the volume of water which can enter the soil over a given time
seriod. In this study, experiments are designed to minimize the influence of
a{r displacement, compression, and solution upon infiltration rates, in order
to isolate and measure the influence of air entrapment in the transmission
zone upon infiltration.
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A physically based infiltration equation is useful in predicting the
effects of air in the transmission zone upon infiltration rates. Green and
Azpt(1911) derived an equation to describe vertical downward movement of water
in a soil under ponded conditions. Their equation is based on the assumptions
that water travels down into the soil with a sharp wetting front and that the
transmission zone above the wetting front has a uniform water content. If the
depth of ponding is h, the Green and Ampt equation can be represented by the

following expression:
1 = K(8)[(h-y,)/2] + K(8y) (1

vhere I is the infiltration rate, K(8;) is the effective hydraulic
conductivity in the transmission zone, ¥, is the matric potential at the
vetting front, and z is the depth to the wetting front. Since K(8,) depends
strongly upon the volumetric water content of the transmission zone, 8, the
infiltration rate can be expected to be strongly influenced by entrapped air
in the transmission zone. Furthermore, as z becomes large relative to the
Yalue for h-y,, I approaches K(et)' and the influence of entrapped air upon
X(6,) can be estimated if the value of 8 is known. .
S1ack(1978) suggests that a soil has a fillable porosity available to
infiltrating water, depending on the application rate and initial soil
oisture conditions. This may imply that there is a single value for x(et)
for a given infiltration event, but the value would vary somewhat for
different situations. As a first approximation, he indicates that for most
fine-textured agricultural soils, the volumetric water content of the
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transmission zone, 8, is about 90% of the saturated volumetric water
content,8y. Furthermore, the primary location of air within the pore spaze
may strongly influence of the conductivity of the transmission zone. 1If air
resides entirely in dead-end pore spaces, then K(et) remains close to the
saturated hydraulic conductivity,Kg, of the soll. However, if air blocks
channels which are continuous conduits for transmission of water deeper {ntg
the soil when filled with water, then K(8,) is much less than Kj. Previous
results indicate that K(e,) is lower than K4 (Bower, 1966). Based on the
limited data available which relates infiltration rates to hydraulic ;
conductivities, Bower(1969) concluded that K(8;) may range from .iK; to .6K,. i

To reduce the amount of entrapped air during infiltration, CO2 has been
injected into soils prior to tests. CO2 is readily soluble in water and a
pretreatment of CO, often results in complete saturation of the soil. 1In
vented laboratory columns, Jarrett and Hoover(1985) reported at least a 50%
increase in {nfiltration rates following CO, injections., Stephens and
others(1983a, 1983b) reported large increases in borehole infiltration and
air-entry permeameter experiment after CO flooding. Furthermore, they found
that infiltration rates, measured after CO, flooding, corresponded well with

predicted Ks values.

In the present study, the infiltration rate and the volumetric water =
content of the transmission zone were simultaneously measured during a series
of ponded infilltration experiments in which a pretreatment of 002 was used B
before half of the experiments. This was accomplished by using covered =y
infiltrometers fitted with time-domain reflectometry probes for soll moisture
content determinations. This experimental technique permitted: -
1) measurements of the volume of air present in the transmission zone during -
infiltration, 2) measurements of the effect of this air upon i{nfiltration
rates, and 3) estimates of the reduction in the effective hydraulic =
conductivity due to air in the transmission zone.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

4 double-cap infiltrometer was used to measure the ponded infiltration . .=
rates at two field sites. A detailed description of the double-cap o
infiltrometer is given by Constantz(1983). Essentially, the double~cap
infiltrometer{(DCI) i{s a scaled down double-ring infiltrometer which has a
permanent drive plate attached to the upper rims of two nested cylinders. Toe -
DCI is driven about 10cm into the soil and equal water heads are established =
in the inner and outer cylinders using constant-head reservoirs. If equal E
heads are carefully maintained, water flow below the outer cylinder inhidits
radial flow from occuring below the inner cylinder. The cumulative outflov
from the reservoir is recorded as a function of time in order to estimate
infiltration rates and cumulative infiltration.

Time-domain reflectrometry(TDR) was used to measure the volumetric uater_%
content in the soil beneath the inner cylinder of the DCI. A detailed -
description of TDR is given by Topp and others(1982). Briefly, TDR measuresd 4
the apparent dlelectric constant in the region between a pair of thin metal ;
rods which have been inserted into the soil. The apparent dielectric constaﬂ;;
can be related empirically to the soil's volumetric water content. In these |
experiments, a pair of 40cm long, 0.3cm diameter stainless steel rods,
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2.5cm apart, were driven 35cm into the soil at the center of each DCI. In
tnis configuration, the TDR probe measured the average volumetric water
content in the top 35 cm of soil. Figure 1 gives a cross-section of the DCI
and TDR assembly with water ponding on the soil surface{ the water supply

reservoirs are not shown).
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Figure 1. The double-cap infi{ltrometer(DCI) with the time domain
reflectometry(TDR) probe {nserted through the center of the inner cylinder.

Soil sites were choosen to .avoid air compression during the ponded
{nfiltration runs. Two soil sites were selected with well drained, highly
porous structures vhich lacked any signs of erosion due to runoff. The water o~
table was deep(>10m) and there were no impervious layers within 1m of the soil
surface. The first site was located on Monte Bello Ridge in the Santa Cruz
Mountain Range of Central California in a mature vineyard on Los Gatos
Gravelly Loam. The soil at Site #1 is disced periodically, leaving the
surface soll lose and free of vegetation. The second test site was located in
the foothills to the east of Monte Bello Ridge supporting native oaks and
mixed annual grasses. The soil at Site #2 is a Diablo Sandy Loam which
contained desiccation cracks under a mat of dry grass at the initiation of
tests. Table 1 gives several pertinent properties determined for both soils.
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TABLE 1. SOME PERTINENT PROPERTIES OF THE SOILS AT EACH SITE

Site #1 Site #2
Soil Series Los Gatos Dlablo
Porosity .43 U5
Gravel 18% -
Sand 354 62¢%
Silt 37% 20¢%
Clay 10% 18%
Class gravelly loam sandy loam

At both sites, two DCI units were driven about 10cm into the soil with
approximately a 2m spacing between the units. To determine the effects of tune
TDR probes upon the infiltration rates, a preliminary infiltration expericent
was run before inserting of the probes at each site. The DCI units were kept
in place at the same location throughout each series of tests. Prior to each
test, the soil was permitted to drain back to a specific moisture content
within £.03 cm”can °. Infiltration experiments were performed at about one

. week intervals, alternating between runs where a pretreatment of 002 was used

and runs where no pretreatment was used. The CO, was injected through the
inflow ports on the DCI (with the water manometers plugged) at 1.5 to 2.0
1/min for approximately 25 minutes. During experimental runs, the cumulative
inflow into the inner cylinder was recorded after a constant ponding depth of
10 cm was established, The cumulative infiltration was calculated by
subtracting the volume of water ponded in the inner cylinder from the
cumulative inflow. The infiltration rate into the soil below the inner
cylinder was recorded until a constant rate was approached or until the
reservoir's water supply was exhausted. Tap water was used which had an
electrical conductivity of .05 mmho of electrical conductivity, derived maialy
from calcium, magnesihm, and bdicarbonate ions. Tap water was poured into the
reservoirs a week before each test, to allow the gases in the water to
equilibrate with the atmosphere prior to each infiltration run. - L

RESULTS AND DISCUSSION

The use of any infiltrometer represents what has been called "rractiona;:

.wetting infiltration"(Philip, 1983). Fractional wetting infiltration is

simply the wetting of only a portion of the soil surfaces; it occurs in
several natural and man-made situations (drip or furrow irrigation, for
example). When fractional wetting infiltration occurs where no air-
impermeable layer exists near the soil surface, the influence of air
compression and air displacement are probably negligible compared to the
influence of air entrapment. For these experiments, this contention 1s :
supported by two observations. First, during control runs{no CO2 treatment)t
air bubbles which were displaced vertically upward after ponding could be X
observed through the clear resin casing of the TDR probes. The volum of :
displaced air was small, amounting te¢ no more than approximately 5 cm during
the entire ponded infiltration period. Second, as CO, was injected into the -
soil at 1.5 to 2.0 1 min". the resulting back-pressure at the soil surface
was only 2 to 3 cm of water pressure. These observations indicate that these:
soils are extremely permeable to gas flow and do not contain confining layers3:
near the surface. - This suggests that neither air displacement or compressiod



