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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 obtainmed. 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

fompatible 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 féet 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

-

weaiheting, 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. anowledge 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

radiocactive-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-dimensiocnal configuration of the alluvial deposits is

needed to help guide drilling programs, aand to enable. extrapolation of
infiltration and recharge data throughout the site. These studies are a
part of the Nevada Nuclear Waste Storage Investigations project of'the.

U.S. -Deparﬁnent of Energy (Interagency Agreement DE-AI08-78ET44802).

To obtair information on present infiltration and recharge in
the .shallow unsaturated zone, a drilling program for neutron-access
holes has been established. (Hammermeister, D., U.S. Geological Survey,
written commua. , 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 anslyzed for lithology,
deasity, poros'ity, and moistyre content. ~ Upon completion of each hole,
neutron moisture lqgs are .run, followed by a cootinuing program of
density, porosity, and moisture loggihg. A 'li.mited number of boreholes

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

I
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. 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 ao indirect method of obtaining such information. The high cost of
geophysical services and the uncertain results from preliminary large

scale work influenced the decision to conduct shallow seismic refraction

surveys of the washes at Yucca Mountain.

The seismic refraction method consists of measuring travel times of
‘compressional waves to known points along the ground surface. Compres-
si_.onal waves generated by an impulsive energy source are detectéd,
amplified, and then recorded by equipment that is collectively referred
to 25 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-dils-
tance i;zfomation is graphically and ma'themat.ica_lly 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 propagstion. Seismic surveys are commonly

. used in hyd;ologic investigations to obtain information such» as depth to
ground water, location of buried stream channels, and thickness of -
unconsclidated overburden. In areas with a shallew water table, .the
interface between saturated and unsaturated unconsolidated materials is

often the vﬁ.rst.: borizon of interest. Although individual stratified
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layers of unconsolidated material may not bé 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 variable and often low because of

fractures and weathering in the bedrock unit.

A pteliminary literature review suggested that the refraction method
of seismic sufveying should be used rather than the seismic reflection
method. Reflection methods require prio; 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 ‘surfa_ce sediments of the study area for

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

The objectives of this study were: (i) To determine if shallow
seismic refraction surveys could be used to determine thicknesses of
alluvium by performing surveys near boreholes that determimed thick-
nesses d;téctly; (2) if the seismic refraction method proved to be
successful, perform preliminary surveys in washes that did noﬁ contain
boreholes; and (3) to define conditions under which shallow seismic

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



SEISMIC REFRACTION THEORY

Fundamentals of Seismic Refraction Theory

The brinﬁiples of seismic refraction surveying are based on the
knowledge that elastic waves travel at particular, and in some cases,
well defined velocities through different materials. In general, the
more dense ihe material, the faster the wave travels through the medium.
Prop#gation 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 thatAapply to seismic refraction surveys are Huygen's
Principle, Snell;s L;w, and Fermat's Principle. Huygen's Priecciple
statés that every point on a wave front is the source of a pew wave that
travels out from that point in spherical shells (Halliday and Resnick,
1974, é. 672). Vhen 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 directicn 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 :£1ationship between the

paths of the incident and refracted rays is known as the Law of Refrac-

“tion and as Snell's Law.> It statc; 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 _
sinec O (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)

-]
"
<l

EFLECTED le INCIOENT RAY

CRITICLE ANGLE
OF INCICENCE

CAITICALLY

REFRACTED RAY

REFRACTED RAY

- s o et e .

Figure 1.--Reflecticn 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 '

sinr~ 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 downoward 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 amgle of incidence is defined as the angle of the
incident ray that results in 2 refracted angle equal to 90 degrees
(Jakosky, 1950,p. 665). At angles less than the critical angle of
incidence, almost all compressional energy is refraéted into the higher
velocity medium. When the critical angle is exceeded, energy is almost
totally reflected. When r is 90 degrees, sio r is 1, therefore, the

critical angle of incidence, is:

Vi1 . | %)
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Reflection and refraction of 2 ray or seismic wave follow Fermat's
Principle of least time, which states that the travel path between two

points is the path of minimum time (Gary and others, 1974, p. 257).

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

_®,®
T=n*w
s ) L 0k )
Vi vz .

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

X - (L-X)

vl 12 + X°¢ v2 JY2¢ + (L-X)*°

0=

sin i sin r
TS 7 (6)

Ther;fore,

sin i _ V1

Tiac = V3 = comstant, (7)

wvhich also illustrates Snell's Law and evaluates the index of refraction
ag the ratio of the velocities irn the two media. For other wave paths,

the travel time predicted to be 2 minimum may be & maximum or 2 sta-

ticnary value (Martin snd 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 compressicnal (P), shear
(S), Rayleigh, and Love waves (fig. 3). Only P, S, and Rayleigh waves
can be observed in shallowvseismology. Each of these waves causes &

slight, mpomentary, vertical displacement of material as it passes

through the earth.

P and S waves are body waves that are transmitted th:ough 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 is 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 borizontal and
tranpsverse and therefore, is not recorded by geophones that are designed

to respond to verticzl ground motion only.

orF HHE TN

(B) Shear wa\?e .

(A) Compressiocnal wave.

OIRECTION OF
—

OIRECTION OF BURFACE (HORIZ.) ROPAQATION

‘JPROPAGATION

X .4
ZPARTICLE FuoTion X

BURFACE LAYER
AN

1 4

Q PARTICLE MOTI
) ‘I‘lAJ!CI’OME‘o“

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

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

| through a medium (modified from liboney. 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 t'or» well-consolidated rock; § = 0.45P in soils) (Mooney, 1977,
p. 3-3). Rayleigh waves travel at approximately 0.9 thé velocity of the

S wave (ibid).

In shal.low sei.smology, nearly all werk is based on the P wave
becauée of two factors. First, the distances involved are very short
and the P and S waves arrive so closely together that the § wave is lost
in the train of motion following the first arrival of the P wave.
Secondly, because the verﬁical 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 witk compressional (P) waves only.

Seismic Wave Paths

A record of seismic waveforms shows grouhd motion at & 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 differeat wave paths through the

earth.

Seismic waves genetatéd from a point source at the surface of a tvo

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

~K\_/) 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 —
W ENERGY SOURCE (.62 MILE) 9;02«,,.-;

|

-
»

"
'S

LAY

V,22.3£¢/s 13) PATH or EAY REFRACTED
ALONG V; -V;CONTACT

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

and detected at geophone G (modified from Zohdy and others, 1974).

o e ————
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First arrivals on 2 seismic data record may be produced by either
the direct ér 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, grainm
size, lithification, direction with respect to bedding or foliation,
f1u§d tontent, 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.
Reporﬁed values are nbst 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 afe run in a water or
mud-filled borehole however, and information regarding seismic veloci-

ties in the unsaturated zone cannot be obtaimed 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 Zeasland 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)
VWeathered 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.)

h ' 3

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 iﬁcrease
velocity. Low porosity igneous rocks have the highest velocities for
geologic materials: often, the velocity is greater than 16,000 ft/s.
Since porosity tends to decrease with depth because of compression,
porosity effects are most pronounced in uppe% geologic units. Labora-
tory measurements oan 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 ignecus rocks; igneous rocks than sedimentary rocks; con-
solidated sediments than unconsclidated sediments; water-saturated

unconsolidateé sediments thin dry unconsolidated sedimenté; wet soils
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than dry soils; carbonates than sandstones; sandstones than shales;
solid rocks than fractured rocks; unweathered rocks tham 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 datz depends on the precise
identification of first arrivals on a2 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. 1631).
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. SA and 5B); (2) amplitudes
of bothk 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, ;harp break,
upwvard or downward on the seismic record. First waves recorded in
figure 6A are Rayleigh wnves.ﬁnd later arriving P waves. Thése eignals
bave 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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Figure SA.--ES-1210 seismic data record with little backround noise.
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Figure 6B.--ES-1210 seismic data record showing first arrivals.
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Arrival times are plotted on a2 graph as milliseconds verses dis-
tance (fig. 7). The distance axis represents geophone locations as well
as the closest offset shotpoints that ar; usually equal’'to the gecphone
spacing. A referencé 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

mediusr through which the compressional wave travelled.

Interpretation Methods

Two methods of seismic data intetpretation were used in this study. .
For a discussion of the other interpretatioc 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 ofvdata interpretation w;s used in the
field to determine the arrangement of shotpoints and geophones 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 middie of the seismic line

(Mooney, 1977).

The simplest'case for seismic data interpretation is that of two
geologic layers with plane and parallel bounda:ies.‘ 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 féw
arrivdl times are thoge 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 '"critical distance"‘exists. At
this point, the refracted wave arrives at the same time as the direct
wave. Refracted afrivals that are recorded beyond the critical distance
vill plot along & 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, Xe, 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 = CD = —21_. ; (9)
cos i _
and
. BC=X-2Zy tan i ; (10)

vhere Z; is the thickness of layer 1 andAi is the critical angle of

incidence.

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



AB + €D _ BC

V1 V2
22, X -22 tani
Vi cos i V2
1 sin i X
22, Acm cos i V2 cos u..u * T2
V2 - V1 sin i X :
—_ 11
22 Yo ees 1) T2 (11
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From Shgll's Law, the critical angle of incidence, i, is:

=V
sin i =&,
therefore,
IR L) |
i=sin . (12)‘

Substituting equation (12) into equation (11):

1/sin i - sin i) + X
ViV2 cos i V2

-3
|

= 2Z,V1 (

_ 1 - sin® i X
=221 (Fyrcos 1 sin D) ' W2

1 - sin? i ) X
cos i sin 1

2z; (7 7

. - cos i , . X
=22 GFemp) Y2 - (13)

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

T = 27, (EE%TE) + Vé ) : (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:

T, = 22, (5% iy . (15)
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Rewriting equation (15) in terms of the unknown thickness of layer 1

yields:
TiVI
2z, = Cos 1 °’
and
TiVI
21 % 5 cos i
T.V1

o : (16)
2 cos (sin  V1/V2) , '

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

Z1 = _;_(_V&_) . (17)' |

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:

Equation (14) can be written in terms of Tz as:
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At the critical distance, Xc, Ty and Ty are equal, therefore:

fﬁ=§+zzl,/v2=-V1=
Vi V2 vavi
and,
\Y
. =l( 1V2xc )(_1-_1_)
1 =2 vl  v2’

2¢ - V1

which simplifies to the equation for determining the thickness of layer

1 in terms of critical distance and two velocities;

X
- _C V2 - V1
2, = 2 V V2 + v1 ° (20)

This ¢alculation is easily performed in the field with a programmable

c;lculator.

Delay time method

Where boundaries between stratigraphic units #re 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 {f down-dip and greater ifl up-dip. Use of these apparent

velocities will result in erronecus depth calculations.
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Th? 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 (Redpath, 1973, p.
10; Dobrin; 1976, p. 314). Delay time is defined at the shotpoiat and

geophones. Referring to figure 10, the delay time at the geophone is

rdefined as:

_C_ o
Mg=%1-v2 °
- zG zG tan i
V1l cos i V2

1 sin i
G (Vl cos i V2 cos i) ' 21

=2

whe:e'bTG is the delay time at the geophone and ZG is the depth to layer

2 beneath the geophene.

From Snell's Law,

V1

sin i = V2!
therefore
V1 o o)
vz‘z_sini ’ % cc’c..
/c
5,(, v {_;_, [
and, b
. v <
L 1 sin? i
n:G = zG (Vl cos £ V1 cos 1) ‘
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Because sin2 i + cos? i =1,

= ZG cos i
G Vi ’

DT

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)
DTS = Vi (23)

.

wiere 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:

(24)

N

DTy

= Tt -
where Tt is the observed total travel time from shotpoiﬁt to geophone;
S 1is the distance aiong the ipterface 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 fiayat, 1967).
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Dip of the refractor bed must be small (less than 10 degrées) 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, = DTg + DT,  (Dobria, 1976, p. 313). (25)
gzoTROLET
&
‘. cceorness
\ i
\
t¢
. v
\ B ‘ B #
) 0 , A%nﬂWVV/Q%V 2
e 7/l 4
T —
77
;|

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 |
- 7 - DTg . (26)

DTG =T s

t
If depth to the refractor beneath the shotpoint and velocities of the
layers are koown, 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 vould be sufficient to determine the delay time bepeath
the geophoﬁe (Redpath, 1973, p. 11). Because velocity and depth infor-
mation are not often known prior to surveying an area, shqtpoints at
both ends of the line are required to determine truehlayer velocities
and depths. This method of seismic surveying is known as a "reversed
profile" or "reversing thé lipe." Reversed profiles are seismic liges
surveyed using common geophone locations with shotpoints recorded from
opposite (reversed) directions (fig. 11). Because minimum-time travel
paths are independent of directien, the total travel time (Tt) from each
shotpoint must be equal; that is, Tt from shotpoint 1 must equal Tt from
shotpoint 2. A rangé 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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The arrival times at one geophone of a reversed profile have been
designated as TGl and Tcz in figure 11. Each arrival time can be ex-

pressed in terms of component delay times by rewriting equation (26) as:

Tg, = DTg, + DT + =
and
T, =_DTS' + DT, + st X
so that
Tg, + T, = DTg *+ DIg + 2DTg + = .. (27)

In a similar manner, the total travel time can be written as:

-

s0 that
= 20T, + Tt

and therefore,

6, * T, ° T,) . (28)
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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

~T . (29)
cos (sin V1/V2)

Zc =

SIPT seismic data interpretation model

Seisﬁic data were interpreted with the SIPT (Seismic Interpretation
Prograﬁ 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 oo 25 April 1984. The program waé run on a Prime 850 and Prime
9950 computer. A batch-mode program, SIPB, is also available (Scott,
Ja 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, sand layer designations are supplied as input.
Layer velocities may be calculated from time-distance graphs and entered
as input data or they may be calculaéed by the program. 4 first
approximation of each refraction horizon is obtained by a computer

adaptation of the delay time method. The - approximation is then



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.

;?k Assu@ptibns applied to the SIPT model are: (1) Layers are con-
tinuous and extend from one end of the refraction spread to the other;
(i) layer velocity increases with lafer 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 velocitie; are constant from one end of
a spread to the other; (5) refracted rays represent minimum-time travel

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

‘ Computer program dats requirements are: (1) The prograh user
determines and specifies the refraction layef that is tepresentedvby
esch arrival time eatered as input dats; if a-refraction layer is not
specified (ipput value of zero), that arrival time is not used in com-
putiné 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 eatered as input data.

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

2 to 5;.(2) pumber of geophone spreads in a problem, 1 to 5; (3) number
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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 séudied and reported (Domzalski, 1956; Soske, 1959; Green,
1962;- Berry, 1971;Grecnhaigh, 1977; Whitely~ and Greenhalgh, 1979).
Sources of error common to shallow seismic réfraction studies in arid,
alluvial, and fractured sediments are hidden layers and veiocity in-

versions which are collectively known 2s "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 a8 hidden layer. Blind zoaes are hypo-
thetical spaces that exist at every recorded refractor. Any hidden
layers, if presenmt, will occur within this space (Merrick and others,
1978; Greenhalgh, 1977). Iﬁ most cases, the blind zone willllie between
the surface low-velocity liyer and ; 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) beﬁween the first and second labye.r, existence
of an interimnediate 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 thev velocity contrasts with adjacent layers.
Presence of a hidden layér results in underestimation of depth to the
refracting layer. If the presence of a hidden layer is suspected, there
are methéds available to estimate its maximum possible thickness
(Redpath, 1973; Merrick and others, 1978; and Schmoller, 1982). These
methods are based on pfio'r knowledge of the study area and m;y not be

applicable in unexplored areas.

Velocity inversion

.

Velocity inversion can occur wherever a geclogic layer has 2z 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 coutsé of a
normal seismic refraction survey. In atid alluvial sediments, veioc:lty
inversions could result from caliche layers, sand or gravel beds,
lateral chaﬁges in weatbhering of bedrock surfaces, fault and breccia
zones, large vertical differences in moisture content, buried apimal
" dwellings, or boulders buried at some depth. In any case, velocities
do pot always increase progressively with depth, and at some point in
the stntigraphy. there 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 laver
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 sﬁrface will act as a zone of tramsi-
tion rather than a well-defined boundary. Example causes are: (1)
Finely stratified layering that increases in density with depth due
te compaction; and (2) progressive decrease in weathering with depth.
A continuous increase in velocity with depth will appear on a time-

distance graph 2s 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 objectiﬁe is to transfer
energy into the ground. Secondly, a wavefroant that bas a sharp rise

time, raiher than a gradual beginning, must be produced.



Explosives

An explosion is the most common seismic source. Signal strength is
dependent oo the amount and type of explosive used. Coupling to the
ground is achieved by burying the explosive and then satur#ting 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 exploéives 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 operatioms, the charge is
pl{nted in the earth at depths ramging from 2 few to several bundreds of.
feet (less th;n 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 ttan#fetted to the
ground is-propottional to the mase of the weight and the change in
velocity at the instant of impact (Mooney, 1977, p. 21-1). By doubling
the mass qf a weight, the amplitude of a seismic wave will be doubled,

however, the horizontal and vertical range of investigation will not
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double proportionately. A seismic wave signali will decrease with
approximately the square of the distance, therefore, increasing the mass
of the weight by a2 factor of two, will increase the range of investi-
gation by a factor of about 2!2 = 1.4. Terminal velocity of a falling
object is proportional to Hﬂg. 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 droppéd on 2 hard surface whenever
possible. Weight bounce should be avoided beéause 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 bhorizontal motion
upon impact. A flat or oval-bottomed weight will usually impact one
edge before the other, dissipating energy into horizontal signals. A
spbere 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 thé same considerations as 2 weight drop. Two additional
factors ﬁeed also be coansidered. 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 Ean be driven into_
th; ground by successive blows. If it is too large, much of the energy
from the impact can be dissipated through vibration. Io this study, it.
was experimentally determined that a 0.9 by 1.25 ft aluminum plate was

most effective.

The sledgehsomer must strike the plate perpendicularly to impart
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 gseismic record varied from three for 55-ft interior shots to
more than twenty for 110-ft offset shots. The only criteria for deter-
uinint the pumber of sledgehammer strikes required for a particular

seismic record is the quality of the "first breaks" cbtained.



Signal Enhancement Seismograph With Respect To Energy Source

The signal enhanéement seismograph has expanded the utility of non-
explosive sources. The basic function of the signal enhancer is to
stack sucéeskive seismic signals. This allows the true seismic signal
to "growf and become more distinct while backround noise is limited or
drowned out. The seismic signal increases in definition because re-
fraction §111 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
(£ig. 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. Depfh 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 Castellanocs,

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 avfluvial deposit of Holo-
Cene age. It consists of gravel, sand, and silt, intermixed and inter-
be.ddgd, pooily to moderately well-sorted. Gravel is angulaf 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_

grqvelly 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 upit is petrograph-
ically distinguished by a mafic-rich éaptock, a sanidime-rich and
hornblende-rich lower section, qnd the presence of sphene throughout the
unit. Scott and Castellanss (1984) have created field subdi#isions based -
on mineralogical, degassing, weatbering, jointing, and welding festures
(fig. 14). These subdivisions, in descending order, are: (1)
Light-brown caprock; (2) gray caprock; 3) upﬁer cliff; (&) upper litho-
physal; (5) lower cliff; (6) gray clinkstone; (7) red clinkstone; (8)

lower lithophysal; (9) hackly;_(lO) columnar; (11) and basal.
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Figure 14,.--Fence diagram of field subdivisions of the Tiva Canyon

Member (modified from Scott and others, 1983).
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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 f?acture density
(Scoﬁt and others, 1983). Den;ely welded tuff fractures readily; non-
welded ;uff does not. Columnar jointing characterizes zones of dense
and partial welding. Joints are formed as a2 response to tensional
forces that are active during cooling of the flow (Winggrad and
Thordatson, 1975). Joinﬁ 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.
Petrdgraphic studies indicate that differences in weathering character-
istics are related to differences in devitrification textures (Scott and
others, 1983). Wbathered‘surfaces composed of small (2 to 3 inches),
ittegulir fragments, have small, finely fibrous devitrification
textures. Weathered surfaces with 3-ft-long, smooth, .conchoidélly,
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) afe
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 Can&on,ﬂembet (Vvhitfield and others,
1984). This subunit is densely welded and devitrified. Calculated

fracture density is 6.23 fractures/unit ft3 (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 Ltarrea divaricata), sagebrush (Artemesiz ttidentata),"HOtmoﬁ 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 sitesv
and are made of compacted, local materials. Stream channels are present
in 21l 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 thaﬁ 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 sedinent§. Lines were
set parallel to the length of the washes because of ;he 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 locaﬁions 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 wi&th of 430 ft
in the upper wash, 445 ft in the middle wash, and 800 ft in the loVer.
wash. Total area is approximately 385 acres. Elevation ranges from
3,820 to 4,286 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 Qash is divided by a bedrock spur into twc branches. At the
juncture, a large ares has been disturbed from a trenching project. A
stream channel with a cut of 0 to 6 ft runs eastward from the trench
ilong the south wall of the wash. A jeep trail is located in the

approximate center of the wash and extends for the entire length.



Qa;’ 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, 2 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.
I£ is 6.6 miles in iength and has anlaﬁerage 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. Natrow:

styean channels are located between the base of the walls 2nd a road

bed.

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

surveyed. Therefore, seismic lines were located on the map in 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 2 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 ge&pﬁone; (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 mormally separated by
0.01 inch. When the hammer struck a ﬁatd surface, the upper spring bent
under the inertia of its own mass and closed the gap. A voltage pﬁlse_
was sent from the contactor to a trigger circuit in the receiver. Input
gime-constants-were designed such that if the ?ontactor closed more
than.once for s given blow, due to vibration of the upper spring, only
the first contact would operate the trigger. A vertical-component,
moving-coil geophone was used. The geophone was connected to the

amplifier with shielded cable because of the voltage surge induced vhen

the contactor closed.

Field procedures consisted of burying the geophone 100 ft from the
receiver unit and setting sha;boints at increns;ng distances away from
the geophone. The method of incrgasing shotpoint distance was intended
to allow.the operator to become familiar with the appearance of the

seismic wave st short range, where noise was not visible, so that the
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same signal could be recognized in noise at largevdistances. 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. Tﬁe number of siedgehammer strikes per record ranged from 4
to 20. Data were interﬁ;eted 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 Vhydtologic literature yielded~ no
regprts of shallow seismic investigations conducted in unsaturated‘
sediments oply. Previous work ir weathered bedrock and alluvium, or
similar unconsclidated sediments, has been conducted in areas with a
relatively shallow water tabie and location of the velocity 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.



Shallow seismic refraction studies were conducted by Hobson to
determine bedrock topography and thgteb& identify previously e#isting
surface-drainage systems (Hobson and others, 1964; Hobson and Carr,
1967). Bedrock units were overlain by Pleistocene sands, gravels, and
tills. Dépths to bedrock were determined within 7.3 pefcent 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 weté identified with velocities of about 1,500 ft/s and less. Low
occurrences of higﬁ-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 unconsolidited 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 loéate the
velocity horizon between saturated and unsaturated sediments. Studies
conducted in alluvium-filled valleys and river channels ﬁnve reported
that depths detetminedbby seismic methods corresponded within 10 percent
of borehole depths (Duguid, 1968; W%hrhaftig, 1984). Differentiation
based on compressionil_waée velocity was possible between saturated aand

unsaturated sediments, and alluvium and bedrock only. For uncoasolidated



i et
R AR

.\t Ll N} "l ..

&
'.A'A' -
]

33

materials in general, Vsat (saturated velocity) is about 5,000 ft/s and
Vusat (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 S to 10 percent of depths deter-
mined by borehole data. Thickness of the weathered zone was obtained
wvhere 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 Ares

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; Pinkratz, 1982;
Hoffman, 1983). Sﬁmmary'reports contain little information tegarding
velocities and geologic layering for depths less than 100 feet. Two
studies that did provide information pertinent to this study were

conducted by Papkratz and Ackerman.
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Expetiménts conducted by Pankratz in December, 1978 and September,
_ 1979 included three 1.7-mile seismic lines that were located in the
vicinity of Yucca Hogntain. The spreads are shoén in figureblé as Yucca
A, Yucca 2b, and Yucca C. Three problems noted in his sumhary 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). 1In general,
results in the Yucca Mountain area were considered poor and subject to
discrepancy with velocity and depth information obtzined from borehole
‘dita (Ue-25aff1). Discrepancies were attributed to the following
factors: (1) Low signal-to-noise ratio due to the absorptive character
of the subsurface, (2) océurrences 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 éaution, he assigned velocities of approximately 5,577 ft/s to the
Tiva Canyon Member and velocities of approximstely 6,562 ft/s either to

the lower Tiva or the upper Topopah Springs Member.



Figure 16.--Location of seismic lihes surveyed by Pankratzv(modified

- from Pankiatz, 1982).
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Location of the seismic line surveyed by Ackerman is shown in
figure 17. The line 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‘Hember. At the eastern end of the
seismic line, velocity of the Tiva Canyon Member was approximately
10,600 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 alpng the crest
of Yucca Mountain and velocity values obtained were lower yet (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, writtem commun., 1984; Scott and others, 1983).



C ame -

C o ' v
 116°30' 00 . 118° 22 20"

36°55’ 00"

{\ Ni 3e° 47° 30"

g pMIE

Figure 17.--Location of seismic line SFAC surveyed by

Ackerman (Ackerman, written commun., 1984)
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MATERIALS AND METHODS

Seismic Refraction Survey Equipment

Seismograph

The EG&G ES-1210-signal enhancement seismograph was used for all
seismic sﬁrveys' in this study. It is packaged in a weatherproof,
.aluﬁinﬁm 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 2 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 a2 separate input gain control, trace-
‘size contrel, and analogue filter mode-selector. Filter settings
available are: (1) Band pass, that records on the selecteé frequency
only; (2) band reject, that eliminates the selected frequency omly; (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 npoise that ﬁay be present in a particular
are;. Vehicle traffic, machinery, ard wind are examples of the noise
that may be eliminated. Existing soise may be snalyzed by depressing a
noise monitor button that causes any noise being transmitted to the
‘geopﬁones to be displayed on the CRT. ' This cipability aids in detgr-
mining filter selectioﬁ and q&ality 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 adjusﬁing 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

scagtered lines.

Cables and Geophones

Signal input is obtained through a 12-channé1 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, 2 geophone

is connected with alligater clips. Fourteen-Hz Geosource SH-71 geo-

phones were used for all surveys.

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

constitute endorsement by the U.S. Geological Survey.
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Figure 184.--ES-1210 seismic data record with variable area trace.
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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 étudy. Zero-time for the seismic record is initiated by a
switch that is 'attached with tape along the length of the handle, 2 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 azlong 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 stripper, electrical tape, extra
wite,’cpate 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 systém without assistance szllowed the
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author to more easily trouble-shoot field operations and determihe

optimum working arrangements.

Equipment Setup

Geophone Cable and Geophones

After the survey site had been selected, the line was measured for
cable length and shotﬁoints. Stakes were used to identify first and
twelfth geophone positions. Rock rings identifiéd shotpoints. The
geophone'cable was then laid out between the stakes. The .cable was
pq}iéd taut as equidistant 10- or 20-ft geophone spacings were used{
Geophones were then emplaced. Géophones were placed within 10 degrees
of the vertical and firmly planted such that they would not wiggle
vhen tested with a finger on the top. After each gecphone 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 stari-signal cord connect to the seismo-
graph. The geophone cable has a 12-pin Caﬁon connector én 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
accom?lished by surveying an ares where the depth to bedrock was known.
Tést 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 2 line
across the drill site: 10-ft geophone spacings vere used. The first
shotpoint was set 40 ft southeast of geophone {1. Sutvejs with shot-
points at 50, 70, and 200 ft were also performed. First arrivals were
nét observed at any of the locations. As s 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-ampiitude, 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 sp;cings.wete determined to be adequate and off-set shotpoints
equai 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 withia 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 assigoed
an elevation of 0.0 ft. Elevation of velocity layers bepeath a bori-
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'geophoneé and other shotpoints are calculated

for the appropriate slope angle. This method of elevation assigoment 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 geophone #1 to geophone #12.
Where the land surface was sloping, geophone #12 was the furthest geo-

phone down-slope. K

Seven shotpoints were used for each seismic line wﬁerever 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 (forw;rd
shotpoints), 55 ft (interior shotpoint), 120 ft, 165 ft, and 220 ft
(reverse shétpoints) (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 neutroa-access holes are located along 2 line that exténds
about 180 ft across the wash (fig. 20). Streanm channels intersect the
lige betﬁeen 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; aand NS, 35 ft
(Hammermeister, written commun., 1985). N2 and N5 are 86 ft apart and
have a 44.S ft-difference in depth to bedrock. N& and NS5 are about 26

f’. £t apart and bave & 20 ft difference in depth to bedrock.
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Seismic Line NDWI1

The line was loc;ted.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, firgﬁ arrivals were difficult to pick within the 2-ms range of
pteéision. Four velocity layers were iden;ified'on the time-distance
graph (fig. 21). Three data sets were used to generate depth models:
(1) Model {1 was obtained using estiﬁated first arrival times from the
220-ft shotpoint; (2) model ff2 was obtained by deleting layer designa-
tions from the 220-ft shotpoint; a2ad (3) model #3 was obtained by

adding the 2-degree slope of the land surface to the input data of (25.
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Figure 21.--Time-distance graph for seismic line NDW1.
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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 shotéoiht 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 arriv;ls were suffi-

cieat 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 ftf/s 1966 ft/s 1966 ft/s
3 4138 ft/s 4078 ft/s 4OT7E8 ft/s
4 8229 ft/s 8172 ft/s 8172 ft/s

Depth plots obtained from egch model are shown as figures 22, 23,
and 26. Removing uncertain data from the Zéo-ft shotpoint changes the
depth to layer & by less ﬁhan 42 feet. Velocities and depths are con-
sidered'to Se accurate values because slope angle is smali and refrac-

tfons 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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Figure 24.--Depth plot, line NDW1, model #3.

Seismic Line NDW3

Close proximity of this line to NDW1 caused anticipation of two
results. First, that seismic velocities and number of layers would be
the same as determined from NDW1. Secondly, because this line was down
slope from NDW1, depth to bedrock was expected to be slightly greater.
Four velocity layers are identifiable ﬁn the time-distince gr;ph
(fig.IZS). Seismic velocities of layers 1 and 2 are greater than those
from NDW1. This may be due to compaction of the alluvium by drilling

support equipment and development of a jeep trail during the drilling of
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nine neutron-access holes at or above (NW of) the seismic.line site.
Seismic velocities of layers 3 and 4 are within 10 percent of those
obtainéd from NDW1. Seismic velocities and depth to layers beneath each
geophone and the nearest (-10 ft and 120 ft) shotpoints are shown in

table 4. A depth plot beneath the line is shown as figure 26.

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

Position of Layers Beneath Shotpoints and Geophones

SP Position  Surface Elév Layer 2 Layer 3 Layer 4 .

Depth Elev Depth Elev Depth Elev

3 -10.0 8.0 2.8 5.2 16.3 -8.3 61.2 -53.2
4 55.0 5.8 3.1 2.7 15.3 -9.5 65.6 -59.8
5 120.0 3.5 2.1 1.4 14.7 -11.2 68.3 -64.8
GEO

1 0.0 7.7 2.8 4.9 16.3 -8.6 61.2 =-53.5
2 10.0 7.3 3.3 4.0 15.7 -8.4 61.2 -53.9
3 20.0 7.0 4.4 2.6 15.3 -8.3 60.5 =53.5
4 30.0 6.6 4.5 2.1 15.2 <-8.6 62.5 =55.9
5 40.0 6.3 3.8 2.5 15.7 <-9.4 63.8 -57.5
6 50.0 5.9 3.2 2.7 15.6 =9.7 65.0 =59.1
7 60.0 5.6 3.0 2.6 15.0 -9.4 66.2 -60.6
8 70.0 5.2 2.6 2.6 14.2 -9.0 68.3 <-63.1
9 80.0 4.9 2.0 2.9 15.5 -10.6 68.3 <-63.4
10 90.0 4.5 1.7 2.8 15.6 -11.1 68.3 -63.8
11 100.0 4.2 1.6 2.6 15.1 -10.9 68.3 -64.1
12 110.0 3.8 2.1 1.7 14.6 -10.8 68.3 =-64.5
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Table 4.--Seismic velocities and depths, line NDW3.

Layer number Layer velocity

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

&N —

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 4.6 -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 -006 20-2 -16.b 68.0 -64¢2




Table S.--Seismic velocities and depths to layefs 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 2as 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 conﬁzét at the bedrock contact
(Hammermeister, written commun., 1985).‘ This suggests that although
the bedrock surface may be wéathered, 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 unit may also be & contributing factor to the low seismic
velocity of the unit.

The bedrock umit penetrated by neutron-access holes Hz-thtough N9
is non-lithophysal Tiva Canyon Member (hackly and columnar field sub-
divisions), sbout 35 ft thick, underlain by the pon-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 li:.:e is located in the approximate center of Pagany Wash, 0.10
mile.'; from the end .of the '§outh-eas;ern wall of the wash. Three
veiocity layers a2re indicated by the t.ime-d‘istance graph (fig. 27).
Seismic velocities and depths are shown in table 6 Layer 2 has r.l'ue
greatest vélocity 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 #rea for depth correlation, however, access holes drilled in

the center of Pagany Wash, both above and below NDW2 have bedrock

cont.a.cts_ 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 Benreath 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 $.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
A 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 £0.0 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 8.7 -4.9 42.4 -38.6




Qac Canyon

Several seismic lines were surveyed in this wash. This was the
first area surveyed, and much -unusable data was acquired during thevtime
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 tc a well-established jeep trail. The arez contains debris

piles “of welded tuff and several rodent habitats and tunmels. 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 Qaclé.

\\_// Layer number  Layer velocity

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

£ W N -

Position of Layers Beneath Shotpoints and Geophones

SP Position Surface Elev ~ Layer 2 Layer 3 Layer 4
Depth Elev Depth Elev Elev
c -10.0 8.0 5.0 3.0 -3.5 9 -43.9
D 55.0 5.8 6.3 -0.5 -1.9 1 -42.3
N E 120.0 3.5 2.8 0.7 -1.1 0 -~46.5
GEO -
1 0.0 7.6 4.9 2.7 1 -3.8 -44.2
2 10.0 7.3 5.4 1.9 1 -3.8 ~44.6
3 20.0 7.0 6.1 0.9 -1.3 -44.2
4 30.0 6.6 6.4 0.2 -0.7 =43.4
S 40.0 6.3 6.5 -0.2 -1.4 -42.6
\\_// 6 - 50.0 5.9 6.6 -0.7 -1.4 =42.3
7 60.0 5.6 6.0 -0.4 2.4 -42.3
8 70.0 5.2 4.9 0.3 -2.3 =42.3
9 80.0 4.9 4.4 0.5 -1.8 -42.3
10 90.0 4.5 4.0 0.5 -2.4 =45.5
11 100.0 4.2 3.5 0.7 -1.8 -45.8
12 110.0 3.8 2.8 1.0 -0.8 =46.2

-
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Seismic Liné Qacls

Line QaclS is locaced'SS ft, N 25 E (90 degrees) of line Qaclé.
The 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.
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Figure 32.--Time-distance graph for seismic line Qacls.
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Table 8.--Seismic velocities and depths, line Qacls.

84

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 -23.5
D 55.0 5.8 6.5 -0.7 32.8 -27.0
E 120.0 3.5 4.4 -0.9 34.9 -31.4
GEO
1 0.0 7.6 6.4 1.2 31.5 -23.9
-2 10.0 7.3 6.5 0.8 31.5 -24.2
3 20.0 7.0 6.3 0.7 30.9 -23.9
4 30.0 6.6 6.4 0.2 30.4 -23.8
5 40.0 6.3 6.9 -0.6 31.6 -25.3
, 6 50.0 5.9 6.7 -0.8 32.7 -26.8
* 7 60.0 5.6 6.1 -0.5 32.8 -27.2
8 70.0 5.2 5.7 =0.5 34.9 -29.7
g 80.0 ‘4.9 5.9 -1.0 34.9 -30.0
10 90.0 4.5 5.3 -0.8 34.9 -30.4
11 100.0 4.2 4.7 -0.5 34.9 -30.7
12 ° 110.0 3-8 4.4 -006 34.9 -3101

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

Velocity layers 1 acd 2 beneath Qzclé and QaclS can be related to
surface materials that are transported by wodern vehicles, water, and
animals. Neutrom-moisture logs from UE-25 UZ-N20 (Fig. 29) indicate 2
zone of increasing moisture that peaks between 6 and 7 ft below land
surfu_:e (Hamzermeister, written commua., 1985). This type of change in
moisture coateat and increasing compaction with depth may be_ related to
the velocity changes between layers of alluvium,

Neutron-access hole UE-2S UZ-N20 is located 61 ft, NS5W (up-slope)
of geophone #1, lime Qacl4., Layer &, line Qacl4, corresponds to the

Tiva Canyon Hember. 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. Qaclé is located near the center of ﬁhe wash
where early alluvial deppsits may have accumulated and protected the
bedrock surface. The seismic velocity of layer 3, line Qacl$ is within
the range.of bedrock velocities determined from NDW1, NDW2, and NDW3.
The corresponding depth 6f 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 f#1 for Qact0. Because of the limited
amount of clear area, 110 ft offset shotpoints were not us;d, therefore
total line length was 330 ft. Layer designations for each line vere
deterhined from separaﬁé time-distance graphs. Data from each line was

then combined to form 2 single input file for the SIPT program.

Shotpoints A through E are from line Qacl. Shotpoints F through J
are from lime Qacié0. Bécause each lime had-a shared gecphone position,
there are 23 geophone positions rather than 24. Geophones #1 through
#12 are from line Qacl. Geophones /13 through ##23 are from line Qacé0.
The combined time-distance graph (fig. 34) indicated three velocity

layers. Seismic velocities and depths are shown in table 9.



Cet b
‘..\ﬁ .

[ 1]

%

40

TIME, IN MILLISCCONDS

30

LR A A D L R B S S |

YT T rTTTTTTY

16 16 3 % 2 ® w

136 16 we me e 236

DISTANCE, IN FEET

87

EXPLANATION

*+Xaxoaevno

=933 T SHOP? POINT
=10 I'? $00F POIns
301 smot powr
130 T 3N POt
103 7T $nCP POINE
3% FT SHOY PONT

908 T $101 POIaT
163 77 SHO? POINT

36 F'T 3501 oLt
73 7 SnOT POt

H

|

Figure 34.--Combined time-distance graph for seismic lines Qacl and

The depth flot (fig. 35) shows a 7.6-ft change in bedrock elevation
beneath geophones #22 and $23.
for this feature, however, it could represent & buried drainage channel
or a terrace-like change in bedrock elevation. 4” At least one more

b.
seismic survey, continuing from the end of line Qact0, would be required

Qac40.

A field study was not made to account

to determine the extent of this £eatute.’(_(

e
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Table 9.--Seismic velocities and depths, lines Qacl and Qac4Q.

Geologic description

Layer velocity

Layer number
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hﬁe depth  model obtained from these lines cannot be verified by

R e Y

borebole data. Seismic data obtained from Qacl and Qacé0 were first

analyzed as siangle seismic lines. Velocities obtained were within a
10-percent range. Depth to layer 3 beneath geophone 12, line Qacl, was
the same depth obtained beneath geophone {1, line Qac40 (25.0 ft).

Velocities determined from Qaclé and QaclS were used as the delineating

factor betugen alluvium and bedrock. The results from this survey were

theo compared with results from a nearby seismic line, Qac2.
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Seismic Line Qac2

g0

Line Qac2 is located 45 ft due south of line Qacl: geophone loca-

tions aod 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

B -10.0 9.2 9.0 0.2 28.0 ~-18.8
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 30.0 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
N 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
1 100.0 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 velocities obtained from Qacl and

Qacl$ within 10 percent.

The depth plot is shown as figure 37. Comparing depth plots
obtained from limes Qacl and Qac2, the alluvial layers thicken and thin

to a similar degree beneath corresponding geophones.
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CEOPHONE NUMBER
$ ¢ 7 ¢ $ W ow a

DEPTH, IN FECT

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 aad 3 (fig. 39).
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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 4.2 1.6 2.6 20.0 ~-15.8
12 110.0 3.8 2.2 1.6 20.& -16.6

WI2 Wash

The study ares consisted of two branches that merged with the truok
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 tae time-distance graph

(fig. 41). Seismic velocities and depths are shown in table 12.
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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
L1 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

T —

The depthk model ( ‘(35/ ‘iﬁ can reasonably be verified by local
geology. The small rise in bedrock elevation shown in the cross sec-
tion, corresponds with the bedrock spur. |

\v/ The seismic velocities of layers 2 and 3 represent the generdlf
Y“ ' -/ range of velocities that have been attributed toc bedrock. Because of
the shallew depths to layers, 8 borehole along this line could bf,,.

V \ drilled to directly determine the accuracy of layer assignmeuts.
. w 1 .

- —
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Seismic Line WI2STH

Line location was near the'basc of & branch, where it merged with

the trunk of the wash. Data acquired from tev'e:s‘e shotpoints did not

show__“distinct first arrivals. This was due to noise from machinery

operating in the area and perhaps the ne:gihg of the wash branch with
the trunk of the wash. Using forward and ianterior shotpoints only,
three velocity layers were indicated from the time-distaoce 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 18, 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 geophdnes #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 difficulc 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 fr/s ' bedrock
3 ' 6876 ft/s , bedrock

‘Position of Layers Beneath Shotpoints and Geophones

PIP N
Attt

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 0.7 36.2 -35.5 36.2 =35.5
12 110.0 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 t_he result of bigh
levels of noise that masked compressional wave traces and(or) weak

signals that had no distinct break in slope.

Data records obtained from upper wash locations (most proximal to

Yucca Hountain) contaimed much noise. [!_Jgper washes are chara_cterized by

-

parrow width, steép wvalls, and deep channel cuts. ZSEismi_c.noise..wasv

-

attributed to _i.gte_:c.e.gsi:'gg__gt___sigp_als by the walls, the presence of
large boulders, and the unconsolidated state of surface sediments. Data

records from lower wash loéitions (most distal from Yucca Mountain) were
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of pcor quality because of noise, low-amplitude compressional wave
traces, and distortion of the printed wave traces. Seismi¢ noise and
signal dispersion was attributed to wind, animal burrows, the unconsoli-
dated state of surface sediments, and perhaps, increased stratification
within the alluvial layers 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. 15
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 aﬁd irregular

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

rall . .l'l .'ll :_‘l'~',~".
distinquished from the backround. : '*j"‘f' L A

et e eN " -
I

-

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, 2od (2) wind that caused the geophones to vibrate and sense
non-seismic vertical motion. To minimize the effects of these two
phenomens, methods for emplacing geophones and setting tﬁc strike plate
were cstablished.{dzeophoncs wvere firmly placcd in the surface sedi-
. meats, a small amount of water was poured over them to increase ground-
to-geophone coupling, and then each geophone was covered with local
surface gediments. At each measured shotpoint, ground surface vas
broken with 8 pick and the sediments tilled. .Rock fragments and debris

were removed until an area slightly larger than that of the pleate was
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clear. The strike plate was placed in the cleared area and hit with é
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 coup’liné.? 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. ;B:sgd on extrapolation of borehole data, com-

pressional wave velocity in alluvium was always less than 4,000 ft/s;

—

velocities in bedrock were élways greater than 4,000 ft/s. BoreholeAs on
vhich seismic layer assignments were based, were alway:-I?ss than 70 ft
up or down slope from seismic linés. Preliminary density logs lave
showr that a s:’.‘gnifi,cant density contrast exists between alluvium and
Bedrock, therefore, the bedrock surface was not considered to be a

hidden layer .ind 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
Yucca Mountain, Nevada. 3 S?fismic and borehole data are compatible in the
study areasy.\ It is therefore concluded that this technique can be used
successfully in the washes associated with Yucca Mountsin, where thick-

ness of alluvium is generally less than 70 ft. Application of this
——— e p—
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Figure 45.--Nistogram of observed compressional wave velocicties.
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method does haveAlimitaLions whiﬁh are controlled by the condition of
alluvial overburden. Limits of the depth of investigation could not be
defined.

Results cited in this repqrt were generated from data records that
had ‘distinct first arrivals. Arrival times could always be picked
within a 2-ms range. Each 12-channe1 seismic line was shot internally
and offset from both ends. Geophone spacing was 10-ft. Seveh shot-
points wefe used wherever possible. Velocity of alluvium was consis-
tently less than 4000 ft/s; bedrock velocity was greater ;han 4,000 ft/s.
Velocit& 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 lbw moisture coﬁtent of the surface bedrock

unit.

L]
-

. Seismic lines were surveyed at upper, middle, and lower wash
locagions. Best data were qbtained 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 gtom Yucca Mountain) vere éenerally 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 secoandly, on local geol-

ogy:js Angle and ditectién 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 £he washes was not
possible. When first arrivals have been accurately selected and masked
layers accounted for, degree of accuracy of the seismic refraction
method h;s 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
Qas generally quite thin (léss than 40 ft) and often dist‘urbed by flash

flooding and runoff. Compaction is gradual or slight.

. ~Drilling associated with the shallow unssturated 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 Héuntain, 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. gwevét, dry,
unconsolidated surface materials do not transmit coﬁpressional waves
well; therefore, use of this method is limited to areas where the
surface sediments have not been greatly distutbé&.} Data acquisition

could bib.m'proved 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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