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SOURCEBOOK OF LOCATIONS OF GEOPHYSICAL SURVEYS IN TUNNELS AND
HORIZONTAL HOLES INCLUDING RESULTS OF SEISMIC REFRACTION SURVEYS,
RAINIER MESA, AQUEDUCT MESA, AND AREA 16, NEVADA TEST SITE

By
R. D. Carroll and J. E. Kibler

ABSTRACT

Seismic refraction surveys have been obtained sporadically in tunnels in
zeolitized tuff at the Nevada Test Site since the late 1950's. Commencing in
1967 and continuing to date (1982), extensive measurements of shear- and
compressional-wave velocities have been made in five tunnel complexes in
Rainier and Aqueduct Mesas and in one tunnel complex in Shoshone Mountain.
The results of these surveys to 1980 are compiled in this report. 1In
addition, extensive horizontal drilling was initiated in 1967 in connection
with geologic exploration in these tunnel complexes for sites for nuclear
weapons tests. Seismic and electrical surveys were conducted in the majority
of these holes. The type and location of these tunnel and borehole surveys
are indexed in this report.

Synthesis of the seismic refraction data indicates a mean compressional-
wave velocity near the nuclear device point (WP) of 23 tunnel events of
2,430 m/s (7,970 f/s) with a range of 1,846-2,753 m/s (6,060-9,030 f/s). The
mean shear-wave velocity of 17 tunnel events is 1,276 m/s (4,190 f/s) with a
range of 1,140-1,392 m/s (3,740-4,570 f/s). Experience indicates that these
velocity variations are due chiefly to the extent of fracturing and (or) the
presence of partially saturated rock in the region of the survey.

INTRODUCTION

The U.S. Geological Survey (USGS) has been obtaining seismic velocity and
electrical resistivity measurements for several years in connection with
geologic exploration programs in tunnels and horizontal holes at the Nevada
Test Site (NTS), Nye County, Nev. These tunnels, located in Areas 12 and 16
(fig. 1), are primarily used for the siting of nuclear weapon tests. Area 12
has been the more intensely utilized region, consisting of five tunnel
complexes in Rainier and Aqueduct Mesas (fig. 2). The Area 16 tunnel complex
which is located in Shoshone Mountain, and has not been utilized since 1971,
is shown on figure 3.

This report deals chiefly with the measurements made by the senior author
dating from the Midi Mist event in 1967 through the Miners Iron event in
October 1980. Prior to 1967, events were detonated in the B- and E-tunnel
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complexes in Rainier Mesa and in some Area 16 tunnels. Where pertinent,
references to the applicable geophysical surveys obtained for these earlier
events will be cited or extracted. In Aqueduct Mesa, four earlier tunnel
complexes (I, J, K, P) were driven. Nuclear events in 1962 were located in J
and K tunnels. No seismic refraction surveys were performed by the USGS in
these tunnels and thus no references to geophysical surveys in those complexes
are reported here.

Tunnels in other areas at the NTS are rare and consist of three locations
in granite in the Climax stock, Area 15 (Hardhat, Piledriver, and Tiny Tot),
and one in tuff in Yucca Flat (Snubber). Data for these locations are not
reported here. In addition, a number of special geophysical investigations
were made 1n several of the tunnel complexes and drill holes to be
discussed. fse will be mentioned where appropriate but the data are not
reported here.

This report is meant to serve chiefly as an index of type and location of
geophysical measurements made in horizontal exploratory holes and seismic
refraction measurements made in tunnels. It is further meant to serve as a
reference for shear- and compressional-velocity experience acquired in the
tunnels and in this regard is directed more toward those in the nuclear
testing community than to the general earth science reader. The significance
of seismic velocity to containment has been discussed elsewhere (Carroll and
Cunningham, 1980). The integration of the geophysical data with other
geologic measurements for a typical nuclear event may be found in the
literature (U.S. Geological Survey, 1978; 1979; 1982). All of the nuclear
events associated with the data in this report were announced events of low
yield (less than 20 kt).

Acknow]edgpents

The majority of the data reported here were collected by the USGS on
behal f of the Defense Nuclear Agency. Discussions, support, and encouragement
from J. W. LaComb of that agency are gratefully acknowledged. Over the time
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LOCATION MAPS

The locations where geophysical surveys have been made are shown on maps
of each tunnel complex (pls. 1-5, in pocket). On these figures, intervals
where geophysical surveys were run are shown by dotted lines along individual
tunnels (capital letters) or drill holes (lower-case letters). The specifics
on the types of surveys run are listed in a table on the map.

1such data, where mentioned as not included in this report, are ava11ab1e in
the U.S. Geological Survey files in Denver, Colorado.



In several tunnels, acceleration measurements kere made by detonating a
fixed weight of explosives and measuring amplitudes of arrivals at
accelerometers mounted at varying distances on the tunnel rib. These studies
attempted to determine the variation of the seismic attenuation in different
regions. The locations where such measurements were made are listed in tables
on the accompanying plates for each tunnel as "accel." The data for these
measurements are not included in this report.

case letters in a separate table on each map. In those horizontal drill holes
wherein a sonic logging tool was pumped down the hole to obtain the velocity
data, the survey is described as "sonic" in the descriptive column of the
table. In those instances where a geophone was pumped down the hole and
velocity determined by an explosive source at the hole collar, the survey is
described as "seismic" in the descriptive column of the table.

Surveys in drill holes are located and listed Fhrono]ogica11y in Tower

In some areas the density of drill holes is so great that individual
holes could not be plotted clearly at the map scales used. Consequently, these
areas are shown shaded.

Designations, such as CS 4+45 used in this report, refer to construction
stations in the tunnel complexes in accordance with surveying practice and are
measured in English units. To convert to meters, multiply 445 by 0.3048.

HORIZONTAL DRILL-HOLE MEASUREMENTS

Horizontal drilling was initiated by DNA for geologic exploration in 1967
in the Area 16 tunnel complex and the first deep hole was drilled to 616.6 m
(2,023 ft) in 1968. Since that time there has been an extensive drilling
program utilizing horizontal exploratory holes in excess of 300 m (984 ft) to
determine the geology and the media properties. Geophysical measurements
made in these holes consist of resistivity and sonic logs and seismic surveys
utilizing inhole geophones and dynamite or air-gun energy sources detonated at
the hole collars. The exploration rationale for those measurements and the
techniques of measurement have been reported in detail in the literature
(Carroll and Cunningham, 1980).

SEISMIC-REFRACTION MEASUREMENTS

Seismic-refraction measurements in the tunnels in Rainier Mesa have been
reported since the initial Rainier event in 1957 (U.S.Geological Survey,
1958). Systematic and extensive measurements were |initiated in 1967 when
testing in tunnels was accelerated. The initial interest in acquiring seismic
velocity was in providing compressional velocity faor event measurement
instrumentation. Compressional velocity later became highly significant in
defining possible zones of rock wherein air-filled voids approach levels
considered inadequate for site engineering purposes (Carroll and Cunningham,
1980). The primary area of interest in these measurements is most often the
region within a hundred meters or so of the WP. ‘

measurements were made with an Electrotech portable seismic refraction unit
(Portaseis, Mod SM-1). Measurements thereafter were made using an SIE RS-4
refraction unit. ‘

Prior to, and including, the Cypress event (F%b. 2, 1969), the refraction



The layout of the seismic line has varied depending upon the geometry of
the tunnel and the purposes of the studies. The general seismic configuration
now used most frequently is illustrated on figure 4. It consists of three
spreads of 12 geophones, each spaced on 6.1-m (20-ft) centers. One overlap
geophone is used on each line resulting in a total geophone-to-geophone spread
length of 201 m (660 ft). Shotpoints are located at both ends of the three-
spread line and also at the ends of the individual spreads.

Shot holes are drilled (1.5-2.4 m or 5-8 ft) in the invert with a jackleg
drill and charges consisting of one-half to three sticks of dynamite are used
to obtain the compressional velocity. The seismic noise level is relatively
high in the tunnels due chiefly to ventilation and compressed air lines and
construction activity.

Initial attempts to obtain the shear velocity in tunnels were based on
obtaining the dynamic moduli of the tuff to further characterize the media.
Recent studies indicate that the shear velocity is highly diagnostic of the
range of effects near a nuclear explosion in tuff (Carroll, 1982). In 1967,
the first attempts were made to obtain shear waves in the tunnels based on a
modi fication of a technique described by Cook (1965). This method involves
the use of detonating cord coiled on the back of aluminum plates (fig. 5).
The technique has been found to consistently generate excellent shear waves.
A typical record is shown on figure 6. The shear waves generated in this
fashion have been found to be of the SV type regardless of which side of the
trench the plate is located. Shear waves of the SH variety have been
generated in the tunnels by transverse hammer impacts. Mechanical impact has
not generally been used as an energy source, however, because of the low
amplitudes generated at the ranges of interest. Therefore the SV mode has
been recorded exclusively in the work reported here with the exception of the
survey made in the Boeing drift reentry (fig. 56).

The use of a small dynamite charge taped to the back of a 15-cm (6-in.)
square rock-bolt plate has replaced the detonating-cord method because of the
greater ease in preparing charges. The shear wave generated by this method is
adequate although occasionally not as free of noise as the detonating-cord
technique. The shear- and compressional-wave velocities have been used for
the calculation of the dynamic moduli 1isted on the various travel-time plots
included in tgis report. The density assumed in these calculations is
1.9+0.05 g/cm’® (11913 1b/f/s), a figure that may be considered fairly
{Sgr?sentative of the in situ bulk density of the tuff (Brethauer and others,

0).

The standard errors of the slope of the regression lines shown on figure
4 are not usually listed in reporting the results of seismic refraction
surveys. The procedure was initiated for the refraction surveys in tunnels in
an attempt to more fully quantify the velocity data for comparative
purposes. This arose because of the need for assessing the meaning of
differences in velocity in pre- and postshot studies as well as the need to
evaluate velocity in terms of previous experience for containment purposes.
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The standard error of the slope (S) is obtained from the equation (Ostlef
1960, p. 127): .

[ v Biee §
—
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n =2
(n-2) £ (X;-X)
i=1

where,
Yj=distance from shotpoint to ith geophone,
Yi =distance to ith geophone calculated from regression equation,
n=number of geophones,
Xj=arrival time at ith geophone, and

X=mean of arrival times.

Confidence intervals of estimation of S may be obtained from the t-test
with n-2 degrees of freedom. The upper and lower bounds (L) of the velocity
(b) at, for example, the 95 percent confidence 1imit are given by,

L = bttig 05) (n-2)°

where,
t follows the t-distribution for (n-2) degrees of freedom.

The above treatment of the refraction data utilizes the traveltime as the
independent variable and the geophone offset as the dependent variable.
Although this is the reverse of the situation applicable to the usual
traveltime plot, additional statistical refinements are not considered
warranted given the accuracy involved in the field measurement.

The standard errors listed on the traveltime plots are for an infinite
population and do not take into account the reduced sample size occasioned by
a finite number of geophones. The differences are not considered
significant. The standard error of the velocity is about 10 percent higher
for a standard 12 geophone refraction line as opposed to a line with an_
infinite number of geophones. Thus, using a 12-geophone array, for example,
the upper and lower bounds (L) of velocity (b) with standard error (S) using
the above equation become:

L=bt1.18S for 68 percent confidence,
L=bt2.44S for 95 percent confidence,
L=b+2.83S for 99 percent confidence.

A further statistic of interest is the comparison of two velocities (by,
bo) which can be made using the t-test (Ostle, 1960, p. 129),

by-b,

o

t
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where

ny .2 Ny -~ 2
Do) e r (1) |
2 i= 1= B |
o ==L j=1 1 N 1
(ny+n,-4) ny — n, — 2
o (X-X5) z (Xj'xz)
L _ | i=1 j=1 ]

The listed variables have their meanings as before except that there are
now two data sets (i, j) with probably different means (Xl, X2) and possibly a
different number of geophones (ny, np). The t-distribution in this case has
(ng+ny-4) degrees of freedom.

frequently be misleading because they represent a measure of the precision of
the velocity determination but not necessarily the accuracy of repeated
surveys. The standard error of velocity derived from individual seismic lines
can occasionally be 1 percent or less, a result that the experienced
geophysicist would find highly opt1m1st1c as a measure of accuracy. Thus, one
must frequently resort to empiricism when a comparison of two velocities by
the above equation indicates they are significantly different because of an
inordinately low value of S in one or both velocities. Such empiricism
frequently consists of examining reverse spreads for consistency in velocity
differences on both legs of the traveltime plot wheh comparing one survey with
another, or in requiring the change in velocity be consistently different in a
region by some fixed percent before accepting the premise that the velocities
differ. It is our present feeling that, given ,@-ﬂ£}11second timing and
adequate care in planting of geophones, repeat surveys of compressional
velocity should conservatively be viewed to be no less than 5 percent
accurate. Thus, upper and lower bounds (L) on S, taken at the 95-percent
confidence limits, which support less than 5 percen€ uncertainty in velocity
should be used with caution in velocity comparisonsg

Unfortunately, the standard error and associatgd statistics can

The dynamic moduli listed on each individual ervey were derived by the
standard equations involving the measured shear- and compressional-wave
velocities and assumed density. The errors listed for the velocity data are
standard errors of the slope of the least-squares regression line of distance
and time-of-arrival. These errors have been propagated through the
appropriate sensitivity equations to yield the errors for the individual
moduli. The equations utilized in calculating the moduli and impedance are
well known (Dobrin, 1976, p. 36):

Young's Modulus

2 2
V. (l-0-20 )p

E=-F
l-g
Shear Modulus
2
G = pV

‘ S



Bulk Modulus
E

K = —o
3(1-20)

Poisson's Ratio

2
0.5 (V,/V ) -1

2
(Vo V) -1

Shear-wave Impedance

I = pV

p Pp
Compressional-wave Impedance

Is = oV

where

E=Young's modulus
V,=compressional-wave velocity
o=Poisson's ratio

p=density

G=shear modulus
Vg=shear-wave velocity

K=bulk modulus

The equations involving the propagation of error in the measured

velocities and density are less frequently used.

The propagated errors in the

dynamic moduli and impedances are derived from the partial differentiation of
the above equation with respect to the two measured velocities and the assumed
density. Thus, the errors in the moduli and impedances in the table on figure

4 are given by:

(a) Error in Young's modulus=S,

2
2V_ pa(0-2)Sa

2

2 2 2 2
2 V. (1-0-20 )Sp <2V (1-0-26 )p S
S = p + p
e 1-0
(b) Error in bulk modulus=Sy
S 2
2 e 2E So
S = +

3(1-20)/ \ 3(1-24)"

(c) Error in shear modulus=Sq
2
g

2 2 2
Sg = (Vg'S)) "+ (20 Vg S,0)
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(d)

Error in Poisson's ratio=S°

2 3

v

() s (v v, )
g% - p’ s vl . p‘'s
o v 2 2 2 2 2 2
(V) Vg -1) (v, 1V -1)
(e) Error in compressional 1'mpedance=$1-p
2 2 2
Sip = (V53,07 + (6S,)
(f) Error in shear impedance=S;q
2 2 2
Sis = (Vg S))" + (6S,)

where

Svp=standard error of compressional velocity

SVS

S_=standard error of density

P

The above equations for the errors in the Youn
strictly the correct equations for propagation of e

=standard

error of shear velocity

because they involve the use of a calculated value

than only measured values.

derivations were more tractable than the equations

equations for propagated error in the Young's and b
the measured quantities of velocity and the assumed
For small standard errors they do not yield results

from those obtained using the equations previously

They were originally de

(=0.05 g/cms, 3 hb/ft3).

b's and bulk moduli are not
rror in these quantities
(Poisson's ratio) rather
rived because the

using measured values. The
ulk moduli involving only
density are given below.
significantly different
given.

(v v 2y My
) -
(a) S = P S S’ |
e
2 2 !
(v, V)
B 2 2 2 2 2 av 4 > 2
. p(Vp -V ) (5VpVS ) - 0(3Vp Vo -4V )2V 2
2 2. 2 vp
(Vv -v_)
| ps
= | 2
2v 2y (v v -16v D)+ 2v (v oy Ceav
N p(Vp Vs ) ( p 's s sp'op 's s s 2
2 2. 2 ! Vs
(v, -vg )

14



2 2
)+ g e VS, +| (=S v) S

(b) S, = (2pV p

S
v

p vp

Some note should also be taken of the method of generally depicting
velocities on the time-distance plots accompanying this report. For example,
on figure 4 the velocities for each individual refraction line are listed
below the line. In addition, where applicable, the least-squares velocity of
the composite of the three individual spreads is also listed above and at the
end of the line. Where the composite line indicates a break in velocity this
is indicated by a "/" and the velocity is listed above the regression line for
the segment of line in question. An example of this occurs on the shear-wave
velocities derived from 4+50 to 11+00. Velocities derived by least-squares
regression are listed in both metric and English units.

The long offset traveltime plots obtained from the shotpoint near 4+40
(fig. 4) suggest refracted arrivals on both the shear and compressional
modes. Such refractions are rare in the data presented in this report. The
velocity variations generally noted on tunnel traveltime plots are minor and
in general suggest that the tuffs at tunnel level are not characterized by the
presence of significant refractors over the range of the seismic coverage.

On figure 4 an offset occurs on the traveltime plot for the shear-wave
data near station 9+10, This type of response is typical of many of the plots
included in this report. It is our experience that such events occur in the
vicinity of faults or bedding planes crossing the tunnel in the vicinity of
the geophones affected., Offsets are frequently seen on the shear-wave
traveltime plots but sometimes occur in compressional-wave data. Although
this type of offset is classically associated with faulting it exhibits
peculiarities, in that: (a) it is often not seen on all relevant traveltime
plots; (b) it is occasionally associated with bedding planes, rather than
faults; (c) when associated with faults the fault displacement is generally
insignificant (generally less than 3-6 m or 9.8-19.4 ft) compared with the
displacement suggested by the offset in the traveltime plot. We have no ready
explanation for this phenomenon other than to believe it suggests some form of .
trapping of the seismic wave in the bedded tuff.

On the figures the shotpoint is indicated by a single designation "SP" to
denote the locations of single or multiple drill holes as well as ditches used
for the generation of shear waves.

The distance axis indicates the tunnel station in standard surveying
usage, that is, 13+00 is equivalent to 1,300 feet (396 m).

SHOSHONE MOUNTAIN

The Area 16 tunnel complex in Shoshone Mountain has not been utilized for
nuclear testing since the detonation of the Diamond Mine event in the Ul6a.06
complex in 1971. The general geologic setting of the region has been mapped
by Orkild (1963). The geology at tunnel level in the vicinity of the
geophysical survey data is similar to the zeolitized tuff tunnel beds in
Rainier Mesa where more extensive testing has been conducted.
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Area 16 Tunnel Complex

The plan map of the tunnel-level locations where geophysical surveys have

been made is shown on p\ate 1.
tunnel are not included in this report. They were
obtaining baseline data on resistivity of the tuff,
zones containing appreciable amounts of clay. A di

The resistivity measurements made in this

made for the purposes of
part1cu1ar1y in those
scussion of the resistivity

measurements in the Ul6a.04 drift with respect to the problems of clay
definition has been published in Carroll and Cunningham (1980).

Seismic velocities obtained in the Area 16 tunnels are considerably lower

in the region of Ul6a.03, Ul6a.04, Ul6a.04 reentry,

and Ul6a.N5 than is the

case in the Rainier-Aqueduct complexes where overburden thicknesses are

similar.
complex and associated 1ocal zones exhibiting high

This is possibly due to the larger faults present in the 16-tunnel

racture frequency. 1In

addition, physical properties obtained on samples from the Ul6a.03 drift

indicate water saturations less than those typicall

Rainier/Aqueduct Mesa area (J. H. Scott, written commun., 1966).

encountered in the
Water

saturation has been found to strongly affect compre sional velocity values

(Carroll and Cunningham, 1980).

The seismic refraction data available for indi
itemized below.

U16a.03 (Double Play)

Seismic data for Ul6a.03 are listed on figure
back of the report).

Double Play event was detonated on June 6, 1966.
Ul6a.04 (Ming Vase)

Ming Vase was detonated on November 20, 1968.
velocities obtained are shown on figure 8.
wave, was made in 1969 (fig. 9).
point at which the measurements were made experienc
explosion effects on the compressional velocity wou
pre- and postshot surveys do not overlap.

Only compressional velocities
velocities were obtained by J. H. Scott, USGS (writ
consistently the lowest obtained in any of the four

A posts
However, at the r

%1dua] tunnel complexes are

7 (figs. 7-32, 34-58 are in
were obtained. These

ten commun., 1966) and are
complexes reported. The
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