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Abstract.- Twenty-one 'Surface seismic recordings were made 
by the U.S. Geological Survey in southern Missis'sippi fOT Proj
ects STERLING and SALMON which provided for t:b.e detonation of 
tw'o nuclear devices and 'oue chemical chwrge. Relative-amplitude 
spectral ratios from the first 10 seconds of 'the SALMON and 
STERLING nuclear reeordings indieate that in the predominant 
teleseismie frequeney Iband, 1 to 5 eps, the SALMON signal ampli
tudes were about 1,000 times as large as the STERLING signal 
amplitudes, but in the ·frequency hand 10 to 25 cps, they were 
less than 200 times as large. Comparison of the amplitude spec
tral ratios for the SALMON to STERLING-lluelear recordings with 
similar ratios for the STERLING-chemical to STERLING-uuclear 
recordings indicates that the ratios are primarily dependent 
upon the properties of the seismic sources and independent of the 
propagation medi,u. 

Project STERLING was designed ,to study the decou
pIing of a nuclear explosion set off in ·a.n explosion-cre
ated ca,vity. The project provided for the detonation of 
a, nuclear device in the cavity resulting from the SALl\iON 

explosion in the Tatum Salt Dome in southern Missis
sippi (fig. 1). It also provided for it hig<h explosive 
(HE) comparison shot in a nearby drill hole. 

The project was directe.d and coordinated by the La,,,
renee Radiation Laboratory at Livermore, Ca.lif. Sur
face seismic measurements were made by the U.S. Geo
logical Survey, the lJ.S. Ooast and Geodetic Survey, and 
the Air Force Technical Applicati'ons Center. Near
source measurexnents were made by the Sandia Corp. 

The objectives of this paper are to discuss the sur
face seismic measurements made by the U.S. Geological 
Survey, to describe the spectral analyses which have bee.n 
made of these data, and to investigate the resulting rela
tive amplitude spectra for comparison of the seismic 
energ,y sources. 

FiElD PROCEDURES 

The surface seismic recordings were made using U .S. 
Geological Survey seismic-refraction recording systems 
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J<'IGURE I.-Index map showing U.S. Geo~ogical Survey record
ing locations (circles) for Projects SALMON a nd STERLING. 

(Warrick and others, 19(1) . Each system records the 
signals fron'1 eight seismometers on both photographic 
paper and magnetic tape. Six of the seismometers regis
ter vertical ground motion, and two register horizontal 
ground motion. The six vertical seismometers were 
placed along secondary roads at 500-meter intervals, 
and the two horizontal seismometers were placed at one 
of Hle vert.ical seismometer positions near the center of 
the spread. 
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The Electrotech Corp. EV -17 seismometer used in 
this experiment has a resonant frequency of 1 cycle per 
second and a nearly flat response to a unit impulse in 
ground velocity from 1 cps to 30 cps. The recording 
instruments have a nearly flat response from 1 cps to 
an upper limit imposed by a preselected high-cut filter. 
For this experiment a high-cut filter of 37 ops was used. 
Calibration of the seismic recording systems showed 
that they are comparable from 1 to 30 cps but are 
different below 1 cps. 

To record the 2 STERLING explosions, 9 seismic record
ing systems were used at 8 locations ranging in distance 
from 13.5 to 112.2 kilometers from the shotpoint (fig. 
1). The Poplarville location was occupied by two record
ing units. Between the STERLING-HE explosion on No
vember 17, 1966, and the STERLING-nuclear explosion on 
December 3, 1966, the seismometers were not moved in 
order that the conditions at the recording sites would 
be duplicated as closely as possible. The Poplarville, 
P icayune, and Raleigh locations were used in October 
1964 to record the SALMON explosion and were dupli
cated as closely as possible for the STERIJING event. 

Playbacks were made from the magnetic tapes re
corded at the Poplarville location (fig. 2). The first 6 
traces on each record are the outputs from vertical 
BV -17 seismometers, with the except.ion of traces 2 
and 5 of the SALlIlON record, which are the out.puts from 
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Hall-Sears type-10 vertical seismometers that have a 
resonant frequency of 4: cps. Traces 7 and 8 on the 2 
STERLING records were recorded by horizontal EV-17 
seismometers. 

The two STERLING explosions were recorded at all the 
locations with the maximum sensitivity permitted by 
the seismic background noise, but the SALMON event 
was recorded at much higher attenuation levels based 
on preshot estimates of the seismic amplitudes. Hence, 
the noise on the seismograms and the magnetic tape 
recordings of the two STERLING events is predominantly 
seismic noise, while that on the SAlJlIlON records is 
recording-system noise. 

SPECTRAL ANALYSIS 

Assuming that the earth may be treated as a linear 
system. in regard to the transmission of seismic signals, 
the ratios of the relative-amplitude spectra obtained at 
a recording site from two fixed seismic explosions will 
be dependent upon the relative differences in the source 
characteristics and independent of the propagation 
media. Consider the following notation for the SALlIfON 
and STERLING nuclear recordings: 

15 

15 

SSA(f) and SST(f) denote Fourier transforms of the 
seismic signals obtained at a fixed recording site 
from the SALlIlON and STERLING nuclear explosions, 
respectively, 
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l!'IGURE 2.-Analog playbacks of magnetic tape recordings at the Poplarville location. Traces 1 through 6 are outputs from 
vertical seismometers; traces 7 and 8 on the STERLING records are outputs from horizontal seismometers. The time is 
measured with respeet to the corresponding shot times. 
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I SA (I) and 1sT (I) denote Fourier transforms of the 
seismic input signals generated by the SALIVWN and 
STERLING nuclear explosions, respectively, 

J-J E (f) denotes the transfer function for the earth 
from the source to the recording site, and 

J-J R (I) denotes the transfer function for the recording 
instruments. 

By using this notation, S.H (f) may be expressed as 
SFH (f) = J-J E (f) . J-J R (f) . I Kt (f), and by assuming t1mt 
BECf) and J-JR(f) are the same for the two explosions, 
/{~1,(f) may be expressed as 8 ST (f) =Hn(l) ·J-JR(I) .JST 
(I) . Hence, the amplitude ratio SSA (I)/8S1·(I) simpli
fies to ISA (I) /1 ST (I) . 

Insofar as I Set (I) /1 ST (I), as determined at the dif
ferent recording sites, is independent of the recording 
location, the amplitude spectral ratios at the three re
cording locations may be averaged at each frequency to 
obtain an average estimate of lst (1)/1 ST(I) . 

By extending the preceding notation, the amplitude 
ratios for the STERLING-HE to STERLING-nuclear shots 
may be simplified, in a similar fashion to I HE (f) /1 ST (I) 
whose values also may be averaged at each frequency. 

On the basis of the spectral analysis plan in the pre
ceding considerations, the data, from the magnetic tape 
recordings were prepared for an IBM 7090 computer 
using an analog-to-digital converter system which dig
it.ized the data at O.01-second intervals. A digitization 
interval of 0.005 second was used for comparison on 
some of the data and no change in the spectral ampli
tudes up to 40 cps resulted. Four seconds of the 10-cps 
sinusoidal calibration signal was also digitized and 
used to calibrate the seisniic amplitudes in the computer. 

The amplit.ude spectra were computed for each 
seismic trace from the expression 

If~:v(t)e-iwtdtl 

where t=O is the time of the first identifiable seismic 
energy on the seismogTam and vet) represents the dig
itized data on a seismic trace after the amplitudes have 
been normalized by the calibration signal. The integral 
was evaluated on the 7090 computer by the use of the 
Filoll quadrature (Filon, 1928, p. 38). The computer 
program 'written for these computations was tested with 
an exponentially decaying sine function and was ac
curate to 0.05 percent for frequencies from 0.1 to 50 cps. 
Practical limitations and an attempt to avoid personal 
bias by an interpreter called for analysis of a constant 
ll-second time interval which began 1 second before 
the iirst identifiahle energy. 

Since the time the data were analyzed, spectra for 
some of the seismograms have also been obtained by the 
use of an expanded version of a fast Fourier transform 

(FFT) program written by J. W. Cooley (Cooley and 
Tukey, 19(5) . The spectra obt.ained by the two pro
grams are practically the same, and the FFT has the 
advantage t.hat it is much faster. However, the Filon 
quadrature progTam is not rest.ricted to a set of fre
quencies predetermined by the size of the digitization 
interval and the number of digital points. 

Amplitude spectra were computed for recordings 
made at the Poplarville location (fig. 3 and 4). For 
spectra of all the traces see Borcherdt, Healy, .Tackson, 
and vVarren (1967). The amplitude scale in microvolt.s 
is based on the 10-cps calibration signal. The amplitude 
spectra for the STERI,ING-llUclear explosion have been 
placed llext to the corresponding spectra for t.he SALMON 
and the STERLING-HE explosions to make their com
parison easier . Fi1tered analog playbacks were made at 
equal gain settings of the first trace f rom the three 
seismograms obt.ained at the Poplarville location (fig. 
5) . Visual determination of t.he frequency content of 
the signals in the successive passhands tends to verify 
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:FIGURE 3.~Amplitude spectra and their ratios for four traces 
of the SALMON and STERLING-nuclear recordings at the 
Poplarville location, 
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I,'IGURE 4.-Amplitude ,spectra a nd their ratios for six traces of t he STERLING-HE a nd STERLING-nuclear r ecordings at 
the Poplarville location. 

the results obtained from the amplitude spectra. For 
example, the STERLING-nuclear signal appears to contain 
more energy in the 10- to 20-cps passband than eit.her t.he 
SALMON signal or t.he STERLING-HE signal. 

All t.he spectra were plot.t.ed by t.he comput.er, and 
their numerical values were punched on comput.er input 
cards, which were in turn used t.o comput.e t.he relat.ive
amplitude spect.ral ratios. T hese rat.ios were not com
put.ed for any unreliable seismic t.races. 

The amplit.ude spectral rat.ios for t.he Poplarville 
locat.ion are shown in column 3 of figures 3 and 4. 
Spectral rat.ios for t.he SALMON and STERLING-nuclear 
recordings ,vere not. comput.ed for t.races 2 and 5 because 
two different t.ypes of seismomet.ers were used to record 
t.heshots. 

The amplitude spectral-ratios from corresponding in
dividual traces for t.,vo explosions 'were averaged at. each 
f requency to form average spectral ratio; for each 
recording site. Three snch average plots for the SALJHON 
t.o STERLING-nuclear r ecordings, together with the cor
responding STERLING-HE to STERLING-nuclear average 
spectral ratios, were obtained (figs. 6,7, and 8). F ina1ly, 
the ratios from all llsable individual traces obtained at. 
the three locations used to record SALl\ION were averao'ed to 

to form a single plot for the SALMON to STERLING-nuclear 

ratios and one for the STERLING-HE to STERLING-nucleaT 
ratios (fig. 9) . 

DISCUSSION 

The seismic noise and the syst.em noise limit the ac
curacy of the amplitude spectra and the spectral ratios, 
particularly at the higher and lower frequencies. 
Amplitude spectra were computed for intervals of noise 
preceding t.he seismic energy on each trace (Borcherc1t 
and others, 1967) . Examination of t hese spectra and the 
noise characteristics of t he digitizatioll system indicate 
that t he spectral ratios give a valid indication of the 
relative differences in the source properties only be
tween 1.0 cps and 25.0 cps. The zones of questionable 
reliability \vere omitted from the plots in figures 6, 7, 8, 
and 9. 

An examination of the average spect.ral ratios for 
each location (figs. 6, 7, and 8) reveals marked dif
ferences in their detailed structure; ho,veve1', the rela
tive differences in t.he gross shapes of the two types of 
curves (STlmLIXo-H E/STERLING-nuclear and SALJUON / 
.;'l"EHLINU ) are r oughly eompamble at each of the three 
locat ions. T his is especially noticeable above 8 cps where 
the STERLINo-HE/snmL1NG-nuclear curves are COll

sistently above the S.\L)fON /STERLING curves. 
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FIGURE 5.-FiUered analog playhacks of the first trace frol11 three seismograms obtained at the Poplarville location. 

The extent to which the relfttive differences in the hro 
types of curves are cOllsistent amollg the three locatiolls 
tends to COllfil'ln the previous theoretical conclusions 
that the rat.ios are primarily dependent on the char
acteristics of the seismic-energy sources and independ
ent of the wave-propagation paths and the recording 
instruments. 

The relative differences at the Poplarville location 
are less pronounced than they are at the Picayune and 
Raleigh locations; however, a more complete analysis 
of the data, including the use of larger data windows, 

would be required to determine the ext.ent. to which spec
tral ratios depend upon the distance from t.he seismic 
source. The dependency which seems to exist is part.ly a 
function of the windoYv- length chosen and also t.he 
nature of the noise nt. the recording locations. 

Conclusions about the seismic sources may be drawn 
from the relative differences in t.he average amplit.ude
spectral rat.ios of the 8.U,)ION /STERLING and STERLING
HE/STERLING-nuclear curves (fig. 9). The rat.ios show 
that. above 8 cps the STERUNG-nuclear signals contain 
more energy than the SAL)ION and STERLING-HE signals. 
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This agrees with visual examination of the filtered 
analog playbacks and the amplitude spectra. In the 
frequency range (1 to 5 cps) which predominates in 
teleseismic signals, the STERLING-nuclear explosion pro
duced, on the average, about the same seismic ampli
tudes as the STERLING-HE explosion, but at freqnencies 
bet-ween 8 and 25 cps it produced seismic amplitudes 
about 1.4 t imes greater than the STERLING-HE explosion. 
The SALMON nuclear explosion, on the other hand, gen
erated seismic amplitudes in the 1- to 5-cps band about 
1,000 times as large as the STERLING nuclear, and in the 
10- to 25-cps band the SALJ>ION amplitudes were less than 
200 t imes as large. 

The consistency of the relative differences in the over
all strncture of the 2 types of amplitude spectral ratios 
obtained from 10 seconds of the seismic signals at the 3 
recording locations tends to confirm the theoretical con
clusions that spectral ratios determined from the entire 
seismogram are dependent on only the relative differ
ences in the seismic-source properties and not on the 

propagation path or the recording instruments. The 
relative differences in the seismic-source properties as 
determined from the average spectral ratios for the 
SALMON and STERLING nuclear recordings vary more than 
a factor of 5 in the frequency band 1 to 25 cps, with 
the STERLING-nuclear recordings being richer in the 
10- to 2;:S-cps frequencies. 
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