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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 
Technical Letter 

Crustal Studies-10 
February 11, 1963 

TRAVELTIMES AND AMPLi l:ODES FROM NUCLEAR EXPLOSIONS : 

NEVADA TEST SI TE TO ORDWAY, COLORADO* 

by 

Alan Ryall** and David J. Stuar t** 

ABSTRACT 

This paper treats t he r esults of a study of seismic wave2 gen~rated 

by eight nuclear explosions and r ecorded a t 31 l ocat ions between the 

Nevada Test Site and Ordway, Colorado . The line of recordi ng stations 

crosses the eastern part of t he Basin and Range Province, t he Col orado 

Plateaus , the Southern Rocky Mount ains, and extends i nto t he Great Pla i ns . 

In the eastern Basin and Range Provine~ and the wes t ern margin of 

the Co lor ado Plateaus ( 0 < 6, < 385 km), the tim.:!!• distance curves for 

Pg and Pn can be expressed, re~pect iv~ly, as 

Tl "" 0. 8 +6 /6 .0D 

T3 = 5. 8 + 6. /7 .6 . 

A third phase , tentativel y identified as P*, is r epresent ed by t he ~quation 

* Work performed under ARPA Order No. 193- 62 . 

** U. s. Geological Survey, Denver , Color ado. 
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Using the crustal structure and Pn velocit y ( 7.9 km/sec) found for 

the NTS region by other authors, these relations indicate that the 

thickness of the crust increases from about 25 km at NTS to abou t 42 km 

in the western part of the Colorado Plate~us Province. Eas t of this 

boundary the velocity of P i~ th~ upper ms~tl~ increases to 8.0 km/sec ; 

depth to the Mohorovi~i~ discont inuity is epproxim~t~ly conatant over 

t he range 435< ~ < 645 km. Beyond 850 km, first arrivals indicate 

an apparent velocity o f ~bout 8.4 km/sec . 

Amplitudes of Pn att enuate according to t he ~qustion 

A • Ao 6 -1/2 ( b, - d) - 3/2 e -0.0022~ 

over the distance range 150< ~ <: 850 km. This relation yields a 

value of Q, for P , of about 520. 
n 

The amplitudes of Pg attenuate :xtre~~ly rapidly , and beyond about 

130 km this phase cannot be idantified wi~h cer tLinty. An extensic~ 

of t he Pg traveltime branch at large distences cou!d e~ assoc!~ted with 

waves refl ected beyond the criti~al anglep from the base of t he crust. 

This phasep called P after Mohorow~~i~ ~ app~~~a to attenuate as 

A A -0.0076~ A - 1/2 
... o e !--..), • 

The value of Q indicated by this equatioa if abou t 200. 
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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY Technica l Letter 
Cr ustal Studies- 10 

Februar y 11 , 1963 

TRAVEL TIMES AND AMPLITUDES FROM NUCLEAR EXPLOSIONS : 

NEVADA TEST SITE TO ORDWAY, COL ORAD~ 

by 

Alan Ryall** and D~vid J . Stuart** 

INTRODUCtiON 

During the period from February tc O= tober 1962, the u. S. Geo-

l ogical Survey made seis~ic recordings of nuclear explosiona at 31 

locations between the Nevada leet Site (NTS) a~d Or~way , Color ado. 

The line of recording locatio~a ( Fig. 1) crosses the eestern part 

of the Basin and Range Provin~ep the Colorado Plateaue, the Southern 

Rocky Mountains, and the western ~&rgin cf the Great Plains ; 

r ecordings were made over t he r.sngQ!) of distances 50 < b. < 1110 km. 

* Work performed under A~A Order No. 193-62. 

** U. s . Geological Survey 9 D~~ver , Colorado. 
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AND 

------

PLAINS 

0:,_~__.::.50::_ __ 1::;00::_ __ __;1:.:;;50:__..::;..;o200 Mlt.ES 

0 50 100 150 200 KII..OMETERS 

I NORMAL. FAULT !l SEISMC RECOROING SITE 

Figure 1. --Location map showing Nevada Test Site (N. T.S.) , recording sites, major fault zones, and 
physiographic boundaries. Physiographic province boundaries from "Physical Divisions of 
the United States", Nevin M. Fenneman , U. S. Geological Surve y, 1946; fau l t zones 
generalized from "Tectonic Map of t he United States", U. S. Geo l ogical Survey and 
American Association of Petroleum Geologists, 1961. 
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Of the eight explosions used in this s tudy, five have been 

declassified by the Atomic Energy Commission, and pertinent infor-

mation on t hese five explosions is pr esented in the follo~ing table : 

7able 1. --Nuclear Test Data 

No . Name Dat(f;, 1962 Origin Tim!c! 9 GCT Yield, Medium 
h m 8 KT 

I . HARDHAT Febr uary 15 1.8 00 00. 10 5 Gr.anite 

II . CHINCHIL:.A p,~bruary 19 16 30 00.132 1. 8 Alluvium 
I 

III. CIMARRON February 23 18 00 00.160 11 Alluv ium 

00.2J IV. BRAZOS March 8 18 00 7.8 Alluvium 

VI. HOOSIC March 28 18 00 OO.l6l 3 Tuff 
J 

Sections of t he NTS-Ord~ay profile which ~ere r ecor ded dur ing i!ve of 

the nuclear explosions ar~ overlapping , in t he s~nse that ~t least one 

r ecording l ocat ion is common to s•cccssi ve shots. 

Thi rty of t he seismic r~cordings us~d i~ this study ~ere made ~ith 

the U. S. Geological Sur vey 0 e ~eismic-refraction system (Warrick and 

other s, 1961) . In t his system, th~ signals from six vertical seismometers 

and two horizontal seismometerz are sreplified and filtered , and are then 

r ecorded at t~o levels ( 0 db s..:ld -15 d.b) , t ogether with chronoc.~ter and 

WWV s ignals, on a photographic recorciing oscillograph; in additio~, 

chronometer mar ks and signale fr~ the ~ix ver~ic~l s~ismometers ~re 

recorded at t~o levels (0 dh £nd =30 db) o~ ~agnetic tape. Ae a r ule , 
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the six vertical seismometers are placed at equal intervals along a 

2-1/2-km spread, with the radial and transverse detec tors buried 

a longside one of the vert i ca l seism~eters nea r est the cent er of the 

spread. Amplitudes of r~cord~d events c~n be calculated by refer ence 

to calibrated oscillat or aigna!a ~hich are recorded on the tape snd 

oscillogram. For s igna l s with frequency, f , equel to t~o cps or 

greater , the system magnification i s given by Eat on ( 1963): 
106 c f 

M a -------
5.2 v 

where C i s t he peak-to-~~ak aoplituae, in m!lli~eters, of the cali-

bration signal , V is the metered calibraticn voltage of th~ same 

signal , in microvolts , and f is the frequency of the seismic event. 

A single recording near the eastern end of the profile was made 

~ith a vertical-component se ieoograph of t he Benioff t ype. 

Al l of the recording locationl ueed in t his study were p lotted on 

topographic maps. In the cour se of pre l iminary an~lysis , coordinates 

of t he No. 1 (nearest t he shotpoi~t) and No. 6 (farth~st from t he 

shotpoint) seismometer location~ w~r~ r~ad to the n~areet 0.01 minutep 

and shot-receiver distances and azimuthB were camputed using a progr am 

written for a CDC-1604 digital computer. For distances less than 

500 km, cal culations were made using th~ m~thod d~acrib~d by Richt~r 

( 1958 ) for calculation of shor t di$~~nc~e; for stations l~cated far ther 

than 500 km from the shotpoi~t p c~lc~lations w~r~ mad~ uEi~g apheri~al 

trigonometry and geocentric co~rdt~~t~~. 
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This research ~as supported by the Advanced Research Projects 

Agency, Department of Defense , as part of project VELA UNIFORM, under 

ARPA Order No. 193- 62. 

TRAVELTIMES AND CRUSTAL STRUCTURE 

In pr eliminary analys i s of the s~iamograme, promin~nt events 

~ere timed to 0.01 sec on the original oscil lographic r ecordings or 

on playbacks made from t he magnetic tape with different f ilter and 

gain sett ings from those of the original r~cording. All seiemogra~s 

~ere read independently by each of the a~thors, and th~ t wo sets of 

readings ~ere checked for consistency. Final tim~s, usual ly for the 

No. 1 and No . 6 vertical traces, ~ere plotted as a function of 

di stance from the shotpoint (Figa. 2 , 3 , and 4), and time-distance 

curves ~ere dra~n through sets of poi nt s which, on the basis of a 

number of criteria (apparent velocity across the spread, ampli tude 

relationships, frequency of t he ~av~a 9 similar appear ance at adjacent 

spreads ) , ~ere judged to belo~g t o distinct phases. Trave l times and 

dis tances t o the No. 1 sei~momet~r are pr~eented for selected phases 

in Table 2. 

7 



70 

30 

1

7000 

] 6000 

-~ 5000 

~ 4000 ., 
w 3000 

2 3 4 5 

100 

Location number 

6 7 8 9 10 II 12 
200 300 

Distance. kilometers 

----.. 1- Colorado Plateaus 4000 

' 3000 
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Table 2.--Distances and traveltimes for selected phases observed a l ong a profile 
from the Nevada Test Site to Ordway. Colorado. Times within parentheses 
represent questionable or weak arrivals. 

Recording Shot or Distance Traveltime in seconds 
site shots in km to 

number recorded nearest pg P*(?) Pn/PB p PA PC SPS(?) 
seismometer 

1 VI 52.6 9. 74 

2 v 86.0 15.49 

3 VI 103.6 18.42 (19. 53) (20.04) 

4 VI 123 .1 21.60 ( 22.80) (22.80) 

5 VI 132.1 22.97 

..... 6 v 171.5 (30.01) (30. 42) 28.34 (30.42) ..... 

7 VI 187.5 (32. 30) (32.67) 30.47 (32.67) 

8 v 222.6 38.26 35.06 38.26 

9 III,Iv.v 254 . 9 43.25 39.36 43.85 

10 IV 298.8 49 .95 45.37 50. 97 

11 VI 319.4 53.15 47.90 

12 IV 356.3 52.77 60.53 

13 VI 388.3 57.07 66. 22 

14 IV 409.1 59.59 (70. 00) (59.36) 

15 Vii 437.0 63.56 (75.27) 62. 90 73.52 



Table 2.--Distances and traveltimes for selected phases observed along a profile 
from the Nevada Test Site to Ordway, Colorado. Times -within parentheses 
represent questionable or -weak arrivals. (Continued) 

Recording Shot or Distance Traveltime in seconds 
site shots in km to 

number recorded nearest pg P*(?) 
seismometer 

Pn/PB p PA PC SPS(?) 

16 VII 470.1 67.39 (78 .80) 66 . 93 77.55 

17 IV 509.2 72.13 85.62 71.52 (73.86) 

18 VII 548.4 77.17 75.81 (78.62) 87.51 

19 VII 570. 2 (96. 48) 78.67 90.33 

20 II 592.0 82.64 99.40 

21 I,II,III 617 . 7 85.66 103.22 84 . 66 86.84 (95. 38) 

1-' 22 I 667.6 92.02 ( 111.57) ( 91.32) 92.83 102.14 N 

23 I 726.2 99.35 98.54 108.63 

24 I 771.5 105.01 (129.51) 105.42 

25 I 832.9 (112 .79) (138.36) ( 112. 79) 

26 I 893 . 6 120.25 (149 .45) 119 . 95 

27 I 930.0 124.61 ( 154 .31) 124.21 

28 I 990.6 ( 131.88) (164.81) 131.40 

29 VIII 1037.1 (138.50) 172 .41 (137 . 20) 

30 VIII 1066.7 141.91 (178.23) 

31 VIII 1108.4 146.79 ( 183 . 91) 



Traveltimes in the eastern Basin and Range Province. From four first 

arrivals in t he distance range 53 ( !:::. 5_ 123 km, the velocity and 

intercept time for the phase Pg are found t o be 6.0 km/sec and 0.8 sec, 

r e spectively. From 172 to 388 km, times of eight first arrivals fit a 

time-distance curve for Pn with_an intercept time of 5. 8 sec and an 

apparent velocity of 7.6 km/sec . Another phase, which is probably related 

to an intermediate boundary in the crust, is represented by questionable 

secondary arrivals in a relatively complicated region of the traveltime 

curve (123< ~ < 319 km). This phase , labeled P*(?) in Table 2, has 

an apparent ve locity of 6.5 km/sec and an i ntercept time of 3.8 sec . 

An additional phase (Fig. 2), characterized by large amplitudes and 

relatively low frequencies (2- 3 cps) in comparison with those (about 4 

cps) of Pg , is asymptotic to the P*(?) curve at short distances and at 

larger distances i s a continuation of the Pg branch . This phase, called 

P after Mohorovitic (1910), can be identified over the entire NTS-Ordway 

profile ; in a l ater section the ampli t udes of P
8 

and P will be compared 

and the nature of t he P phase wil l be discussed. 

The apparent velocity for P of 7.6 km/sec is practically ident ica l n 

to a velocity (7.59 km/sec) found in the eastern Basin and Range Province 

by Berg and others (1960)» using quarry blasts in the Salt Lake region; 

it is also in good agreement with the veloci ty of Pn (about 7.5 km/sec) 

found by Ryall (1962) for the same region. The apparent velocity of 

6.5 km/sec for P*(? ) is close to an intermediate velocity (6.6 km/sec) 

found by Eaton (1963) for the nor t her n Basin and Range Province. If the 

veloc ity of P waves in the near-surface low-velocity zone in the vicinity 

of NTS i s assumed t o be 3.0 km/sec, and if the crust in the eastern Basin 
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and Range Province is assumed to consist of horizontal, constant-velocity 

layers , then the observed velocities and intercept times along the NTS­

Ordway profile lead to a crustal model with a t hickness of about 26 km 

(Table 3 , Model I ) . This figure is s light ly higher than that (25 km) 

found by Berg , et al. , and is l~ss than the thickness (28 km) obtained 

by Diment , St ews r t, and Roller ( 1961) from obser vations to t he southeast 

of NTS. 
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Table 3 .--Calculated crustal models for the eastern 
Basin and Range Province. 

I -- Horizontal , constant-velocity layers: v0 • 3.0 km/sec, 

v1 • 6. 0 km/sec , I 1 • 0.8 sec, v2 • 6.5 km/sec , I 2 • 3.8 sec, 

v3 = 7.6 km/sec, I3 • 5.8 sec. 

II -- Two- layer crust : v0 _• 3. 0 km~sec , v1 • 6.0 km/sec, 

I 1 = 0.8 sec, v 2 • 7.9 km/sec, v2 = 7.6 km/sec , Iz • 5. 8 sec. 

III -- Three- l ayer crust : ~0 • 3. 0 km/sec, v1 • 6.0 km/sec, 

I "' 1 0.8 sec , v2 • 6.7 km/sec , v • 6. 5 

v3 = 7. 9 km/sec, v3 = 7.6 km/sec, I3 -

Intercepts and apparent 

Ordway profile. 

Model 

I 

II 

Velocity of P 
waves in the 
layer , km/sec 

3 . 0 

6.0 

6. 5 

7.6 

3.0 

6.0 

7. 9 

velocities are those 

Vertica l 
thickness of · 
layer at NTS, 

km 

1.4 

22 . 9 

1.6 

1.4 

22.9 

15 

km/sec , Iz = 3.8 sec, 

5. 8 sec . 

obtained for the NTS-

Dip of Total 
layer crustal 
toward thickness, 
east km 

0°00 ' 

oooo• 

0°00 ' 

25.9 

0000' 

2°35 ' 

24.3 



Model 

III 

Table 3.--Calculated crustal models for the eastern 
Basin and Range Province. (Continued) 

Velocity of P Vertical Dip of Total 
waves in the thickness of layer crustal 
layer, krr./ &ec layer at NTS, toward thickness, 

km east km 

3.0 1.4 0°00 1 

6.0 20. 3 3048 ' 

6. 7 3.8 2°20' 

7.9 25.5 

A different crustal model is obtained using apparent velocities 

observed during detailed explosion-seismic studies by the u. s. Geo-

logical Survey a long profiles within the Basin and Range Province. 

Some of these studies are presented in some detail in the preaent 

symposium (Eaton , 1963; Roller and Healy, 1963 ; Pakiser and Hill, 

1963), and a summary of additional , preliminary results is given in the 

introductory paper by Pakiser (1963). For two reversed profiles in the 

region south and southeast of NTS (NTS to Kingman , Arizona, and NTS to 

Ludlow , California) the average velocity of Pn is about 7. 7 km/sec; 

for two profiles in the western part of t he Province (Lake Mead, Nevada , 

to Mono Lake, California, and Lake M~ad to Santa Monica Bay, California) 

the average P
0 

vel ocity is_ 7.8 km/sec. This last value also agrees with 

the veloc ity found by E&ton (1963) from observations in the west-central 

Basin and Range Province ( Fallon, Nevada , to Eureka, Nevada) . Pakiser 
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and Hill (1963) find a velocity of 7.84 km/sec for waves traveling 

north from NTS. Finally , preliminary results for a reversed profile 

in t he eastern part of the Prov ince (Lake Mead to Eureka) indicate 

a Pn veloc4ty of about 7. 9 km/sec . 

The velocities of Pn found in all of t hese s tudies suggest a 

consist~nt pattern : from 7. 8 km/ sec i n the western Basin and Range 

Province , t he velocity of Pn decreases slightly, to 7. 7 km/sec, 

toward the southeast, and increases to about 7.9 km/sec in t he eastern 

part of the Provi~c~. lf p for the NTS- Ordway profile, a Pn velocity 

of 7.9 km/cec is assumed, and if the eviden~e for an i ntermediate 

layer is neglected, then t he total thickness of the crust in the NTS 

region is calculated to be 24 .3 km, and thi s thickness i ncrea ses to 

about 42 km i n the western part of the Colorado Plateaus Province 

(Table 3 , Model II ). I f a three-layer c rust i s assumed for the eastern 

Basin and Range Province, with the velocity of Pn equal to 7.9 km/sec 

and that of P* equal to 6.7 km/ sec, then the depth to the base of the 

crust near NTS i s 25. 5 km, increasing t o 42 km at~ • 400 km (Table 3, 

Model III) . The princip~l difference between the last two models i s 

the presence in Model III of a poor ly- defi ned intermediate layer ; 

bot h have about t he same thickness in the NTS region, and both incre~se 

to about 42 km in the Plat~eus region. Either of these models would be 

prefer able to Model I , since they are consistent with detai led observa­

t ions of Pn ve loci ty in th~ Bas i n and Range Province , and also because 

they indicate a crus~-mentle boundary which is continuous across 
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t he ~astern Basi n and Range Province into the Colorado Plateaus. 

The continuity of t his boundary will be further supported, in a later 

sec tion, by a consideration of the decrease of amplitudes of Pn along 

t he NTS-Or~way profile. 

Th~ depth of 24-26 km to the Mohorovi~it discont inuit y in the NTS 

region agre€8 with that (25 km) f ound by Berg and others (1960) , but is 

l ess than t he dept h of 28 km found for the s ame region by Diment, 

St ewar tp and Roller (1961) and by Pakiser and Hi ll (1963 ) . These 

differences in ~~at&l thickness coul d be accounted for by the smal l 

differences i n Pg ve locity and inter cept time found by the various 

authors , or they coul d resul t from aome uneven configuration of the 

crust-mantl~ interface ; t he data in t he present paper would be consistent , 

under assumptions differing s light ly from those given above , with crustal 

t hicknesses r anging from 24 to 30 km. The depth of 42 km to the Mohoro­

vici6 discont inuity in th~ western Colorado Plateaus region agrees wit h 

the crustal thickness obta i ned i n the following section for that region, 

based on di ffer ences in arri val time of t he ph ase Pn and a phase tent atively 

identified as SPS . 

Trave lt imae in the C~lorado Plateaus Province. From distances of 

about 275 to 710 km 0 the NTS-Or&~ay profile crosses the Colorado Pla teaus 

Provi nce: differences i n crustal structure from t hat of t he eastern Basin 

and Range Prov ince are indiceted by changes in the tra~eltime cur ve, 

beginning at about~ a 385 km s nd exte~ding to about 775 km. Along this 
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por tion of the profile, f i ve event s on the se ismograms can be traced, 

with varying degrees of r e liabil ity, from one recording location to t he 

ne~t. 

Examples of these five arrivals are shown in Fi gures 5 and 6 on 

records made at the same recording lo~ation (number 21 9 near Monticello, 

Utah) during the explosions HARDHAT and CHINCHILLA. The differences in 

frequency content between these two recordingsp especially in the ini tial 

part of the sei~ogram 9 are striking. The frequency chara~teristics of 

P11 at co~siderable distance appear to be primarily source- dependent; 

frequencies v~ry o~ records m~de at the same location during different 

explosions 0 but rema i n fair ly constent f r om one location to another 

during a single shot. Because t he seismograms in the dist ance range 

385 < ~ :; 775 km were obtai~ed from s i x dif ferent explosions p correlation 

of t he various phases from one r ecord t o another could not be based on 

similarity of app~ara~ce or frequency content of the waves 9 and analysis 

of the r ecords was more difficul t for t he Colorado Plateaus r egion than 

for the eastern B~sin and Rs~g~ Province. 

The phase which ~ppears a3 a first arr ival at most locations in the 

Col orado Plateaus is enigmatic . This event, labeled PA in Figure 3 and 

Table 2 9 is characterized by small amplitudes : at locat i on number 20 it 

can not be ident ified on the seismogram 9 and on some of the other 

recordings it is a questio~able arrival. In the distance r ange from about 

390 to 550 km PA has an apparent veloc i ty of 8 . 4 km/sec 9 and from 550 to 

730 km it travels with an apparent velocity o f about 7.9 km/sec (Fig. 3 ) . 

Beyo~d a poi~t at ab~~t the ~astern bo~ndary of the Colorado Plateaus 

region 9 this phase can no longer be picked on the seismograms . 
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Figure 5. - -Seismogram from the HARDHAT nuclear explosion of February 15, 1962 , recorded 617.7-
620. 0 km from the source , showing t he phases PA , PB, P , SPS(?), and P, and the 100-pv 
calibration signal. Traveltime, in seconds, is plotte~ along t he lower edge of t he 
seismogram. The seismogram was made at two levels of amplification separated by 15 db. 
At each level o f amplification t he uppermost six traces are vertical components, and the 
seventh and eighth traces a re radial and transverse horizontal components, respectively. 
Horizontal seismometers were placed alongside the No. 3 vertical seismometer. 
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PA can be separated from the phase PB which follows it, by 

differences in frequency, amplitude, and particle motion of the two 

phases . On most of the seismograms obtained in the Colorado Plateaus, 

the beginning of PB is marked by an abrupt change in slope or increase 

i n amplitude; on at least two seismograms the frequency of PB is some­

what lower than that of PA, but since t he frequency content of both 

phases varied from one shot to another , it was not possible t o study in 

detail the frequency relation between the t wo events. On the seismogram 

shown in Figure 5 , there appears to be a gradual increase in amplitude 

and period of the waves throughout the first 1.7 seconds of recording , 

and on this record the phase PB could be taken for a continuation of PA. 

However, when the particle motion in the r-z plane is plotted for th~ 

first t wo seconds of this recording (Fig. 7), the motion is seen to 

change, from progressive-elliptical in PA to a more complicated ~ more 

linear motion in PB. 

Neither of the phases, PA nor PB, is observed as a secondary 

arrival in the Basin and Range Prov ince, and it is not poss ible to trace 

the 7.6 km/sec branch of t he travel t i me curve from that region into the 

Colorado Plateaus. I t therefore seems probable that either PA or PB must 

represent Pn in the Colorado Plateaus region, and that the differences in 

apparent velocity between t he t wo provinces are due either to structure 

or to a lateral change in upper-mantle velocity. 
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r increasing 

Figure 7. --Particle motion diagram of the phases PA (dashed line) 
and Pg (solid line), for the HARDHAT nuc lear explosion, 
recoraed at 618.7 km from che source. Point s are 
separated i n time by 0.05 sec. 
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The ambiguity regarding the relation of these two events to P 
n 

can be r~solved by a consideration of amplitudes. Amplitudes of Pn 

in t he Basin and Range Province and PB in the Colorado Plateaus have 

been plotted toget her as a function of distance (Fig. 8), and t he 

points fit a distance-amplitude cur ve which ls r~asonahle for P~, over 

the distance range 150~ ~ ~850 km. It is therefor~ concluded that 

PB i s the Pn phase in the Colorado Plateaus . Without additional data , 

it is not possible to speculate further on the ~ature of PAD or on its 

relationship t o the str ucture of t he ~ruot amd upper mant l~. 

An estimat~ of the crus:~l s~=ucture in the Colorado Plateaus is 

provided by a consideration of a phase tentative l y identified ae SPS . 

This phase, illustrated in Figure 5, is characteri stically a weak but 

identifiable arrival on both the horizontal and vertical traces. The 

potential usefulness of SPS in determining c r u9tal structure on an 

unreversed profile, as well ~s t he ambigu i ties connected with ideut!-

fication of the phase , are discussed by Pakiser and Hill (1963 ) . 

SPS(?) is identified on records of the NTS-Ordway profile D in th~ 

distance range 435~ ~ ~ 730 km (Fig. 3) . From 435 to about 640 km 

this phase has an apparent velocity of 8.0 km/secp and follows PB (Pn) 

by 10. 3 sec; between 640 and 730 km the apparent velocity of SPS( ? ) 9 

based on two spreads , i s about 9 km/sec. 

Since both SPS(? ) and P in the Colorado Plateaus r~gion h~v~ an n 

apparent velocity of 8.0 km/sec~ i t can be inferred » following Pakiser 

and Hill , that the crust in this region is of constant thickn~a~. 
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Further , if values of 6.1 and 3.5 km/sec are assumed to represent t he 

average v~locities in the Colorado Plateaus crust for P and S waves , 

r espectively , and if Model II in Table 3 is taken to represent the 

crustal str ucture in the vicinit y of t he shotpoint, then from a simpla 

geometric considerat i on of the refraction paths for SPS(?) and Pn, 

the thickness of the crust in th~ Colorado Plateaus r~gion can be found 

as a func tion of the time interval SPS(? )-Pn• For SPS(? )-P a 10.3 sec, . n 

the value obtained for the crustal thickness i n the Colorsdo Plat~aub i2 

about 43 km. This is i n good agreement with th~ value for cr~stal 

t hickness (42 km) found in a previous section for the ~~~tetnmoet part 

of the Basin and Range Province; howevsr , the identificattcn of SPS on 

the NTS-Ordway profile must be regarded as provis ional , and the agree-

ment in crustal thicknesses may be fortuitous. If, for example , t he 

phase is regarded as PPPPS, a phase which involves multipl~ cr~stel 

paths and reflection from the surface and which would follow P
0 

by 

10.36 sec , the crustal thickness obtained in the Colorado Plateaus would 

be about 30 km. 

It should be noted in passing that the travel time bx·anch obta.ined 

for SPS(?) would not be consistent with a Pn branch represent ed by the 

curve for PA. The velocity pattern for PA from about 409 tc 730 km 

would imply either a pronounced change in upper-mantle velo~ity or a 

change in dip of the Mohor ovicic d!s~ontinuity at a disc~n~~ of ~oouc 

575 km. The constant velocity for SPS(?) from 435 to 640 ktr. tNould ro.rle 

out a change in Pn velocity in that r egion, and the i ncreasing t~~a 

inter val between PA and SPS( ? ) from 435 to 550 km would noc agra~ with 

t he cr ust be~oming progr~ssively t hi nner. 
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Two additional phases were identified on seismograms made in the 

Colorado Plateaus Province . The first of these, labeled Pc i n Figures 

3 and 5, is a questionable secondary event which because of its higher 

veloc i ty appears as a first arrival beyond about 850 km (Fig. 4) . The 

phase P i s a l so a prominent event on seismograms obtainsd in this region 9 

although the onse t of t he phase i s usually some~hat ~margent &nd mi~~d 

with other waves, so that the points for P are more scatt ered t han for 

the other phase s on the t r ave ltime cur ve. The appar ent velo~ity of P 9 

both i n t he Colorado Pl a t eaus and i n t he So~thern Rocky Mountai ns- Great 

Plains part of the travel t ime cur ve, is about 6 . 1 ~~/s~c. The travel~ 

time branch for this phase in Figures 3 and 4 is about 0 . 5 s ec early 

with respect to the P branch in t he eastern Basin and Range Provi nce . 

Traveltimes in the Southern Rocky Mountains and in east~rn 

Colorado. Beyond the Colorado Plateaus Province, the NTS- Ordway trav~l­

time curve is complicated and admits of only cursory analysis . The phase 

Pc which appears as a first arrival from 850 to 1040 km t ravel s with an 

apparent velocity of 8.4 km/sec, and can be t raced as a quest i onah:e 

second arrival back to a distance of about 509 km. In the Southern 

Rocky Mountains, the onset of PC is characteristical ly a weak com?re$eion 

followed by a large, clear dilat a t ion (Fig. 9 ) . PC is recorded as a 

clear arrival on the single~component Benioff sys tem at lcca~ion 29~ at 

a distance of 1037 kmp but a t locations 30 and 31 it can not be 

identified on the seismograms . 
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Figure 9.-- Seismogram (p l ayback from magnetic tape recordiLg) from 

the HARDHAT nuclear ~xplosion of February 15, 1962, recorded 
930.0- 932.1 km from the sourcep showing the onset of the 
phase Pc• Traveltime , in seconds, is plotted along the lower 
edge of the seismogram. 
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Because of its high velocity and t he relationship of its travel­

tim~ branch to that of PB, the phase Pc is thought to represent a ~ave 

~hich is refracted from a boundary belo~ t he Mohorovitic discontinuity. 

The possibility is not ruled out, ho~ever , t hat Pc may represent Pn in 

the Southern Rocky Mounta ins and that t he lineup of secondary srrivsls 

from 509 to 833 km along an extension of the PC branch of t he t~av~l· 

time curve is merely fortuitous. 

In the Southern Reeky Mountains , no prominent arrival i s obse=ved , 

on both the vertical and horizontal tr.a.cea, ~hich ~ould corr.eapond co 

SPS(?) of t he Colorado Plateaus region. At locationa 26 and 28 , a phsec 

i s observed ~hich is clearly recorded on the horizont als, and a iine 

connecting the picks at these two locations also passes t hrough events 

~hich were timed on t he vertical t races at locations 25 , 29 , 30, and 31. 

The apparent velocity of t his wave, 9.3 km/sec, r ules out t he possibi lity 

that the phase i s SPS : such a high veloc i ty for SPS would imply that 

the crust thins rapidly from the Rocky Mountains into eastern Col orado, 

where crust al thicknesses of 48-50 km have been obtained by several 

workers (Ewing and Press , 1959; Stewart and Pakiser , 1963 ; Jackson , 

Stewar t, and Pakiser, 1963 ) . 

The phase P is also strongly recorded in the Southern Rocky 

Mountains-eas tern Colorado region, but the picks for this phase ~re 

sca t tered on the traveltime curve (Fig. 4). The arrivals at l ocations 

25-31 suggest a 6.1 km/sec traveltime branch for P. This branc!t is !t 

continuation of the line plotted in Figure 3 for P arrivals i n t he 

Colorado Plateaus region. 
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An extension of the PB curve , from the eastern part of the 

Colorado Plateaus Province to the end of the pr ofile, passes t hrough 

a first arrival at location 24 and through secondary arriva l s at 

locations 26p 27, 28, 30, and 31. This alignment of points suggests 

that Pn is continuous throughout the regions shown in Figures 3 and 

4, but alternative explanations are not ruled cut. 

Discussion. Two additional points should be mentioned in regard 

to the analysis of t r eveltimes. First , it is possible to delineat e 

se ismic "provinces", on the basia of varit.tiona in upper-mant le 

velocity and crustal thickn~ss, which correlate roughly with the 

provinces defined by physiography. Such a correlation was noted 

earlier by Ryall (1962) in his study of P waves generated by the 

Hebgen Lake earthquake. I n the case of the Basin and Rang~ Province 

and the Colorado Plateaus, however , there is an apparent discrepancy 

between the physiographic boundary as defined by Fenneman (Fig. 1) , 

and that obtained in the analysi s of seismic waves. The former liea 

at a distance of 275 km to the east of NTS , while the boundary 

indicated by changes in the traveltime curve (Figs. 2 and 3) ia at a 

distance of about 385 km, and correlates with the eastern limic of ~ 

north-trending fault zone that t r averses the region. The are~ traverse~ 

by this fault zone is known as t he High Plateaus, and has u6u£1 l y be~n 

considered a subprov ince of the Colorado Plateaus. Ther~ is geologic 

evidence, however, that would support the assignment of the north­

t rending fault zone of the High ?lateaus to the Basin and Range Province 
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rather than with the Col orado Plateaus (Kelley, 1955). The seismic 

data auggest that the influence of Basin and Range tec t onics extends 

across the High Plateaus region . 

Secondly, no definite relationship was observed, on the NTS-

Ordway profile, between e levation of the recording l ocation and 

delays or early arrivals on the traveltime curve ( Figs. 2~ 3, and ~ ) . 

Arrivals of the phase P ar~ somewhat delayed in the high Rocky Mount ain& 

region, in comparison with the arrival s at lower elevations in the 

western par t of the Great Pla ins, but ~he phase PC is net del~yed in 

the same regio~ . In spite of considerable differenc~B i~ elevation 

in the easter n Basin and Range-western Colorado Plateaus region ( Fig. 2), 

most of the picks in that area fall within 0.1 sec of branches of the 

traveltime cur ve. 

AMPLITUDES AND FREQUENCIES 

For three of the phases di scuse~d in the previous se~t~on-- -Pg , ?n, 

and P---peak-to-peak ampli tudes were measured on the seismograms and 

reduced to ground displace~e~t in millimicrons (mp), usir.g system 

calibration curves derived by Eaton (1963). By comparing measured 

ampli tudes of prominent arrivals on se ismograms obtained at the sao= 

location during differer.t explos ions, it. was possible to calc~late 

"shot factors" that could be used to inter-relate amplit1.1des of the 

various sections of the profile, without taking into account the yi eld 

or medium of the shot. During thred of the explosions (VI, VII, and 

VIII) , previous recording locations were not reoccupi ed and it was not 

possible to relate amplitudas of these exploa!or.s to ~hose of the other 

five . 
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Predominant frequencies of measured amplitudes were estimated 

by eye. For the phase Pn t hese frequencies fell into a fairly narrow 

band , 2. 2 to 4 . 0 cps. Some correlation was observed between individual 

s hots and f requencies in Pn (Table 4) p and thi s correlation i s presumed 

to be primarily a function of the sour ce madiu~. The frequency contant 

was not observed to behave regularly as a function of di&tsnc~ from NTS 

(Tab l e 5) . I n calculating the va lue of the constant, Q, for Pn ' an 

average value of 3.0 cps was a ssumed. 

Shot 

I 

II 

IV 

v 

Table 4.--Mean es t imated frequencies for Pr.• 

Mean Frequency, 
cps 

3. 3 ± 0. 4 

2.0 ± o.o 

3 .1 ± 0.6 

2.4 ± 0.1 

No. of Points 

5 

2 

5 

3 

Yield, 
KT 

5 

1.8 

7.8 

Medil11n 

Granite 

Allu;ri!l!:l 

Alluviulll 

I n general, t he frequency ccntent of t he P wave on the NTS-Ordway 

profile is constant - about 3 cps - for the f irst two seconds of 

recording. At larger distances the l ater part of the phase containe 

lower frequencies, down to about 1·1/2 cps. The f r equency of P does not 

change noticeably from one shot to another. The predominant frequeLcy 

of Pg• based on four recordi~gs of e singl~ explosion , is about 4 cps 

out to a distance of 150 km. 
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Table 5. --Estimat~d frequencies (f, c ps) and measur ed amplitud~s ( A, mp). 
Amplitudes for shota I to V were scaled t o the HARDHAT expl osion 
using shot factors ; ampli t udes for shot VI were shifted by an 
arbitrary amount to approximately scale to HARDHAT. 

Locat ion Shot p p p 
Number f g 

A f n. 
A f A 

1 VI 4.0 8 , 100 

2 v 4.3 20, 900 

3 VI 4.5 434 2.2 60,700 

4 VI 4. 0 160 

5 VI 4.0 57 . 8 

6 v 2.2 1,140 2.4 3,210 

8 v 2.5 147 3 . 0 6,440 
w 
w 

9 III 4.0 24 1 

IV 3.0 300 2.5 2,530 

v 2.5 4 14 3.0 3 , 520 

10 IV 3.0 222 3.0 3,890 

11 VI 2. 2 1,274 

12 IV 3.8 153 3. 0 637 

13 Vi 2. 2 1,075 

14 IV 3.6 194 3 .3 765 

17 IV 2.2 25. 1 :3. 0 538 



Location 
N b um er 

20 

21 

22 

23 

24 

25 

26 

27 

28 

Table 5. --Estimated frequenc ies (£, cps) and measured amp l itudes (A, ~). 

Shot 

II 

I 

II 

I 

I 

I 

I 

I 

I 

I 

Amplitudes for shots I to V were scaled to the HARDHAT explosion 
us ing shot factor s; amplitudes for shot VI were shifted by an 
arbitrary amount t o a pproximately scale t o HARDHAT. (Con tinued) 

p 
~f------ g~------A----- ----~------p~---------f A 

p 

f 

2.0 30.8 

4.0 19.5 3.0 

2.0 19 . 5 2.0 

3 .0 17.7 3.0 

3.0 10.1 3.0 

3.0 9.20 3.0 

3.6 4 .49 3.0 

3.0 

3.0 

3.0 

A 

81.0 

79.7 

96 .2 

84.4 

20.4 

24.9 

9 .56 

12 . 0 

4.08 



Amplitudes of Pn• Pn amplitudes were measured using arrival times 

indicat ed by the traveltime branches Pn and PB. Following t he time on the 

seismogram corresponding t o the time indicated by the Pn or PB line in 

Figur es 2 and 3 , measurements were made , on at least two traces , of the 

peak-to-peak amplitudes of the first dilatation and the compression 

following this dilatation. An estimate was made of the predominant 

frequency in t his part of the recording, and, using the 3-cps calibration 

signals , the mean of the amplitude measurements was reduced to ground 

displacement. By means of shot factors , all amplitudes were then scal ed 

to the HARDHAT explosion. The final values are listed, together with 

estimated frequencies, in Table 5, and are plotted as a f unc t ion of distance 

in Figure 8. 

Two curves have been drawn through the points in Figure 8. The first 

A - 3 
of these, A = A0 ~ , corresponds t o the inverse-cube amplitude-dis tance 

relation found by Romney ( 1959) in a study of underground nuclear explosions. 

The second curve was drawn with the r equirement that the amplitudes die off 

A -1 /2 A -3/2 - k 6 
as Lj ( Lj - d) e , where d = 60 km is the distance to the point of 

emergence of the firs t critically refract ed Pn ray. The attenuation factor 

6 -l / 2 ( 6 -d)-312 corresponds to a geometr i cal spreading factor for head 

waves , derived by Heelan ( 1953); the term e-k6 represents the effect of 

scattering and absorption in the medium in which the wave propagates. The 

line which provided a best fit to the data points has a value of k equal t o 

0.0022/km. 
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Using t his va lue fork (the absorption coefficient) , Q, can be 

calculated (Knopoff, 1956; Gutenberg, 1959): 

Q = 7r f /kv, 

wh~re f and v are the frequency and velocity, respectively~ for Pn wave s. 

For an average ve locity of 7.95 km/sec for the Pn waves observed i~ the 

distance range!o 100 ~ 6 < 850 km, and an av6:rag~ frequ~ncy for th~SC!; wave~ 

of 2 .9 ± 0.5 c ps obtained from the values in Table 4, t he dimensionless 

constant 9 Q, is equal to 520. For the range of frequencies just given , 

Q can hav~ values in the range 430- 610. The value of 520 for Q of P
0 
wav~s 

is hi gher than that found by Werth , Herbst, and Springer ( 1962) a~d Wright, 

Carpenter ~ and Savill ( 1962) in studies of amplit udes from nuclear explosions ; 

it is lower than values found by Gutenberg (1959) for body waves with periods 

of 2-4 sec. 

Amplitudes of P. The maximum amplitudes of P, within the fir st two 

seconds of recording of t he phase, were measured and are shown in Figure 10. 

Th~ points represented by square symbols in this figure were obtaine~ frcm 

recordi ngs of shot VI. Since it was not possible to obtain a shct factor 

for this expl osion, these points were shifted by an arbitrary amount, euch 

t hat the P amplitudes f or shot VI fell within the zone of measuremen~~ of P 

from other explosions. By this means, it was possible to il lustrate the 

rapid decr ease of amplitudes of t he phase Pg (measured only for shot VI} in 

comparison with those of P. 
Several lines were drawn through th~ points in Figur~ 10 corr~sponding 

A -3 to amplitud~-decrease formulas involving geometrical spreading factor~ ~ s 

A -2 A -1 d A -1/2 u , u , an u . At distances beyond about 150 km, the best fit 
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Figur e 10. -- Measur ed ampli t udes of Pg and P, i n mil l imi cr ons . } quations of 
1\ -3 A - 2 - 0 0QlL6~ curves : (a) A = A0 u ; (b) A = A0 u e • ; 

( c) A = Ao 6-1 e-0.0056 6. ; ( d) A = Ao 6-1/2 e-0.0076 6 . 
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1/2 -o. 0076 6. seems to be obtained wi th the equation A 2 A0 6.- e 

This equation would imply that the P wave i s propagating essentially 

in two dimens ions , and is probably , therefore, trapped in the upper part 

of t he crust. Suc h a phase might correspond to waves reflected at the 

intermadiate boundary beyond the critical angle . The vaVJe of Q for 

t his phase is about 200. 
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