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by 

Lane R. Johnson** 

Technical Letter 
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July 15, 1964 

Abst ract. Interpretation of a reversed seismic-refraction profile 

between Lake Mead, Nevada, and Mono Lake, Californ ia, indicates velo-

cit ies of 6 .1 5 km/sec for the upper layer of the crust, 7.10 km/sec for 

an i nte rmed iate layer, and 7 . 80 km/sec for the uppermost mantle. Phases 

i nterpret ed to be reflect ions f rom the top of the intermediate layer and 

the Mohorov ic i c di scontinu ity were used with the refraction data to cal-

culate depths . The depth to the Moho i ncreases from about 30 km near Lake 

Mead to about 40 km near Mono Lake . Var iat ions in arrival times provide 

ev idence for fa i rly sharp flexures in the Moho. Offsets in the Moho of 

4 km at one po i nt and 2 1/2 km at anot he r correspond to large faults at the 

surface, and it i s suggested that f racture zones in the upper crust may 

di sp lace t he Moho and extend i nto the uppe r mantle. The phase P appears to 

be an extens ion of the reflect ion from the top of the intermediate layer 

beyond the criti ca l ang le. Bouguer grav ity, computed for the seismic model 

of the c r ust, i s i n good agreement with the measured Bouguer gravity . Thus 

a mode l of t he cr usta l str ucture i s presented which is consistent with 

three sem i- i ndependent sources of geophysical data: seismic-refraction, 

se i sm ic-refl ect ion, and grav i ty . 

* 
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Int roduct ion . During the summe r of 1962 the United States Geological 

Survey, with the ass istance of Un ited ElectroDynamics, Inc., made seismic-

ref racti on measurements i n a broad area of the western United States. A 

reversed prof ! le between Lake Mead, Nevada, and Mono Lake, California, 

was inc luded in th is work (Figure 1) . This report is concerned with 

the present at ion and interpretation of the data from that prof i le. 

The prof ! le crosses the predom i nantly north trending structures of 

the Bas i n and Range province at an obl ique angle, and the results of this 

study shou ld be cons i dered wit h th is fact in mind . The profile terminates 

on the northwest at Mono Lake, wh ich is just at the eastern edge of the 

Sie r ra Nevada . 

* Wo rk pe rformed under ARPA Order No . 193-64. 

** U. S. Geo log ica l Survey, Denve r ~ Co lorado) present address: 
Ca l i forn i a Institute of Technology, Pasadena, California. 
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Fie ld ope rat ions . Se ism ic ene rgy was generated by detonat ion of chemi­

cal exp los ives at four di fferent shot po i nts . The t erminal shot po i nts 

at Lake Mead and Mono Lake were i n 210 and 50 feet of wa t e r respect ive-

ly. Two inte rmed iate shot po ints--one near Lathrop We i Is, Nevada, and 

the othe r nea r Llda Junct ion, Nevada--were i n dri I led holes. Seventeen 

shots we re det onated at the four sho po i nts, and the charge sizes 

r anged f rom 2,000 to 10,000 pounds. 

First arr iva ls from the wate r shots in Lake Mead and Mono Lake 

were i dentifi ab le t o di stances of 325 and 350 km respective ly. Lake 

Mead and Mono Lake a re 438 km apa rt , so about 240 km was cove red by 

reve rsed dat a at the surface . No usable data were obtained beyond di s­

tances of 90 km from the shots i n dr i lled holes at Lathrop Wei Is and 

Li da Ju nct ion. 

The fi e ld procedures a re on ly bri efly outlined here; mo re detail ed 

descri pti ons a re g iven by Jackson and ot hers (1963) and Healy ( 1963). 

Each sp read cons isted of s ix ve r t ical se ismomete rs equally spaced a long a 

li ne 2 1/2 km long and two hor izont a l seismometers at t he pos it ion ot 

e ithe r the t hi r d or fou rth vert ica l se i smometer. The horizonta l se is ­

momet e rs we re p laced to record rad i a l and transve rse mot ions f rom the 

shot po ints . The sp reads were as st ra ight ~s topog raphic and road 

cond iti ons pe rmitted, and in most places they were approx imate ly para! lei 

to a rad ia l line f rom the shot po i nt. Seismometers of resonant fre­

quency 2 cps we re used . 

The instrume ntati on was desc ribed by Warr ick and othe rs (1961). 

The traces of t he six vert ica l and two horizonta l seismomete rs we re re­

corded on photograph ic paper at two different ga i n levels, 0 db and 

- 15 db . The t r aces of the s ix vert ical seismomete rs were also recorded 
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on magnet ic tape at gain levels of 0 db and -30 db. The frequency 

response of t he comp lete system, excluding the seismometers, is 

down 3 db at I and 200 cps and approximately flat in between. 

The dat a of t he present study consist of 84 seismic records 

wh ich were obta ined at 39 different recording sites (Figure 1). 

Se i sm ic data. The picking of "phases" or "events" on the seismo­

grams is probab ly the most subject ive part of the entire seismic­

refract ion process. In the crusta l-studies recording system the se ismic 

s ignal i s recorded at three d i fferent gain levels, and in addit ion t he 

magnet ic tape can be p layed back at any desired gain level and f i Ite r 

sett i ng. Thus i t i s poss i ble to se lect a copy of the se ismogram which 

bes t disp lays any pa rti cu lar part of the signal. This is an advantage 

because the var ious phases recorded on a single seismogram may have 

dynam ic ranges as large as 100. 

The met hod by wh ich the phases on a seismogram are picked var ies with 

bot h the i nd iv i dua l and t he data . I used the follow i ng method on this 

prof il e : Ini t ia l ly the phases were p icked and tentatively identif ied 

on each se ismogram on the bas is of amp litude, arrival time, apparent 

veloc ity, frequency, and "character." The arrival time of a phase at 

the f i rst and last seismometer on the spread was measured and recorded on 

a trave l- t ime graph (Figure 2). Then the seismograms were mounted on a 

t ime-d ist ance sect ion and the phases were correlated between adjacent 

se ismograms. It was general ly poss i ble to make a direct correlation be­

tween phases on two se ismograms from recording sites not more than 10 

km apa rt. When the distance exceeded 10 km the direct correlat ion of 

phases became di ffi cu lt , and the correlation was assisted by projecting 

appa rent ve loc iti es on the travel-t ime graph. The various phases were 

judged to be e ither strong or weak and distingu ished on the travel-t ime 
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graph by rep resenti ng them as so li d or broken- li ne segments respectively. 

The re fract ed phases on the t rave l- t ime graph were then fitted with 

st ra ight- li ne segments (Figu re 2) and t he calculations of the underlyi ng 

structure we re based on the s lopes and i ntercepts of t hese segments. 

Of t he vari ous phases that we re pi cked, fi ve proved to be the most 

prom i nent on the se i smogr ams and t he most pers i stent i n their correlat ion 

bet ween se ismog rams . Fo ll ow ing the notat ion di scussed by Pak iser 

(1 963 ) t hese f ive phases we re i nte rpreted to be: 

Pg, the dl rec· arr iva l through the upper laye r of the crust, 

P*, the refract ed arr iva l from an intermediate layer, 

Pn, the re ract ed arr iva l from be low t he Moho rov ic ic d iscontinu ity, 

P1P, the refl ected arri va l from the top of the intermed iate layer, 

PMP, the refl ected arri va l from t he Moho . 

These phases a re di sp layed i n Fi gu re 3, i n wh ich s ingle traces have been 

se lect ed f rom arl ous se ismog rams and assembled to form a composite 

se i smog ram for t he Mono Lake prof il e . 

The amp li t udes of the var ious phases we re also measured, but the 

res ults showed a high deg ree of scatter and a re not i nc luded in this 

report. The scatte r i n the amp li udes probably reflects to some extent 

t he la rge vari a ion i n "g round f actor" (Gutenberg, 1957) between the 

basement ri dges and a ll uv i um-f i I led bas i ns of the Basin and Range pro­

vi nce . 

Mono ake profil e . From the Mono Lake shot po int Pg is a first 

a rr iva l out t o a distance of 170 km; i t was not poss i ble t o pick Pg 

as a seconda ry arr iva l at large r di s t ances . The Pg arrivals were fitted 
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by t he II ne 

T = 1. 30 + 6/6. 05 

whe re T !s e trave ~ ime in seconds and 6 is the distance from the 

shot po § !n k! iome e rso Beyond !70 km t he f i rst arr ivals we re 

!n er pre ed t o be Pn, a ! hough i t was necessa ry t o f i t them wi th t wo 

d i 'e ren H e segmen s o From 170 t o 260 km t he f i rst a rr iva Is we re 

t ed by 

T = 8o84 + 6/8o30 

and ·rom 260 o 350 km b 

T = 7 o 44 + 6 /7 o 80 

At abo t 260 m, he re he segment w ~ th t he ve loc i t y of 8 . 30 km/sec 

appea r s o e rm una· e , the segmen wit h a ve loc i ty of 7 . 80 km/sec is 

de iayed by abo Oo sec (fi gu re 2)o The re f racti on from the inte r ­

med iat e ia e r , P*, i s never a first a rr l va ~ on t hi s prof i le, and a 

seconda ry phase was p ~c ed as P* bet ween 190 an d 350 km. Th is was also 

i t ed by t wo du fe ren ll e segments , 

T = 7 o 51 + 6 /7. 50 

and 

T = 5 o 30 + 6 17 o I 0 

Phases In e rpre ed o be the re fl ect ions P1P and PMP were picked on 

t he en Ire Mono La e profli e o At dis ances les s t han about 100 km the 

amp ~lt des o t ese phases a re on l s li gh t ly above t he background leve l. 

Howeve r , beyond abou !25 km "hey a re large r i n amp li tude and mo re 

esc! ii at ory ad pro longed (f igure 3)o On t he bas i s of the model of t he 

crusta ~ str cure wh ich Is presented iat e r i n t his report, the distances 

corresponding t o t he cr! nea l ang les or P1P and PMP nea r Mono Lake a re 

abou 11 0 and 136 km respective ! o P1P is more prom inent than PMP at 
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large distances and exh i bi ts the characte ri st ics wh ich are usua l ly 

assoc iat ed with the phase P (Ro ll er and Healy, 1963; Rya l I and Stuart, 

1963 ). Very c lea r a rr iva ls fo ll ow Pn by abou t 1/2 sec between 180 and 

300 km (Figu re 3). The na t ure of these arri vals has not been explained. 

Lake Mead prof il e . From the Lake Mead shot po int Pg is a first 

arriva l out t o a distance of 175 km and the arrivals f it the l i ne 

T = 0. 86 + ~6 .1 5 

Beyond 175 km t he first arr ivals were taken to be Pn and fitted by the l i ne 

T = 7.1 2 + ~/7 . 80 

Howeve r , bet ween 230 and 260 km t he a r r ivals, alihough weak, fa I I as 

much as 0 . 5 sec ea rl ie r than th is li ne . Between 200 and 325 km an event 

was picked and Inte rpreted to be P* , a lthough for the most part it is a 

ve ry weak event. It was fit ted by the li ne 

T = 5. 35 + ~7.10 

Fo ll owi ng the P* re f ract ion is anot he r ph ase which a lso has a veloc ity 

of about 7.1 0 km/ sec. One cannot inte rpret this phase asP* because 

It s reve r sed t rave l t ime i s not cons istent with the reve rsed trave l t ime 

of t he P* phase obse rved from t he Mono Lake shot po int. So t his phase 

is unexp la ined . 

Phqses Inte rpreted t o be t he re fl ect ions P1P and PMP were a lso 

p icked on t he Lake Mead prof i le, bu t the qua li ty of these events i s not 

as good as t hose on t he Mono Lake profil e . Aga i n the phases exhib i t 

a mu ch di ff e rent character at d istances Jess than the critical ang le than 

at great e r distances, and at large dis t ances P1P appears to be the phase P. 
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Prof il es f rom the inte rmed iate shot po i nts. On ly the f irst arr iva ls 

cou ld be picked on the recor ds from the inte rmediat e shot po ints at 

Lath rop We i Is and Li da Junct ion, and these on ly at distances less tha n 

90 km . At Lat hrop We i Is the f i rst a r r iva ls were f itted wi th t he l i ne 

segment s 

T = I • I 0 + b. /6 . 15 

for t he prof il e towa r d Mono Lake, and 

T = I • 00 + b./ 6 . I 5 

for t he profi le toward Lake Mead . At Li da Junct ion the resu lts we re 

T = 1. 25 + b./6 . 25 

for t he prof il e t owa r d Mono Lake , and 

T = 1.35 + b./ 6 .1 5 

for the profil e t owa r d Lake Mead . AI I of these arri vals we re int e r­

pret ed t o be Pg , and t hey we re used t o calcu late t he th icknesses of the 

low-ve loc ity nea r -su r face layers at t he shot poi nts. 

Se i sm ic i nt e rpret at ion . Un ited ElectroDynam ics recor ded and inter­

pret ed short- range ref ract ion se ismog rams nea r t he Mono Lake and Lake 

Mead s hot po i nt s. These resu lt s we re used wi th the long-range recor dings 

t o ca lcu lat e mode ls of the nea r -su r face str uctures . underl yi ng t he fou r 

shot po i nts (f igure 4) . The ve loc ity of the near-surface laye r unde rl y i ng 

Lat hrop We i Is and Lida J unct ion was assumed to be 3 . 0 km/ sec . 

Afte.r ma~i ng correct ions for the low-ve loc i ty nea r-surface laye rs, 

the re fract ion arr iva ls in Figure 2 were used t o compute the crusta l struc­

ture unde rlying t he prof il e . Th is was f ac i l itated by div i ding t he trave l-
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time graph i nto three sect ions with respect to distance . The sect ions 

with i n 160 km of Mono Lake and wi th in 175 km of Lake Mead are ve ry sim il ar 

in terms of the ve loc it ies and intercept times of the var ious phases . 

However , the central section, wh ich is about 100 km wi de, is cha racterized 

by highe r veloc it ies on the Mono Lake prof i le and the suggestion of lower 

veloc it ies on the Lake Mead profil e . The resul t s of the two exter ior 

sect ions were inte rpreted in terms of three hor i zontal layers to y ield the 

following average structures : 

Layer Veloc i ty Thickness 

2 

3 

6 .1 5 km/sec 

7 . I 0 km/sec 

7 . 80 km/sec 

26 . 2 km 

8 . 8 km 

This g ives an average depth to the Moho G1 35 km . t f the dat a had been 

interpreted in terms of a two-layer structure, dis regard i ng the ev idence 

for an i nte rmed iate layer, the results would have been: 

2 

Ve loc ity 

6 . 15 km/ sec 

7. 80 km/sec 

Thickness 

31 . 3 km 

If the veloc i t ies of the above th ree-layer model are taken t o be 

the true ve loc it ies, the highe r veloc iti es on the Mono Lake profi le in 

the centra l sect ion of the t rave l-t ime graph , 8. 30 km/sec for Pn and 7. 50 

km/sec for P*, suggest dipp i ng i nterfaces . Wi th these assumpt ions, dips 

of 5° for the intermed iate layer and 4° for the Moho were calculated . 

The Pn ar rival from Mono Lake is offset at a di stance of about 
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260 km . If one makes the s imple assumption that both segments are truA 

Pn ar ri vals and that the true velocity below the Moho i s 7.80 km/sec, 

this f eature i nd icates a rather sharp flexure or fault i n the Moho. Such 

an interp retat ion i s i ncluded i n the crustal model shown in Figure 5 . In 

this mode l the i nte rmediate layer i s pictured as paral lei to the Moho 

i n the area of th is flexure, but this i s an assumption. This flexu re 

is midway between Mono Lake and Lake Mead . At the surface it corres-

ponds to the reg ion of Sarcobatus Flat, which i s northwest of Death 

Val ley and the Grapev ine Mounta ins and j ust north of the Bul I frog 

Hi II s . 

In an attempt to fit the observed reflect ions, the follow i ng models 

were assumed as a first guess, and theoret ical ar rival t imes for the 

ref lect ions P1P and PMP were calculated and compared to the observed 

times ( Figu re 2) • 

Laye r Ve loc i ty Thickness Thickness 
Mono Lake Lake Mead 

6 . 20 km/sec 30 . 0 km 23 . 5 km 

2 7. 10 km/sec II . I km 8.4 km 

3 7. 80 km/sec 

At large distances the observed reflecti ons P1P approach the velocity 

6 . 30 km/sec . Th is suggests that the velocity in the upper laye r of the crust 

i ncreases from 6 .1 5 km/sec near the surface to 6 . 30 km/sec near the 

bounda ry wi th the intermed iate layer . For t his reason an average velocity 

of 6 .20 km/sec was ass igned to the upper layer for computing reflect ions. 
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The agreement between observed and calculated times for the reflec­

tions is in general good, wh ich confirms the basic structure obtained from 

the refraction i nterpretation . Note that the model calculated from the 

reflection data yields average depths to the intermediate layer (26.8 

km) and the Moho (36.5 km) wh ich are only slightly greater than those 

calculated from the refraction data (26.2 km and 35.0 km respect ively). 

A smal I discrepancy is to be expected because the refracted phases are 

usually first arrivals and one is much more likely to pick the beginning 

of the phase, whereas the reflected phases are always secondary events 

and the probability of pick i ng a later cycle of the phase is high. 

At places where the observed and calculated reflections differed, 

the model was a ltered accordingly . Near Mono Lake the observed reflec­

tions, especially PMP, are later than the calculated reflections, so the 

depth to the i ntermediate layer and the Moho were increased by 0.6 km 

and 4.0 km respec i tvely. In a more detailed geophysical investigation 

of Mono Bas i n, Pakiser and others (1960) interpreted gravity data to 

indicate that the block under lyi ng Mono Basin had subsided about 18,000 

ft . along near-vertica l faults. The are~ of the deep subsiAence is 

east of the shot po i nt in the western part of Mono Lake. The results of 

this study suggest that structures of this type may extend as deep as 

the Moho . 

To improve the fit between the observed and calculated reflections 

near Lake Mead, it was necessary to include a rather sharp change in 

the depth to the Moho at a distance of about 30 km northwest of Lake 

Mead. The fact that this offset i n the Moho occurs near the point where 

the profile crosses the Las Vegas Val ley shear zone <Longwel I, 1960) 
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suggests that the shear zone may extend t o t he Moho. Roller (1964 ) 

arrived at a s imi Jar conclus ion f rom se i sm ic-refract ion and grav ity data. 

At distances beyond the crit ica l ang le t he calculated reflect ions 

P1P ag ree qu ite we i I with t he observed data for bot h prof i les. As was 

noted ear li er, the phases that were picked as P1P at these distances 

were i dent ica l t o t he phase tha t i s no rma ll y picked as P. Thus these 

results suppor t t he conclus ion of Ro ll e r and Healy (1963) and Ryal I and 

Stuart (1963) t hat P i s the extens ion of P1P beyond the crit ical angle. 

Beyond the cr i t i ca l ang le i t may be more i ns t r uct ive to cons i der th is 

phase as a no rma l mode phase rathe r t han a s ing le ray. This helps to 

expla i n the osc i I lat ory nat ure of P . On t he Mono Lake profile the 

calcu lated ref lecti on PMP agrees with the obse rved reflect ion at large 

di stances . However , no phase correspond ing t o PMP was observed beyond 

about 150 km on the Lake Mead prof i le . 

A c r usta l mode l wh ich i s consistent wi t h bot h t he refraction data 

and the refl ect ion data i s shown i n Figu re 5. The veloc i ties and the 

average depths of the va r ious laye rs and the ev i dence fo r a sharp flexure 

i n the Moho near t he cent e r of the prof i le were der ived from the re f rac­

t ion data . However, s ince the re fracti on data y ield only average depths , 

the ref lect ion data we re necessa ry to f ix t he depths in the v ic i ni ty of 

Lake Mead and Mono Lake . The re fl ect ion dat a a lso provide evidence for 

two of f sets in t he Moho , one near Lake Mead and t he other near Mono Lake. 

Grav ity data . Values of the measu red Bouguer grav i ty along a l i ne 
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from Lake Mead to Mono Lake we re t aken from a map camp i led by 

Shawn Bieh ler (unpubl ished, 1964) from the data of Wool lard ~and~ R6se 

(1963) . These data were compared to the Bouguer gravity that was computed 

for t he c r us t a l mode l de ri ved from the se ismic data. In comp~t l ng the 

gravity a two-d imens iona l structu re was assumed, and the dens i ties were 

der ived f rom the se i sm ic ve lociti es us i ng the emp i rical relat ions of 

Nafe and Drake <Ta lwan i and others, 1959) . For a profile such as this 

the end cond it ions have a s ign i f icant effect . The structure under Lake Mead 

was assumed to conti nue to i nf i ni ty unchanged, but at the Mono Lake 

end of the prof il e t he root of t he S1erra Nevada had to be taken i nto 

account. A mode l s imi lar to that of Eaton (1 963) was assumed, i n wh ich 

the depth to the inte rmed iate laye r and Moho remained at 31 and 44 km 

respect ively fo r a distance of 20 km west of Mono Lake and then decreased 

l i nea rl y to 20 and 25 km respect ive ly at a d istance of 200 km west of 

Mono Lake. 

The grav ity da t a substant iate the gross features of the se i sm ic 

mode l ( Figu re 5). If t he effects of nea r-surface structures were removed 

from the measured Bougue r gravi ty , the agreement between the actual and 

computed anoma li es would improve . 

Conc lusions . A model of the c rustal structure between Mono Lake and 

Lake Mead that i s cons istent wi th three sem i- i ndependent sources of 

geophys ica l data--se i sm ic- refract ion, se i sm ic-reflection, and grav i ty-­

has been proposed . Among the bas ic fea t ures of the mode l are an upper 

layer wi th a veloc ity of 6 .1 5 km/sec i n i ts upper part, an i ntermed iate 
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layer with a velocity of 7.10 km/sec, and a sub-Moho velocity of 7.80 

km/sec. The depth to Moho increases from about 30 km near Lake Mead 

to about 40 km near Mono Lake. 

Ev i dence for fa i rly sharp flexures in the Moho suggests that an 

offset in the Moho of about 4 km near Mono Lake corresponds to large 

faults at the surface . Near Lake Mead the Moho is offset by about 

2 1/2 km where the profile crosses the Las Vegas Val ley shear zone. 

These two features suggest that major fracture zones in the upper crust 

may penetrate through the Moho and i nto the upper mantte. There Is also 

evidence of a f lexure in the Moho about mi dway between Mono Lake and Lake 

Mead, but no surface express ion of th i s feature is known. 

The phase wh ich is customar i ly cal led P appears to be an exten­

sion of the P1P reflection beyond the cr itical angle. Subject to the 

condition that th is interpretation of P is correct, the velocity in the 

upper layer of the crust appears to increase from 6.15 km/sec in the 

upper part to 6.30 km/sec near the bottom. 
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