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Reinke , Robert Edward B. A . University of Dallas,
1972

SURFACE WAVE PROPAGATION IN THE TULAROSA AND JORNADA DEL
MUERTO BAS INS , SOUTH CENTRAL NEW MEXICO .

Advisor: Professor Eugene T. Herrin

The Tularosa and Jornada del Muerto Basins are two prom-

inent north—south valleys in southern New Mexico . In 1975

two one hundred ton TNT equivalent tests were conducted in

the Tularosa Basin by the Defense Nuclear Agency as part of

the Dice Throw high explosive test series. In 1976 520 tons

of explosive were detonated in the Jornada del Muerto. Seis-

mic records of these events revealed apparent anomalous sur-

face wave propagation within the basins. Results of a shear

wave refraction profile as well as reflection , gravity , and

magnetic data have been used as input for theoretical compu-

tation of Rayleigh wave characteristics within the basins .

The theoretically predicted group and phase velocities , as

well as ellipticities , correlate well with those measured

from seismic records of the surface waves excited within the

basin. In general, the slowest surface wave group corresponds

to the fundamental mode of the Rayleigh wave, while the earl i-

er surface wave arrival can be correlated with the higher modes

of the Rayleigh wave. The observed surface wave behavior has

placed additional constraints upon the interpretation .of the

geophysical surveys of the basins.
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_ _ _ _
INTRODUCTION

The Tularosa Basin is a prominent north—south valley

in southern New Mexico extending 125 miles (201 kilometers)

southward from the vicinity of Carrizozo to the New Mexico-

Texas border (Figure 1). Bounded on the east by Sierra

Blanca and the Sacrame nto mountains and on the wes t by the

Sierra Oscura , the San Andres , and Organ mountains, the basin

has an average width of 30 miles (48 kilometers) . In Augus t

and September, 1975, two one hundred ton TNT equivalent ex-

plos ive tests were conducted in the Tularosa Basin by the

Defense Nuclear Agency as part of the Dice Throw high ex-

plosive test series . Preliminary examination of seismic

records fr om these events revealed apparent anomalous seismic

wave propagation within the basin. In October of 1976, in

the main Dice Throw event , 620 tons of explosive were detonated

in the Jornada del Muerto , the valley immediately west of the

Tularosa Basin. The research described in this paper centers

about the study of the seismic surface waves excited within

the Tuj.arosa and Jornada del Muerto basins by these three

high explosive detonations .
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Geology and Structure

The Tularosa Basin is a graben. Al though the relief

within the basin is small , it is bounded on the east and

wes t by mountains which are mostly til ted fault b locks rising

from 3000 to 5000 feet (914 - 1524 meters) above the basin

floor . Faulting has produced steep scarps on the west side

of the Sacramento Mountains and on the eas t side of the San

Andres Mountains . Strata in the San Andres Mountains dip

gently to the west and to the east in the Sacramento Mountains.

Permian rocks are exposed in several low hill s trending north

from the Jat.illa mountains, suggesting a partially buried

fault block ridge , possibly formed by step faulting along the

east side of the basin. The basin is bounded on the north by

Chupadera Mesa, composed of nearly horizontal strata . The

basin floor is underlain by unconsolidated bolson deposits

which are more than 4000 feet (1219 meters) thick in the south-

ern part.

Sedimentary rocks exposed along the mountain front range

in age from Precambrian to Tertiary (?). As exposed in the

San Andres Mountains , sedimentary rocks range in thickness from

about 7200 feet (2194 meters) near Rhodes Canyon to about 10,000

feet (3047 meters) near Ash Canyon . Pre—Tertiary strata ex-

posed in the San Andres Range are about 7200 feet (2194 meters)

thick. Within the basin pre-Tertiary sedimentary rocks may
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range from 12,700 fee t (387 0 meters ) to 7200 feet (2194

meters) in thickness north to south.

Igneous and metamorphic rocks of Precambrian age crop

out along the east flanks of the Organ and San Andres Moun-

tains , along the west flank of the Sierra Oscura , and in a

few places at the base of the Sacramento Mountains southeast

of Alamogordo. The Organ Mountains and Sierra Blanca are

composed mainly of batholithic rocks , flanked by volcanic

rocks, both thought to be of Tertiary age. The youngest ig-

neous rocks in the basin are found in the Malpais , an elon-

gated north-south basalt flow of recent age extending from

Carrizozo to the Three Rivers vicinity . (from Kottlowski

and others (l956)~ Herrick and Davis (l965),and Bachman, (1965).

The Jornada del Muerto is the basin immed iately wes t of

the Tularosa Basin. While the Tularosa basin is a graben

valley , the Jorna da is essentially a synclinal valley formed

by the westward dipping sedimentary beds exposed in the San

Andres Mountains . (Figure 2 ) North of Mockingbird Gap,

however , the valley is bounded on the east by a major fault

zone forming the Sierra Oscura . (Figure 3 )

The Seismic ProbLem

The project Dice Throw 100 ton events of August and

September , 1975, occurred near Capitol Peak, approximately

10 miles (16 kilometers ) south of Mockingbird Gap (Figure 4 ) .

A 100 ton spherical charge of TNT tangent to the ground sur-

- .. — ——~~~--—- .——~~~~~~~~ 
. -“-~~~~~~~—.- -- .- ~~~~~~~~~~~~ --- --- - . .. - - - ---
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face was detonated in pre-Dice Throw I. A spherically

capped cylinder of 120 tons of ainmonium nitr ate - fuel oil

mixture (ANFO) also placed on the surface was exploded in

September , 1975 , as pre—Dice Throw II.

An extensive array of seismic stations was in operation

within the basin for both events . The four agencies involved

in the seismic experiment were the Air Force weapons Labora-

tory, the Environmental Research Institute of Michigan, the

Albuquerque Seismological Laboratory , and Southern

Methodist University . Distances from shot point to seismo—

meter ranged up to 10 miles (16 kilometers) as shown in Ftg-

S ure 4. Preliminary examination of the seismic records revealed

two well developed surface wave groups present at many stations .

(F igure 5 ) Because of its appearance , the f i rs t  surface

wave arrival was initially thought to be the fundamental Ray-

leigh mode while the second wave group was referred to as the

“X” wave .

In the main Dice Throw event of October 1976 , 620 tons

of ANFO were detonated on the surface of the Jornada del

Nuerto near Tr inity site , where the test of the f i r s t  atomic

bomb occurred in 1945. (~~igure 3 ) The Environmental Research

Institute of Michigan (ERIM) and Southern Methodist University

(SMtJ) fielded an extensive seismic network for the shot as

shown it~ Figure 3.
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The seismic record of the October event from the SMU

station at a distance of approximately 25 , 000 feet ( 7 . 5

kilometers) is shown in Figure 6 . The record is quite simi-

lar to that  recorded at the pre—Dice Throw events in the

Tularosa Basin and also similar to a seismic recor ding of

the Trinity event made by Leet (1946) .  (Figure 7)

Using data from seismic reflection and refract ion sur-

veys, and gravity and magnetic surveys , theoretical models

which correlate well with observed wave characteristics have

been developed for surface wave propagation within the Tula—

rosa and Jornada del Nuerto basins.
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THE SEISMIC REFRACTION SURVEY

In October of 1976 the Environmental  Research Inst i tute

of Michigan conducted a shear wave refraction profi le  along

a line 6000 feet (1828 meters ) in length near the pre—Dice

Throw test site (Figure 8 ) .  The survey line rough ly coin-

cided with a portion of a shallow reflection survey carried

out earl ier  by Charles B. Reynolds and associates . (Figure

9) ( Reynolds , 1976).

In the past , shear wave ref raction prof iles of over a

few hundred feet in length have rarely been attempted . The

hammer and plank technique has usual ly been employed as an

SH wave source . The Environmental Research Ins t i tu te  of Mich i-

gan (ERIM ) has developed a powerful cannon type SH wave gener-

ator which eliminates many of the prob lems encountered in

shear wave refr action profiles . (Jackson and others , 1976)

The ERIN shear wave generator is a water loaded cannon fired

normal to a line of digitally recorded transverse geophories .

For each recording, the cannon is fired twice . The d irection

of f i r ing is reversed between shots produc ing SH waves of

opposite polari ty . P and SV waves generated are of the same

polari ty . When the geophone records for  the two shots are

plotted on the same time axis , accurate picks of the firs t

SH breaks are made possible by the reversal of polari ty as

shown in Figure 10. In addition SH waves do not s u f f e r  from 
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P-S conversions at interfaces as does the SV wave .

SH recor d ings fr om the ERIM surv ey are shown in Figures

10 and 11. A conventiona l P wave profi le  was obta ined along

the same line . Good arr ivals  were obtained out to 6000 feet

(1828 meters) on the Salt Flats shot point line and to 5000

feet (1524 meters) on the reversed line .

Travel time curves from the SH l ine are shown in Figure

2 . Three distinct branches can be seen . The slope of the

third leg is dependent upon the direction of shooting ind i-

cating a dipping bed . An unusual characteristic of the SR

curves is the time gap between the second and third legs .

Field examples of similar appearing gaps observed in compres-

sional wave refraction surveys have been given by Burg (1952),

Press and Dobrin (1956) ,  Domzalski (1956),  and Knox (1967) .  f
These workers interpreted such gaps as indicators of low

velocity zones or a layer of low velocity sandwiched between

layers of higher velocity . Burg (1952) encountered a low y e—

locity layer in the Will iston Basin of North Dakota . Travel

time curves from compress ional wave refrac tion surveys there

display a time gap between legs . The existence of the low

veloci ty layer ( 3000 fee t per second /914 meters per secon d )

between layers of 6000 feet per seco nd/1828 meters per second )

was ver i f ied  by uphol~e shooting . Domzalski (1956) found a

shallow low velocity layer in England to be composed of sand 

- ‘ - —- - - 5 . .- - --- .
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overlain by clay . Press and Dobrin (1956) obtained the

characteris tic time gap in a refrac tion survey in Texas in

an area where the Austin chalk is underlain by the Eagle

For d Shale of lower veloci ty.

Press and Ewing (1948) present a theoretical treat-

ment of a compress iona l wave transmi tted through a high speed

surface layer overlying a thicker low speed section. Corn—

pressional waves propa gated horizon tally through the high

speed layer are attenuated due to leakage of energy into the

underlyin g low veloci ty material . The degree of attenua tion

increases with decreasing frequency . Thus a high speed layer

overlying a slow layer acts as a high pass fi l ter . In the

field examples mentioned previously, this is evident as

shown in Figure 13 from Domzalski (1956). It can be seen

that the lower frequencies disappear first between 80 feet

(24 meter s) and 100 fee t (30 meters ) leaving higher frequen-

cie s which in turn di e out between 160 fee t (49 meters) and

200 feet (6]. meters).

The charac teris tic fre quency dependen t attenua tion can

be seen clearly immediately before the time gap occurs on

the SR recor ds of the Salt Flats shotpo int profile in the Tu-

larosa Basin ( Figure 10 ) .  The phenomenon is less eviden t

but still present on the reversed profile (Figure 11 ). A

time gap is also present on the P travel time curves in Figure

14 . Because of this and the s imilari ty between the SR profile

--- -- -- - - -- - - - - --- —.- -‘----— ---- - . - - - --- .- ------— - ‘----.-—-
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recordings and the examples presented in the literature,

the time gap observed in the travel time curves is thought

to be caused by a subsurface low velocity zone or velocity

reversal.

The idealized shear velocity—depth structure interpreted

from the SR travel time curves is shown in Figure 1.5. The

model was obtained by use- of the standard equations of Mota

(1954) utilizin g time intercept values for n incline d layers .

To reduce overestimation of depth , a correction for the low

velocity layer was made by subtracting the observed low ye—

locity time gap from the intercept times for the third legs

of the travel time curve . Thickness of the low velocity zone

was estimated by assuming that the observed time delay was

the two—way time needed for a refracted ray to travel through

the low velocity layer . The thickness shown in Figure 15 is

- - thought to be an upper limit. The thickness will , of course ,

vary with the velocity of the layer used ~ the ab~e calculation .

From purely geometric considerations , a subsurface ve-

locity reversal should not be ev ident from refrac tion data.

The correction method employed for the low velocity layer is

thus not valid according to ray theory . As shown in ~‘igure

16., it is not known whether energy from the layer overlying

the low velocity layer disappears at point A , B, or C. The

correction is valid only if the energy disappears at point B

on the travel time curve . In the examples presented by Burg
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(1952), Domzalski (1956), Press and Dobrin (1956),  and

Knox (1967), there does appear tD be an approxima te corre-

lation between the length of the time gap observed and the

thickness of the low veloci ty layer as determined from bore

hole data. In any case, the correc tion employe d is in the

“r ight direc tion ” ; that is, without it (without assuming a

low velocity layer), the depth computed for the third inter-

face woul d be an overes timat ion . What is not known is whether

the correction employed is too large or too small.

The idealized P velocity—depth model derived from the

travel time curve s is shown in Figure 17 It is intere sting

to note that the P wave survey does not reve al as much of the

subsurface struc ture as does the SR survey even though

both survey l ines were of the same length and identically lo-

cated . On the P travel time curves , the time gap does not

appear until near the end of the line . Not enough ar r iva ls

are pr esent to de f ine the P veloci ty for layer 4. These re—

sults from the P survey are not necessarily inconsistent with

the SR model. Consider the simple 3 layer model shown in . ~~~ .
-

gure 18. For a shear wave re f rac tion study of this model ,

f i r s t ar r iva ls  from layer 3 would ini tia l l y be observed at

1127 feet (343 meters) distant from the shotpoint . If a P

wave refraction study were carried out of the same model ,

f i r s t arr iva ls  from layer 3 would not be observed until 37 50

fee t (1143 meters)  d is tant from the seismic source . In at 

~~~-- -~~ --~~~~~~~~~~~~~ -~~~~~~~—.- -_- - - -- -~~~~~~~~~~~~~~~ - - - - -
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least some cases , then , a shear wave refract ion profile

can penetrate to a greater depth than can a P wave survey

of the same length .

Jolly (1956) conducted some experiments with shear

wav e re f raction over shale and found a signif icant degree

of anisotropy present . The SR velocity for horizontal trav-

el was found to be twice that of the horiz ontal SV veloci ty .

For vertical travel , SH velocity was foun d to be approxi-

mately equal to horizontal SV vel oci ty .  The depth of weather-

ing calculated from SR refraction data was twice that derived

f r om P ref raction data . The value computed from the P data

was found to be correct from borehole data .

In the a l luvia l  valley f i l l  of the Tularos a Basin , the

aniso tropy prob lem shoul d not be as severe as that experience d

for shale.  Jolly suggests that if s imple isotropic theory

is applicable , depths calculated from P refract ion data should

rough ly correspond to depths obtained from SN data along the

same survey line . The P refraction data yield 165 feet (50

meters)  or 146 feet (45 meters ) to the f i r s t  interface for

the cr i tical distance and time intercept methods respe cti ve ly .

From the SR data , depths of 191 feet  (58 meters ) and 222 feet

(68 meters)  were obtained from the cri t ical  distance and t ime

intercep t methods . Some discrepancy between the SN and P

measurements is l ikely a result  of

the compara tively wi de geophone spacing ( 50 feet/ 15 ~iete~s);

I’- - - - - 5 - — -_ - --- --- ---~5_- - -- —_ - —---- ------ -_ _ _ _ _ _ _ _
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however , the greater depths ’ to the f i rs t  interface obtained

from the SR data as compared to those derived from the P

wave survey probably indicate that a limited degree of aniso—

tropy is present at least in the upper layer . Since the deep-

er interfaces were not well define d on the P wave profile ,

comparison of depths to the other layers cannot be made ; how-

ever , the depths to the deeper interfaces as determined from

the SN data are quite reasonable when compared with those de-

termined from the reflection profile of Reynolds . Anisotropy,

then , is not thought to be a severe problem in the bolson de-

pos its of the Tular osa Basin .

Correlation with Reflection Data

The ERIN refract ion survey l ine roughly coincided with

a portion of a shallow ref lect ion survey carried out by Charles

B. Reynolds and associates . (Reynolds, 1976) (Figure 9 ) .  The

seismic source was a weight drop . The receiving array con-

sisted of 12 10 hz geophones spaced 12 feet apart in line.

Output from the geophones was digitally recorded . The avera ge

number of weight drops per station was 3.

The portion of the refle ction profile which coinci ded

wi th the ER IM survey is shown in Fi gure 19. The general

orientation of the interfaces  correlates well with the model

obtained from the shear wave survey~ Horizon 1 of the r eflec-

tion profile is though t to be correla tive wi th the base of -

_ _ _ _ _ _  —- - -~~ - - - - - - A
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the fir st layer of the refraction profile. Horizon 3 is

believed to correspond to the base of the second layer of

the refraction profile while horizon 4 is thought to be the

base of the low velocity zone . No distinct evidence for

horizon 2 is seen on the refraction data )although the scat-

ter present in the arrival times of the second leg of the SR

travel time curve may be partially due to the presence of

horizon 2,) as well as to the undulating nature of the horizons

and the small faul t s  near the center of the profile .

Reflection times were converted to depths by Reynolds

using the velocity function ~ = 6000 feet per second (1828

meters per second) + 3000 feet per second (914 meters per

second ) • ~ where T is the two-way time. In light of the P

wave velocities observed on the refraction profile, this

velocity function is probably slightly fas t  above 200 feet

(61 meters)  and somewhat slow below that depth . The indi-

cated depth to horizon 1 on the reflection profile is then a

little too deep while the thickness between horizon 1 and

horizon 3 is too small. Depth to horizon 1 averages about

200 feet (61 meters) as interpreted by Reynolds from the

reflection data . The distance between horizon 1 and horizon

3 from the reflection data averages about 500 feet (152 me-

t e r s ) .  The thickness of the layer between horizon 3 and

horizon 4 of the ref lect ion profi le  is about 200 feet (61

meters) under the northwest end of the refract ion l ine . This

_ _ _ _ _ __ _ _ _ _ __ _ _ _ _ _  - - - - .5— --- .5— -’ - - - - 5  -~~~~~~~
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layer , thought to be the low velocity layer , appears to wedge

out on the reflec tion profile near the opposite end of the

refraction profile.

The overall correspondence between the SN refraction mo-

del and the subsurface model obtained from the reflection sur-

vey is quite good . The thickness of 1300 feet (396 meters)

S 

under the northwest end of the survey for layer 2 is pro-

bably too large; however, the thickness of 700 feet (213

meters) determined for the second layer at the southeast end

of the profile is quite reasonable since the thickness indi-

cated by the reflection profile (500 feet, 152 meters) is pro—

bably 15-20 per cent too small because of the velocity func—

tion .

Stratigraphic Interpretation

The stratigraphy of the Cenozoic bolson deposits within

the Tularosa Basin is little known. Few deep boreholes (>400

feet, 122 meters) exist, especially on the west side of the

basin, and there are none within 15 miles (24 kil ometers) of

the pre—Dice Throw test site .

The stratigraphic section observed in the San Andres

Mountains has been extens ively described by Kottlowsk i and

others (1956),  Kottlowski (1975) ,  and Kottlowski and Hawley

(1975). Diagramatic sections of the pre—Cenozoic strata

through the length of the San Andres range , presented by 

- J
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Kottlowski (1975), are shown in Figures 20 and 2* A- cross

section through the southern part of the range , drawn by

Kottlowski and Hawley (1975), is shown in Figure 2.

McLean (1970) d iscussed the hydrologic properties of the

bolson fill of the Tularosa Basin. He ind icated that basin

fi l l ing had begun by early Miocene time. Streams flowing into

the center of the basin deposited coarse sed iments in fans

near the mountain front and fine grained alluvium farther out

into the bas in. Uplif t may have continued into the Pleisto-

cene . Lacustrine deposits are dominant in the center of the

basin. During the Wisconsin glaciation , Lake Otero , the pre—

S 
decessor of Lake Lucero , covered 700 square miles (1812 square

kilometers ) in the Tularosa Basin.

The Cenozoic deposits of the basins of the Rio Grande ’

valley in New Mexico are composed predominantly of the calcar—

eoua sands and sandstones of the Santa Fe ~~oup . Kottlowski

arid others (1956) state that sedimentary rocks resembling the

Santa Fe group occur in the Tularosa Valley where they are

predominantly clays with large amoun~~of gypsum.

Reynolds (1976) interpreted horizon 3 in the area of the

ERIM refrac tion profile as the base of Tertiary (top of bed-

rock ) deposits and suggested that in this area , horizon 3 might

be an angular unconformity . Horizon 1 was thought to be the —

base of Quaternary deposits .

Data from the ERIM shear wave profile support the strati—
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graphic interpretation presented by Reynolds . The three

distinct velocities suggest three distinct lithologies . The

upper two layers of the shear wave profi le  ~e Likely correlative

with the stratigraphic units of the Cenozoic deposits of the

adjacent Jornada del Muerto as seen in the cross section

(Figure 2.) presented by Kottlowski and Hawley (1975). The

1200 feet per second ( 366 meter per second ) layer likely rep-

resents the Tularosa equivalent of the Camp Rice formation of

of Quaternary age. The 2850 feet per second (868 meters per

second) layer is identified as the Tularosa equivalent of the

lower Santa Fe c3roup.

The dip of the lowest layer seen by the shear wave refrac-

tion profile is likely related to the tectonic activity which

resulted in the formation of the San Andres Mountains and

the Tularosa Basin . According to Seager (1975), extens ive

faulting and basin formation in the Rio Grande rift area be-

gan in Late Oligocene - Early Miocene time . The 4500 feet

per second (1371 meter per second) layer then must be older

than Miocene .

Several possibil i~.ies exist for the correlative strati—

gr aphic unit of the lowest layer seen on the SR r e f r action

- p rof i le. In the cross section of a pçrtion of the Jornada

del Muerto in Figure 2 , a volcanic section is seen underly—

ing the lower Santa Fe G’roup; however, an aeromagnetic study

of the Tularos a Basin by Bath (1977) does not sugges t that

—5- .5’~S 5  5 - 5 - S~~~~~s S ~~~~~S -5’- ..- * —.5—-- 5- -- - -.- - - 5- -  - - - -
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any buried volcanics are present near the pre—Dice Throw test

site -

The Love Ranch formation of Eocene (?) age seen in Figure

2 is a possibility . The Love Ranch unit, as described by

Kottlowski and others (1956), is composed of intercalated

cobble and boulder conglomerates and reddish siltstone . Al-

though the Love Ranch formation is not seen in the northern

San Andres M.ountain~ s imilar rocks are present near Carrizozo

and Three Rivers and at Cerro Colorado in the northern por-

tion of the Jornada del Muerto. At the type locality in the

southern San Andres Mountains , Love Ranch, the formation is

over 2000 feet (609 meters) in thickness . (Kottlowski and

others, 1956).

Other possible candidates for the stratigraphic equiva-

lent of the deepest layer observed from the refraction data

are two Late Cretaceous units, the Eagle Ford - Mancos forma-

tion and the Mesa Verde formation . Northwest, west, and east

of the San Aridres Mountains , a black carbonaceous shaie is

called the Mancos ~ha1e . No outcrops occur within the north-

ern and central portions of the San Andres range . In the

southern portion of the mounta ins near Love Ranch, shaly beds

outcrop which are correlative with the Mancos Shale but are

of a facies s imilar to the Eagle Ford Shale and are re ferred

to as the Eagle Ford Shale. The Mesa Verde Group overlies

the Mancos Shale . It is composed of conglomerate , sandstone ,

- - -
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siltstone , shale and local coal beds . The thickness of the

Mesa Verde formation is as much as 1000 feet (305 meters)

within the basin. Although it is not observed in the San

Andres Mountains , it is penetrated by wells in the Jornada

del Muerto and near Three Rivers and Carrizozo . (Kottlowski

and others , 1956 ; McClean , 1970)

Without borehole data it is not possible to positively

assign a particular stratigraphic identif ication to the -

deepest layer detected by the refraction survey . Because of

the scarcity of in situ shear wave velocity measurements a—

vailable, it is also difficult to determine the li thology of

the layer; however , Jolly (1956) found a horizontal SR velo-

city of 4850 feet per second (1478 meters per second) for un-

wea thered shale . The velocity of 4540 feet per second (1371

meters per second) observed is then ce~ta5jnly consistent with

an interpretation of the lowest layer as a shale unit. The

Mancos and Mesa Verde formations both contain large amounts

of shale . Because of this and because the Mesa Verde forma—

tion is the youngest consoli dated unit found in wells in the

basin , it is thought to be the most likely candidate for the

stratigraphic unit correlative with the deepest layer observed

by the refraction survey . The Love Ranch formation is not

reported in wells within the basin (McLean, 1970) and is

therefore not likely to be as widely distributed as either -

the Mancos or Mesa Verde formations .

-
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SR velocity determined by Jolly (1956) for the weathered

layer in the shale was 1600 feet per second (488 meters per

second). This suggests that the low velocity layer observed

on the refr action profi le  might be an ancient weathered zone

of the Mancos or the Mesa Ver de formation. A simple change

in lit1~bgy such as clay overlying sand , as described by

Domzalski (1956), could, of course , also produce a low velocity

layer .

----- -- -- - - - 
--
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GRAVITY AND MAGNETIC DATA

Previous Work and Available Data

Gravity and magnetic surveys of portions of the Tularosa

and Jornada del Muerto Basins made during 1975 together with

the results of earlier surveys have given an insight as to

the general structural  character of the Tularosa Basin and

the northern section of the Jornada del Muerto . Bath and

others (1977) discussed results of combined analysis of gray—

ity and magnetic data in the Tularosa Basin and proposed that

in general , the wes tern half of the valley contains the great-

est thickness of valley fill and is structurally quite simple

when compared to the eastern portion of the valley . Ba th

(1977) presented aeromagnetic maps and interpretations of

several magnetic anomalies within the Tularosa Valley . McLean

(1970) used gravity data along with some seismic and well

control to produce a contour map of the elevation of consoli-

dated (ç~e—Tertiary) rock within the basin. Sanford (1968)

reported the results of a gravity survey in the Rio Grande

Valley near Socorro , New Mexico, to the northwest of the Jor-

nada del Muerto. Healey (1976b) assemb led a complete Bouguer U

L- -—---5 - -5- - - - -
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gravity anomaly map of the Tularosa Basin and the northern

portion of the Jornada del Muerto. He obta ined a residual

gravity map for the area along with an interpreted cross

section through a portion of the basin near the pre—Dice

Throw test site .

Gravity

- Complete Bouguer anomaly maps for the pre—Dice Throw an

Dice Throw test areas are shown in Figures 4 and 3. These

are portions of a complete Bouguer anomaly map assembled by

Healey (l976b ) from various data sources . Residual anoma—

lies are also shown on the maps . Healey obtained the residual

anomalies by fitting a thir d order polynomial to the gravity

data and subtracting the polynomial values from the complete

Bouguer anomalies. (Note: the residual anomalies were ob-

tained from an earlier complete Bouguer map (Healey 1976a)

which did not include additional survey points in the Jor—

nada del Muerto used to compile the present map. The earlier

map does however correspond well with the present map. There—

fore , residual anomalies obtained from the earlier map are

thought to be quite adequate for the rough interpretations to

be discussed in this paper.)

The two—dimensional interpretation near the pre-Dice

Throw test site as p-rssented by Healey (l976a) is shown in

Figure 2. The location of the line and the data points is

L — -—- - ---~~~- - - - - --—-—- - - —
--—--
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shown in Figure 23.

McLean (1970) obtained a map of the elevation of the top

of consolidated rock (pre—Tertiary) from gravity data using

well and seismic control where available. McLean s interpre-

• tation of the northern portion of the Tularosa Basin is shown

in Figure 24.

Comparing the two interpretations at the pre—Dice Throw

test site, we find that Healey predicts a depth to bedrock

of about 3000 feet (914 meters). McLean ’s elevation of con-

solidated rock map indicates a depth to bedrock below the

pre—Dice Throw test site of about 1200 feet (366 meters).

The reflection and refraction data d iscussed previously

indicate the presence of what apparently is consolidated rock

(Mancos? or Mesa Verde?) on the basis of velocity at a depth

of 1000 to 1300 feet (305 to 396 meters).

As seen in Figure 22, Healey assumed a density of 2.25

for Quaternary and Tertiary rocks and a density of 2.60 for

all Paleozoic — Pre—Cambrian rocks yielding a density contrast

of 0.35. This density contrast does not take into account the

presence of a Mesozoic section beneath the surface of the Tula-

rosa Basin near the pre-Dice Throw test site . Al though erosion

has removed the Mesozoic sec tion from the peaks of the northern

portion of the San Andres range , most of the section ].i~ce~’ renains

intact below the bolson deposits of the basin because it is

_ _ _  .
~~~~~~~~~~~~~~~~~~~~~ 
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found in wells within the basin .

Sanford (1968) presented an interpretation of a gravity

survey in the Rio Grande Valley near Socorro , New Mexico,

about 50 miles (80.5 kilometers) distant from the pre—Dice

Throw test area . He assumed that the stratigraphic section

shown in Figure 25 was present under the valley f i l l  of the

Santa Fe Group . Below the Datil and Baca f ormations , which

are probably not present, the section is roughly -similar to

that which is thought to be present below the basin -1l of

the Tularosa Basin . As shown in ~Figure 25 , Sanford divided

the section into layers of thickness 1000 feet and calculated

an average density for the layers based on the percentage of

rock type in each layer . The densities were obtained from

f ield measurements and published da t a .  In addition to the

densities shown on the geologic column , Sanfor d found the

average density of the Santa Fe Group comprising the alluvial

valley f i l l  to be 2.2 ,

A comparison of the measure d dens ities given by Sanfor d

and the densities assumed by Healey for interpretational pur-

poses reveals that the depth to bedrock found by Healey is

much too large if bedrock is taken to mean p~re-Tertiary . From

Sanford ’s geologic column it can be seen that the 1500 feet

(4 57 meters) of Z’~sc~dc~ section immediately below fi~e Ter tiary hate

an average density of about 2 .35. The Paleozoic section of

about 4000 feet (1219 meters) thickness has an average density
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of about 2.56.  If we assume that Sanford ’s dens ities are

approximately correct, the d i fference between the actual den-

sities and those assumed by Healey places the valley f i l l  -

bedrock interface proposed by Healey somewhere near the top

of the Paleozoic section or base of Mesozoic ra ther than at

the base of Santa Fe (?) fill. If the 1500 feet (457 meters)

of Mesozoic section assumed by Sanford are present here, then

the cross section interpreted by Healey is roughly in agree—

ment with the results of the seismic surveys and with the bed-

rock map of McLean .

The gravity data compiled by Healey (l976a,b) for  the

Dice Throw test area in the Jornada del Muerto are shown in
S 

Figure 3. The Dice Throw test site appears to lie near the

center of an elongate north—south depression paralleling the

mountain front of the Sierra Oscura. The deepest portion

of the depression has a residual gravity anomaly of over 25

milligals . At the Dice Throw test sit4 the residual Bouguer

anomaly is about 21 milligals compared with an average resi—

dual anomaly of about 10 milligals at the si’e of the refrac-

tion survey near the pre—Dice Throw test site.

It is reasonable to assume that the major i ty  of the d i f —

ference in the residual gravity anomalies between the pre—

• Dice Throw and Dice Throw test sites is due to a greater

thickness of the Santa Fe Group (?)  in the Jornada del Muerto

test area . Assuming the Santa Fe density given by Sanford

5 - -  
—~~~~~~~~~~~ --  - - —--~~ .- - - . - . --~~--
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(1968) and us ing an inf ini te  slab approximation, 11 milligals

is equal to approximately 1800 feet (550 meters) of the Santa

Fe forma tion. Using the thickness of the Santa Fe (? )  ob-

tained from seismic data at the p~e—Dice Throw test site as

a control , we expect a total thickness of the Santa Fe Group

(? )  of about 2800 — 3000 feet (853 — 915 meters) near the

Dice Throw test site . This correlates well with a depth

to base of Tertiary (? )  obtained by reflection survey of

2500 — 2600 feet (762 — 792 meters) immediately west of the

Dice Throw test site. (Reynolds , 1976) ( ?igure Z6 )

Magnetics

Bath (1977) has presented an interpretation of an aero—

magnetic survey of the Tularosa Basin flown by Project Magne t

of the United States Naval Oceanographic 0f f i ce~ The ~~si.~ .Bl tta net c

map of the northern half of the Tularos a Basin is shown in

Figure 27 . According to Bath , the residual anomalies obtained

by subtracting the International Geomagnetic Reference Field ( LRF)

are too negative to be credible in some areas in the western

portion of the map. To obtain a more realistic residual map,

he fitted a planar surface to the data by least eguares ad—

j ustment and subtracted the surface  from the IGRF residuals .

The zero datum was in effect increased by 190 gammas . The

resulting map is shown in Figure 28.

According to Bath , the extensive areas of negative anom-

- ~~~~~~ 5- .5-5~—S~~~~~~~~~~~ ----5---
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aly evident in Figure 28 are the result  of an increase in

thickness of non-magnetic alluvium and older sediments over-

lying magnetized Precambrian rock . The minima at A , B , and

C are thought to indicate areas of thicker sediments .

Bath states tha t the prominent positive anomalies can

be explained by a decrease in thickness of non—magnetic sedi-

ments overlying either Precambrian rock or large masses of

igneous rock . In the northwestern corner of the map, a north-

war d increase in magnetic intens ity is caused by an increase

in elevation of the top of buried magnetic rock . Because of

the low anomaly gradient , Bath identif ies  the magnetic rocR

as Precambrian rather than a younger igneous intrusion . An

increase in elevation of the top of Precambrian rock is corn—

patible with the gravity map of Healey and the gravity inter-

pretation given by McLean .

The positive anomaly at J is thought by Bath to repre-

sent a Late Cretaceous or Cenozoic intrusive. An irregular

anomaly pattern is found over the Malpais. Al though it is

strongly magnetized , its average thickness of 65 feet (20

meters ) is too thin to produce a prominent anomaly at the

elevation at wh ich the survey was flown . (5700 feet , 1737

meters)

-~~~~ ~~~~-.~~~~~~~~--

.

---5- - .-- ~~~-5 - - - -5. - - - -  
-- -

~~~~~



- - _______  -5.- - - —- .. - - - - . --—--- --- --5--- 

55

SURFACE WAVE PROPAGA TION IN THE TULAROSA BAS IN

Description of Seismic Array

An extensive seismic network was in operation within

the Tularosa Basin for both of the pre-Dice Throw explosions .

As shown in Figure 4 , four agencies, the Air Force Weapons

Laboratory , the Environmental Research Institute of Michigan ,

the Albuquerque Seismological Laboratory , and Southern Method-

ist University participated in the seismic experiment . This

section will  be concerned primarily with a discussion of the

seismic waves recorded by the stations fielded by the Albu-

querque Seismological Laboratory (ASL) and Southern Methodist

University (SMU).

Six of the seven seismic s tat ions operated by ASL em-

ployed the model AS—2 field system developed at ASL. These

consist of three model S—l3 Geotech seismometers recording

the radia l , transverse, and vertical  components in analog

form on magnetic tape. The seventh sys tem was an L-7 velo—

city seismograph . (Hoffman and Harding , 1977)

The SMU f ie ld  systems also employed the Geotech S-13

seismometer recorded in analog form on magnetic tape . For

. ,

~

. . . .
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the August , 1975 , event the SMU station recorded two verti-

cal components a short d istance apart. One radial component

in addition to the two verticals was in operation at the SMU

station for the September , 1975 , detonation .

The AS-2 and the SMU systems both have a velocity re—

sponse curve essentially flat between 1-30 hertz . The L-7

system response is flat to velocity between 0.l— 30 hertz.

The Observed Surface  Waves

Many of the seismic records of the Augus t , 1975 , pre—

Dice Throw detonation are unusual in that two well developed

groups of surface waves are present. ~~~ record from the SMU

station on the north side of the Malpais is shown in Figure

5 and is typical.  The phenomenon was most evident on records

from the ASL and SMU stations, all of which were positioned on

an east-west line through the shot point as shown in Figures

4 and 29 The ASL records of the August blast are shown in

Figures 30 -36.

The configurat ion of the SMU and ASL seismic array was

modified for the September, 1975, explosion. The position of

the ASL stations is shown in Figure 37. The SMU station was

moved to the south edge of the Malpais as shown in Figure 4.

Records from the ASL stations are shown in Figures 38 —44 .

The seismic record from the SMU station at a range of

approximately 33 ,000 feet (10,000 meters) distant from the

- - - —---—- -- - — -
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Figure 31. Recording from station E-16000. August, 1975,
event . ( f rom Ho f fman and Harding , 1977)
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Figure 33. Recording from station E-35000. Augus t, 197 5,
event.  ( f rom Hoffman and Harding , 1977).  
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Figure 35. Recording from station W—l2000. August , 1975,
event. ( f rom Hoffman and Harding , 1977)
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Figure 36. Recording from station W-l5000. August , 1975,
event. (from Hoffman and Harding, 1977) 
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F i .gure  39 . Recording from s tat ion E—24000 . September , 1975 ,
event . (from Hoffman and Harding , 1977)
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Figure 40. Recording from sta t ion O R — i .  September , 1975 ,
event. (from Hoffman and Harding , 1977)
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Figure 41 . Recording from s tat ion OR-2 . September , 1975 ,
event.  ( from Ho f fma n and Harding, 1977)
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event. (from Hoffman and Harding , 1977)
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Augus t , 1975 , explosion clearly shows two well developed sur-

fac e wave groups . The first surface wav e arrival is normally

dispersed and has an apparent average group velocity of about

2600 feet per second ( . 8 kilometer per second) . The second

arr ival  is slightly inversely dispersed , has an apparent

group velocity of about 1600 feet per second ( . 5  kilometer

per second ) and is about one-half of the duration~~~t1-e ~~rst~~ rL1p .

Fourier spectral content of the two wave groups is quite simi-

lar (Figure 46 ), suggesting that the second wave might be a

reflection of the first or perhaps a multiple impulse phenom-

enon caused by the nature of the explosion ; however, records

from the ASL stations along the east-west line through the

shotpoint reveal true moveout of the two phases as distance

from the shotpoint increases, izriplying that  the two phases

posses two distinct group velocities . (Figures 30 -36 )

In addition , the two phases pull apart with increasing dis-

tance to the west of the shotpoint as well as to the east,

ruling out a reflection from the nearby mountain front . The

two phases are present on the radial and vertical components.

Motion on the transverse components is generally of lesser

amplitude and appears for the most part to be unrelated to

motion in the vertical and radial  planes .

The ASL stations reoccupied for the second shot recorded

seismograms a lmost identical to those obtained from the August

detonation , indicating that the change in explosive and charge

_ _ _ _
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configuration and slight shift in location of ground zero

(“800 feet , 244 meters) between tests had little e f f ec t  on

the seismic source function .

The records from ASL stations OR-l , OR— 2 , and OR-3 in

operation for the second Tularosa Basin shot reveal quite

complex surface wave groups in contrast to the two well de-

fined groups observed on records from the east-west line

through the shotpoint . On the record from the SMU station

south of the Malpais shown in Figure 45 , a wave group with

two beats with roughly the same a pparent group velocity as

the first surface wave arrival evident on records of the first

shot is present. No distinct wave group resembling the second

wave group observed at the August shot is• seen at the proper

time on the SMU record . -

Explanation of Surface Waves Observed East of the Shotpoint

A number of field studies of surface wave propagation in

unconsolidated media have been perform ed in the past. Levshin

(l962) has aim~~ z~~ the results of such investigationg up to 1962 .

According to Levshin , the wave having the lowest group and

phase velocity usually corresponds to the fundamental mode

Rayleigh wave . The waves arr iving before the fundamental 
S

mode have been variously interpreted as “M2 (Sezawa waves),

coupled and hydrodynamic waves , and C waves (of the second

kind).” Most of these studies, including that of Levshin,

- —-5 ---5
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Figure 45. Recording from SMU station south of the Malpais . —

September , 1975 , event.

—.5 --5-- -—5---- -— -- - -- . . -
~~
-

~
- - ——

~~~~~~ ~~~



_ _  

77

have dealt with the problem on a small scale ) with the ob-

served waves in the frequency range 20-50 Hertz being •xc~ited(

by hammer and plank or small explosions . A notable exception

is the seismogram recorded by Leet (1946) at the test of the

f i rs t  atomic bomb , the Trinity event , which occurred in the

Jornada del Muerto near the site of the October, 1976 , Dice

Throw 500 ton explosion. Leet observed two phases on the

radial and vertical components. He referred to the first ar—

rival as the “hydrodynamic ” wave because of its prograde par—

tid e motion . The second arrival was identified as the fun-

damental mode Rayleigh wave . Levshin observed several groups

of Rayleigh type waves . He identified the slowest arrivals

as the fundamental mode ; the faster waves were thought to be

- higher modes of the Rayleigh wave .. (-Figure 7)

From initial appearances, the f i rs t  surface wave arrival

especially as seen on the SMTJ record in Figure 5 seems to

be a classical example of a fundamental  mode Rayleigh wave

propag iting upon the surface of a layered medium . 1n

contrast , the second arriva l is inversely dispersed and al-

most puiselike. The identification of the first surface wave ..

arrival as the fundamental mode Rayleigh wave is not, however ,

consistent with the characteristic particle motion of the two

wave groups . Figures 47 -62 show particle motion plots from

the AS-2 stations on the east-west line through the shotpoints .

The d iagrams were obtained by computer plotting of digital

L ~~
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Figure 47. Particle motion of first surface wave group.

E—l 6000 .  August , 1975.
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Figure 48. Particle motion of second surface wave group.
E— l 6000. August , 1975.
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Figure 50. Particle motion of second surface wave group.
E—35000. August, 1975.
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Figure 51. Particle motion of first surface wave group.

E-LAVA . August, 1975.
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Figure 52. Particle motion of second surface wave group.
E-LAVA . August, 1975.
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Figure 53. Particle motion of surface wave group (two
wave groups not distinct). W—12000. August, 1975.
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Figure 58. Particle motion of second surface wave group.
W-15000. September , 1975.
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Figure 59. Par ticle motion of first surf ace wave group .
E—24000. August, 1975.
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Figure 60. Particle motion of second surface wave group.
E—24000. August, 1975.
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Figure 62. Particle motion of second surface wave group.
E—24000. September , 1975.
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records of the radial and vertical compoeents . Diagrams from

the E—24000 station from the second shot (Figures 61 and 62~

are perhaps the best examples of the characteristic particle

motions of the two phases. The first wave group is a pro—

grade phase with a stronger horizontal component than vertical .

The second surface wave arr ival is predominently vertical and

retrograde. On the basis of particle motion the second phase

corresponds more closely to the motion expected for the

fund amental mode Rayleigh wave .

Mooney and Bol t (1966) computed theoretical models of

Rayleigh wave behavior for a number of simple one layer cases

representing various geological situa tions . For a model

consisting of alluv ium over shale , prograde particle motion

was predicted for a portion of the fundamental Rayleigh mode .

They suggested tha t the prograde “hydrodynamic ” wave reported

by Leet (1946) at the Trinity test might be a prograde phase

of the fundamen tal Rayleigh mode. Hasegawa (1968) identified

a prograde phase produced by high explos ive tests as a

fundamental Rayleigh mode. However, since a velocity curve

for a single mode cannot be a multiple-valued function of

period the similarity of the spectra of the two phases

observed in the Tularosa Basin rules out the interpretation

that the two wave groups are prograde and retrograde portions

of the fundamental Rayleigh mode.

-

~

,- -



The resul ts of the shear velocity refraction survey

discussed previously provide a good input for models from

which theoretical Rayleigh wave behavior in the Tularosa

Basin may be calcula ted . Rayleigh wave characteristics

depend primarily upon the SV velocity of each layer in the

substratum. As discussed previously, the anisotropy factor

is not thought to be large in the Tularosa Basin deposits so

that the observed SH velocities are probably in fa i r ly  close

correspondence with the true SV velocities .

The Haskell-Thomson (Haskell , 1953 ) method programmed

for an XDS—925 digital computer was used to compute theoret-

ical Rayleigh wave models for the Tularosa Basin. Initially ,

an attempt was made to correlate observed phase velocities

for the two wave groups with theoretical phase velocity curves

computed by the Haskell-Thomson program. The phase velocities

were determined by Fourier analysis of the seismic records

obtained from the two vertical seismometers in operation at

the SMIJ station for the first Tularosa Basin shot. The two

seismometers were separated by about 500 feet (152 meters)

as determined by the time of air wave arrival. All other

attempts at phase velocity measurements failed , apparently

because of too large a distance between seisxnometers . The

measured phase velocities at the SMTJ station are shown in

Figure 63. The phase velocity determinations for the second

L _. ..

~~~~~~~~~~~~~~~~~~~~~~ 
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surface wave arrival form a reasonably smooth curve with some

undulations. Velocities determined for the first arrival

exhibit a random variation with some of the points plotting

off the scale of Figure 63. As a whole, all of the phase

velocities for the first wave group are faster than the

velocities determined for the second surface wave arrival.

The undulations in the curve obtained for the second wave

group and the random variations in the velocity determinations

for the first wave are probably due to interference effects

caused by the simultaneous propagation o~f several modes.

Trial and error variation of layer thicknesses of a

model consisting of 4 layers over a half space provided the

fit shown in Figure 63. between the theoretical fundamental

and higher mode Rayleigh waves and the experimentally

determined phase velocities of the second and first wave

groups. The model providing the best fit (model 1) is shown

in Figure 65. To obtain the fit the thicknesses of layers

2 and 4 were varied while the thicknesses of layers 1 and 3

were held constant. The SV velocities used corresponded to

the SR velocities obtained from the EflIM refraction survey

except for layer 3 and the half space. The velocity of layer

3 was rather arbitrarily set at 2600 feet per second (492

meters per second). (Calculations of Rayleigh wave character-

istics for model 1 with various velocities for layer 3

_________________ _ _ _ _ _ _ _ _ _  
— —-



_ _ _ _ _  . - -—--~ —- ~ ——-——— - ,-- .. —- ....- --- -- . , .— . , ,--~~~~~~~~ — — -. ---

98

-J
Ui
0
0

~
j1

a-

—
~ V-

~ c’J a,
C 1.4

-~ E a)
0 .1~ >1O E U)

“I
~~~0

.,‘.
— NN Lfl

• 8 ‘.0
~~~~a G E  ~D ~~~~ a,N -  1.1

~E

~~~~~~~ .
~ 6 3  ~~ .~ t & ~~ 

•1’4

~~~ 8~~ ;~ ~. ~~~~
~~~~~~~~~~~ ~ g 2  ~S Ci N 0 N ~ ~~‘ 0 i’ N

0 ~~~~ T I  7 ’
~~

-
—~~~~~~ _~. a  ~~~

~~~~ £ ~~~2
E ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

~ Q. ifl 
~ 

C. U)

1~ 
‘— — - 4—I—-



99

show that it has little effect on Rayleigh wave behavior.)

The 1~ Lt space velocity was estimated at 8700 feet per second

• (2651 meters per second). The half.space velocity does not have

much effect on the shape of the dispersion curve in the

period range of interest. P velocities for the lower layers

and the ha]f space were estimated as were densities for all.

of the layers . As Mooney and Bolt (1966 ) have shown ,

compressional velocities and densities have a much

smaller effect upon Rayleigh wave behavior than do shear

velocities .

As seen in Figure 63 ., model 1 ‘provides a good f it

between the phase velocities determined for the second

surface wave - arrival and the theoretically predicted funda—

mental mode Rayleigh wave s The phase velocities determined

for the first surface wave arrival can be loosely correlated

with the theoretical phase velocity curves computed for the

first and second higher modes of the Rayleigh wave .

The experimentally determined group velocities from the

SMU station do not fit well with the group velocities computed

for model 1. The group velocities for the first and second

surface wave groups , determined by the zero crossing method ,

along with the computed group velocity curves for model 1 are

shown in Figure 64 . The theoretical group velocity for the

fundamental mode is considerably faster in the range of 

.—~~~~- - .- .
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interest than the observed group velocities .

The group velocity as measured is determined by the

geologic structure along the entire length of the travel

path. The phase velocity as determined by Fourier analysis

depends only on the properties of the layered substratum

immediately below the two seismometers used in the phase

velocity determination. This suggests that the structure in

the immediate area of the SMU station is not the same as the

average structure along the travel path.

The gravity studies of McLean (1970) and Healey (l976a ,b)

and the aeromagnetic survey interpretation of Bath (1977) all

indicate tha t depth to bedrock varies cons iderably within the

area occupied by the SMU and ASL seismid stations. Results

of the ERIM refraction profile reveal that a considerable

change in thickness of the unconsolidated f i l l , hereaf ter

referred to as the Santa Fe Group ( ? ) ,  occurs within the

extent of the refraction line. To determine the effect of

varying thicknesses of the lower Santa Fe Group(?) upon

Rayleigh wave behavior with in the Tularosa Basin , dispersion

curves for several theoretical models were computed using the

Haskell-Thornson program . The four models shown in Figure 65

are thought to be representative of the structure traversed

by the surface waves excited by the pre—Dice Throw tests and

received at the SMU and ASL stations to the east and to the

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . -~~~ - .---
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south of the test site.

The pre-Dice Throw test site is probably near the

transition point between high and low energy depositional

envirohxaents of the bolson fill. A short distance to the

west surface elevation begins to increase rapidly up to the

San Andres Mountains. To the east and south, elevation varies

little. It seems reasonable, then, to assume that to the

east and south of the test site, facies changes within the

Santa Fe Group(?) (and likely velocity changes) are relatively

small ancZ the predominant influence on surface wave character-

istics in the period range of interest is the varying thick-

ness of the Santa Fe(?) fill. Consequently in computation of

the theoretical models the shear velocities obtained from

the ERIM profile were held constant.

As mentioned previously , the phase velocity curve for

model 1 fits fairly well with the experimental phase velocity

curve obtained from the SMU station on the north side of the

I :  Malpais . A better fit to the group velocities measured at

the SMU and ASL stations at the north edge of the Malpais

is provided by models 2 and 3. As shown in Figure 66, model

2 provides a good fit to the group velocities measured at

ASL stations E-35000 and E-LAVA . Model 3, shown in Figure

67., provides a slightly better fit than model 2 to the ob-

served group velocities at the SMU station. Because the

L ___ - - -- ——-‘—--~~~~~~~~ -—-~~~~~~~~~ -~~~~~~~~ —— — —~~~~~~~~~ -.-- —- -- . - - -
.
~~~~ 
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group velocity as measured depends on the subsurface proper-

ties along the entire path of the surf ace waves , model 2 is

therefore thought to be a good approximation to the average

structure along the travel path for the waves received at

stations E-35000 and E-LAVA . This interpretation is supported

by the good agreement between model 2 and the layer thicknesses

found at the east end of the ‘ refraction profile . The SMtJ

station for the August 100 ton event was located slightly

north of the ASL stations E—35000 and E-LAVA ; thus, the

surface waves received at the SMU stations traversed a path

slightly to the north of those received at the ASL stations .

The gravity maps of Healy (1976a,b) and the bedrock contour

map of McLean (1970) as well as the’ magnetic interpretation

of Bath (1977) all indicate a general northward decrease in

depth to consolidated rock (Precambrian rock in the case of

the magnetic survey) in this area of the basin . This may

explain why a thinner layer of the lower Santa Fe Gro .~p(?)

in model 3 fits the SMU group velocities better than model 2.

(The Santa Fe(?) layer in model 3 has probably been made too

thin. A model halfway between 2 and 3 is probably more

realistic . The flattening of the group velocity curve in

the 0.5 - 1.0 second region between model 2 and model 3 does

illustrate the general trend.)

In contradiction with the surface wave structure models

. ..

~ 
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of the area between the pre—Dice Throw test site and the

Malpais is the interpretation of Reynolds (1976) of the

reflection line in the same area. As shown in Figure 9,

Reynolds has placed a normal fault with about 2000 feet

(610 meters) of displacement near the east end of the ERIM

re f raction survey . Structure contours indicate almost 2000

feet more of Tertiary(?) deposits to the east of the fault

zone in section 12 than to the west. The indicated fault

coincides with an offset in the reflection line as shown

in Figure 9. Field work for the portion of the line to the

east of the offset was done almost one year after the survey

of the line to the west of the offset . In addition , slightly

different equipment was in use for the later survey , one of

the modifications being an increase in thumper weight from

300 poinds to 700 pounds. Apparently the last good reflec-

tion observed was considered by Reynolds to originate from

the base of the Tertiary . As discussed previously, this in-

terpretation appears to be correct for the earlier survey

line, but the increase in the intensity of the seismic source

likely resulted in good reflections being received from deeper

horizons than the base of the Tertiary( ?) during the later

survey . This coupled with the offse t in the line loca tion

probab ly made correlation between horizons difficult if not

imposs ible. Therefore , the indicated fault at the offset be-

tween lines is likely not real.

_ _ _ _ _ _  _ _ _ _  
~~-~~~-‘-- ~~~~~~~~~
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As shown in Figure 22 , the cross section interpreted

‘by Healey (l976a) does indicate a depression about halfway

between the pre—Dice Throw test site and the location of the

E-35000 , E—LAVA , and SMU stations on the edge of the Mal-

pais . As discussed previously, the interf ace on the cross

section is probably closer to the base of the Mesozoic

section rather than the base of the Tertiary. An increase in

thickness of the Mesozoic section could be the cause of the

depression shown on the cross section . As shown in Figure

23 , the gravity interpretation is not controlled by any

survey points near the proposed depression. In addition, no

corresponding anomaly. appears on the magnetic map of Bath

(1977) in the area of the indicated depression. For these

reasons the gravity interpretation of Healey does not

neces sarily contradict the structural models obtained from

the surf ace wave behavior.

The interpreted magnetic map of Bath (1977) (Figure 28.)

shows a small area of negative anomaly in the Ma].pais near the

site of stations E—35000, E—LAVA , and the SMU sta tion and

directly north of the large negative anomaly centered at A .

Bath indicates that the anomaly at A is due to an increase in

the thickness of sediments over the Precambrian. It may be

that the smaller anomaly is connected with the anomaly at A

and indicates a depression extending from A to the center of 

--- ‘~~~~~~~~~~~~~~~~~~~~~~ .- -~~~~~~~~~~~~~~~~ -~~~~~ ~~~~~~~~~~~~~~~~~~~~ - - ‘ -~~~~~~~~~~~~~~~~~~~~~~
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the Mal pais . This would place the ASL and SMU stations near

the edge of the depression , possibly explaining why model 1

with a greater thickness of Santa Fe(?) deposits best

describes the structure directly below the SMU station , while

models 2 and 3 with lesser Santa Fe(?) thicknesses best de-

scribe the average structure between the ASL and SMU sta-

tions and the pre—Dice Throw test site .

Theoretical horizontal to vertical particle velocity

ratios are easily obta ined during the computation of dis-

persion curves by the Haskell-Thomson method . Theoretical

particle velocity ratios for models 1, 2 , 3 , and 4 are shown

in Figures 68, 69, 70, and 71. In the period range of the

H surface waves observed the theoretical particle motion for all

models is retrograde for the fundamental mode and prograde for

the higher modes. This agrees with the observed particle mo-

tions for the two wave groups presented in Figures 47 to 62

Without obtaining spectral ratios of the vertical and radial

components it is not possible to make a strict quantitative

comparison between the observed wave motion and the theoret-

ical ellipticity. A good qualitative comparison can be made

between the computed ellipticity curves and the particle velo—

city diagrams obtained from ASL station E-240C~0 at which ra—

dial and vertical gains were set at the same level. The

E-24000 diagrams for both shots (Figures.59 , 60 , 61, and 62)

reveal that the first surface wave arrival is predominantly

-



109

z
U,
4
0) UJ 0

0 N
4 0U) 10

&

Io4u aw opun~ 0
‘I-I

0

2 2 a

\
U

I ,-
~ 

.•-I
0 •1.4

H

Nil 

-

______________________ ______________________I I I I I i g I a I • • ~IA q’ ~ — 0 — N N) 
~
. IA 10 ~~

_ _  _ _ _  ~~~~~~~~~— - . -~~~~~~- —-~~~~~~~~~~~~ ‘—- - - - — - -‘~~~~~ 
‘ — , ‘ - - --



.-__ - --— --I 
~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ — -•.-

~~~
-- ‘- - - - - - -—---. - ---—.— —---- -- -

~~~~

110

z 0
NU) Iii

0 0
ID Lii 4 ID

U43L4bI4 4SAI4 
0 .5 ~

-1.4

~~~~~~~~~~~~~~~~~

‘ a,
I I

/ H

I 4 1 I I —
(0 ‘~ 1’ N) N — 0 — N I~) ~ ID

-. ---——-—---. - .--

~

. — —-~~~ . ---- -.- --- .------ -——--. - .- . - - — ——



.—- . - —- --~~-
- - . - ‘ -

~~
—

~~~
---- - - ‘

~~~~
-- --- -

~~~~~~~~~~~~~
----— - - - -‘- - -- “-- -- ,

~~~~~
—---- -

~~

111

C

04

ID IA ~~ ‘ N) N — Q — N ‘~ IA ID N

- . . . — ‘ -- -- . _ __ __ _
_

_ __ _
_

_ __ __ _



_________________ 
_____________ . .  . ‘ .~~

112

‘ C.,
Vi
‘5 4.4

H

, 

_ _I I I I I I I— I i I I
OIii I- (0 IA ~~‘ Ifl N — 0 — I~) ~~ in N



_ _ _ _ _ _  ---_ .... .
~~~ 

113

horizontal and prograde , while the second retrograde wave

group has a horizontal to vertical ratio of 0.5 or less .

Model 2 is the only one of the four theoretical models which

predicts a horizontal to vertical velocity ratio of less

than 1.0 in the 0.5 - 1.0 second region of the fundamental

model. Since the ellipticity, like phase velocity, depends

only on the properties of the substratum immediately below

the seismometers , and considering the location of station

E-24000 (Figure 29 ), the correspondence between the predicted

ellipticity for model 2 and the observed particle motion at

E-24000 lends further support to the proposal than model 2

best represents the average structure between the pre—Dice

Throw test site and the E—35000 and E-LAVA stations .

Surface Waves observed to the Northeast. South. and West of

the Shot~oint

Three of the ASL stations were deployed to the northeast

of the September , 1975, detonation (Figure 37 ) . The surface

waves received at these stations are quite complex when

compared to the two relatively “clean” wave groups received

by stations on the southeast line. Characteristic particle

motion in the vertical—radial plane is also quite complicated

as illustrated in Figure 72. Paleozoic rocks crop out a short

distance to the north of the seismic line (Figure 4 ), and

structure in this area is likely quite complex relative to
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Figure 72. Characteristic particle motion from OR-i.
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that southeast of the test site . The confused character of

the surface waves received at these stations is perhaps

indicative of multipathing and reflection caused by the

complex structural nature of the area.

The ASL stations to the west of the test site received

waves quite similar to the two characteristic waveforms

received to the east of the shotpoint (Figures 35 , 36

and 43 , 44 ). Since layer velocity changes - likely

occur to the west of the shotpoint , no attempt has been

made to fit theoretical models to their observed character-

istics .

The seismogram from the SMU station located south of

the Malpais for the second shot (Figure 45 ) presents a

puzzle. A fairly well defined “clean ” waveform with two

apparent bea ts arrives with a group velocity roughly cor-

responding to that of the fir st surface wave group received

at the ASL and SMU stations to the east of the shotpoi.nt .

No other surface wave of any consequence , except the air

coupled Rayleigh wave near the end of the record , is visible .

Vertical-radial particle motion diagrams for the two

beats in the surface wave group received at the SMU station.

are shown in Figures 73 and 74. Both bea ts are prograde ,

predominantly horizontal and very similar in appearance to

the observed motion of the first wave group received at the

—_ - ---- . _—.. . -—.--- 
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stations to the east of the pre—Dice Throw test site. If

the surface wave group received is indeed of the same na ture

as the f i rs t  wave group observed to the east of the test

site , and composed of one or more higher modes of the Ray-

leigh wave , what happened to the fundamental mode? One

obvious explanation is , of course , severe attenuation’ how-

ever , severe attenuation of the fundamental mode was not

evident at the seismic stations to the east of the shot point.

A better answer can be obtained by considering the structure

of the path between the test site and the SMU station south

of the Malpais .

The gravity interpretation of McLean (1970),  the gravity

map of Healey .( l 976a ,b), and the magnetic interpretation of

Bath (1977) all suggest that depth to bedrock increases to

the south in this area of the basin. This implies that

surface waves received south of the Malpais traversed a

path with a greater thickness of unconsolidated rock than

did those observed to the north of the Malpais and east of

the shotpoint. McLean ’s map suggests that a travel path

wit’h an average Santa F e ( ? )  thickness of roughly 2000 feet

(610 meters) is appropriate for waves arriving at the south

Malpais station . Healey ’s residual map would indicate somewhat

less depending on the density contrast assumed . Theoretical

Rayleigh wave characteristics have been computed for model 4 

~~~~~~~ -._‘~~ -_ .~~ _ . ._ .
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(Figure 64.) with a Santa F e ( ? )  thickness of 1800 feet (549

meters ) .

Group velocities for model 4 are shown in Figure 75.

Let us consider the shape of the curve for each mode.

Remembering that almost all of the surface wave energy is in

the 0.5 - 1.0 second region (Hoffman and Harding (1977) show

that the spectral shape changes little from station to

station), an idea of the appearance of the waveforms pre-

dicted by the dispersion curve can be obtained . The funda-

mental mode curve is flat in the spectral region of interest,

while airy phases of the first , second , and third higher

modes are present. The wave groups corresponding to the

higher modes should actually arrive after the fundamental

mode. We would expect the fundamental mode to be a pulse

of very short duration . The higher modes would produce wave

forms of much longer duration in comparison to the fundamental

mode . A wave group corresponding to the Airy phases of the

second and third higher modes should arrive shortly bef ore

the wave group corresponding to the A iry phase of the first

higher mode.

The observed wave forms corr espond closely to those

expected from the shapes of the dispersion curves . Two

closely spaced beats are visible. Both are predominan tly

horiz ontal and prograde with the earlier arrival being more

_______
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strongly horizontal than the second as predicted by the

theoretical elli pticity for model 4 (Figures 71, 73 , 7 4 ) .  The

observed group velocities correspond fair ly  well to the

theoretical group velocity curves (Figure 75 ) .  If the first

and second arriving beats correspond to the Airy phases of

the second (and third ?) and fir st higher modes, respectively,

the peak ampli tude should undergo a frequency shif t from the

f irs t  beat to the second . Fourier spectra of the two beats

(Figure 7~ ) show a definite shift . The peak amplitude

of the f i rs t  beat occurs between 0 .7  - 0.8 seconds which is

near the period range of the bottoms of the Airy phases of

the second and third higher modes. The second beat peaks

between 0.5 - 0.6 seconds, roughly corresponding to the

bottom of the f i rs t  higher mode Airy phase.

There is solid evidence , then , for identifying the wave

group received as composed of the f i r s t  two or three higher

modes . U this is so , why is the fundamental mode not

apparent? The model 4 group velocity curve in the 0.5 - 1.0

second region confines it to a very narrow pulse of 1 second

duration or less , at the station range (50p00 feet, 1.5 kilo-

meters) , coming in near the beginning of the higher mode

arrivals. Intuitively we might expect a large amount of

energy to be funneled into this short pulse , ‘but its presence

is not apparent on the vertical component. The theoretical

~
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Figure 76. Comparison of spectra of first and second beats
in surface wave group. SMU station south of the Malpais.
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ellipticity (Figure 71 ) for model 4 shows that the horizontal

to vertical velocity ratio is between 1 and 2 for the funda-

mental mode in the 0.5 - 1.0 second period range. The first

beat is very s trongly horizontal. Severe clipping occurred

on the radial component. Perhaps this extremely strong

radial motion is partially a result of a strongly horizontal

fundamental mode pulse , although the theoretical ellipticity

also predicts a very strong horizontal component for the

second higher mode . Perhaps fundamental to higher mode

convers ion has occurred. No firm explanation can be offered

at this time . -
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SURFACE WAVE PROPAGATION IN THE JORNADA DEL MUERTO

Description of Explosion and Seismic Array

-; In October of 1976 , 620 tons of ANFO, roughly equivalent

to 500 tons of TNT, were detonated on the surface of the

Jornada del Muerto Valley north of Mockingbird Gap. The

seismic array shown in Figure 3 fielded by the Environmental

Research Institute of Michigan and Southern Methodist Univer-

sity recorded the farfield seismic waves excited by the

explosion.

The SMU station recorded 3 vertical components and one

radial component. In an attempt to obtain good phase velocity

measurements , the 3 vertical components were positioned about

500 feet apart in increasing distance from the shotpoint.

The seismometers utilized were the Geotech S-13 models

recorded by analog magnetic tape .

The BRIM stations discussed in this paper (16000 feet,

4.9  kilometers, and out) employed three component Hall-Sears

seismometers with a natural frequency of 2 hertz recorded on

analog tape.
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Discussion of Observed Surface Waves

Surface waves received at the SMU and ERIM stations in

the range between 16,000 and 35,000 feet (4.88 - 10.67 kilo-

meters ) are very similar in appearance to those excited by

the Tularosa Basin shots and recorded at similar ranges .

The record from one of the SMU vertical components is shown

in Figure 6. Records from the ERIM stations are shown in

Figures 37—8 2 .

Trinity site , where the first atomic bomb was tested in

July of 1945, is located a short distance to the east of the

October 1976 Dice Throw test site . Leet (1946) presented

a seismic recording of the Trinity test (Figure 7 ) in which

two surface wave groups were apparent on the radial and

• vertical components. The first surface wave arrival was pro—

grade , the later arrival , retrograde. Because the motion of

the first arrival was similar to that of a water wave , Leet

attributed its existence to the properties of the materials

near the surface of the Jornada del Muerto and named it the

“Hydrodynamic ” wave . The second arrival, because of its

characteristic retrograde motion, was identified as the fun—

damental mode Rayleigh wave .

In a later article (Leet, 1962), Leet stated that the

“Hydrodynamic” wave was recorded at a distance of 8 kilo-

meters from the Trinity explosion. The exact location of 

- ~_~~~~~~
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AWAY--

Figure 84. Particle mot ion of second surface wave group .
SMU s tat ion . October 1976.
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the seistuometer was not specified . Par t ia l ly  in an e f f o r t  to

duplicate the recording Leet obtained from the Trinity test,

three of the seismic stations were positioned to the north,

5OUth r and east of the Dice Throw test at a range of 25,000

feet (7 .62 ki lometers) .  The records from all three stations

(Figures 6 , 78 , and 79) were very s imilar in appearance to

Leet ’ s seismogram. Particle motion diagrams from the SMU sta-

tion (Figures 3 and 4) reveal that the first and second wave

groups excited by the Dice Throw test are indeed prograde and

retrograde respectively, making it likely that the waves ex-

cited by the Dice Throw test were the same as those recorded

by Leet at the Trinity test.

In an e f f o r t  to obtain good phase velocity measurements ,

the SMU station operated 3 ver t ical  component seismometers

spaced about 500 feet (152 meters) apart in increasing

distance from the shotpoint . Unfortunately, due to much higher

than expected surface wave amplitudes , two of the verticals

clipped , one so severely as to be unuseable . Phase velocity

determinations for the two wave groups obtained from the

remaining pair of seismometers , spaced about 500 feet (152

meters) apart, are shown in Figure 85. Phase veloc ity

measurements made by Fourier analysis y ield points with

considerable sca tter and some unreali stic va lues. This is

likely a result of the distort ion introduced by the clipping . 
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Because of this , phase velocities were also determined by

visual peak and trough correlation.

- 
In an attempt to fit a higher mode-fundamental mode

Rayleigh wave model, after the fashion of the Tularosa

models , to the Jornada waves , phase velocities of theoretical

models were compared with the observed values . The measured

phase velocities of the first wave group seem to indicate

that the fundamental mode curve should be relatively flat in

the 0.5 - 1.0 second region. (Surface wave spectra for the

Jornada shot were almost identical to that observed at the

Tularosa explosions .)  In f i t t ing  the theoretical curves , the
lower Santa Fe( ?) thickness was chosen large enough to make

the fundamental mode curve flat in the region of the observed

phase velocities . The lower Santa Fe(?) shear velocity

was selected so that the fundamental mode phase velocity

curve passe d through the lower portion of the cluster of

phase velocities obtained from the second surface wave arrival .

Shear velocity of the thir d layer (Mesozoic?) was set equal

to that observed for the Mesozoic (?) layer in the Tularosa

Basin . The thickness of the first layer (Quaternary?) was

estimated from shallow reflection work in the area (Reynolds ,

1976), and its shear velocity was assumed to be the same as

that observed in the Tularosa Basin. The fir st and second

layer P velocities were obtained from shallow refraction

~ 
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profiles of the area carried out by the Air Force Weapons Lab—

ora~~ry (L S. K arably, pwscz~ 1 c~~unun~cation, 1976L). AU ~~~~ ‘velod.ties

a-~ der~~ti~~~~~e -  estimated . The resultant model is shown in

Figure 86. (The model would probably be intuitively more

attractive if the P and S velocities and the densities of

the lowest layer and ha l f space had been made the same as

those in the Tularosa models , but these parameters have little

ef fect on the shape of the dispersion curve within the period

range of interest .)

The fundamental and first three higher modes of the

Rayleigh wave calculated for model 1 all pass through the

region of phase velocities observed for the first and second

surface wave arrivals . The fit is as good as can be

expected considering the scatter of the observed points .

Group velocity curves for the Jornada model are shown

in Figure 87 along with the group velocities observed at

the three stations at the range of 2~000 feet (7.62 kilo-

meters). As in the case of the phase velocities , considerable

scatter is present in the group velocities also . Group

velocities from the three stations for the most part all fall

within the same range and again correlate fairly well with

the theoretical curves considering the degree of scatter

present. A number of the points plot to the left and above

the third higher mode curve , suggesting that perhaps still

_ _ _ _ _ _ _ _ _ _ _  - -~~~~~~~~~~~~ —~~~~-- -- -. ~~
_ 
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I P ve loc it y—3 000 fp s , 568 mps

I5O~46~~ 
ve loc i ty— I200 fps , 366mps

- density - 2.0 gm/c m 2

Pve locity - 6000 fp s 1 1828mp s
S v e l oc i t y — I ’T5Ofp s , 533mps
density — 2.3 gm/cm 2

1500 ’ 457m .
JORNA DA MODEL I

P velocity —7000 f ps~ 2133 mps

S ve locity -4500 fp s ,, 852 mps

de nsity— 2.5 gm /cm2

1000’, 305m.

—
P veloci t y - 1 0000 fp s , 3047 mp s

S ve loc i t y  —7000 fp s , 13 26 rn~~s

den s i ty — 2 .6 gm/c m2

Figure 86. Layered model for Jornada -‘del Muerto . 
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higher modes might be important here . The fundamental mode

curve is relatively flat in the 0.5 — 1.0 second region,

while a shallow Airy phase of the first higher mode , some-

what slower than the fundamental, is present in the same

area. This suggests that the first higher mode, in addition

to the fundamental mode, may be important in explaining the

slowest surface wave group. The theoretical elli pticity

(Figure 8~ ) of the Jornada model verfies that this could

indeed be possible because the first higher mode as well as

the fundamental mode is predominantly vertical and retrograde

in the spectral region of interest. The second and third

higher modes are prograde and strongly horizontal in the

same area . -

As discussed previously, gravity data suggest that the —

thickness of Santa Fe(?) fill near the Dice Throw 500 ton

site in considerably greater than that in the immediate

pre—Dice Throw test site area. According to Reynolds ’ (1976)

reflection interpretation of the area , a north—south trending

normal fault lies just to the west of the Dice Throw test

site (Figure 28 ). The base of the Tertiary (?) is thought

to be near 2500 feet (762 meters ) in thickness to the west

of the fault and roughly 2000 feet (610 meters) to the east

of it. The residual Bouguer anomalies (Figure 3 ) suggest

that the thickness of the Santa Fe( ?) Group remains roughly 
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the same between the test site and the SMU station . If this

is true , then the theoretical model from which the dispersion

curves were calculated has a Santa Fe( ?) thickness tha t is

somewhat too thin. An increase in the thickness of layer 2

of the model will , however , have little ef f e ct on the shape

of the fundamental mode in the 0.5 - 1.0 second range . The

effec t would be primarily one of flattening of the higher

mode phase and group velocity curves and more of the higher

mode curves would fall within the range of the observed group

and phase velocities. It is likely that as long as a certain

minimum thickness of the Santa Fe Group(?) is present in the

subsurface of the Jornada , the appearance of the lower modes

of the Rayleigh wave will be changed little. This could ex-

plain why the appearance and group velocities of the two sur-

face wave groups are very similar even though gravity data

suggests that the subsurface structure along the paths trav-

elled by the surf ace waves received at these stat ions varies

considerably.

The transverse record from the ERIM 35000 station (Fig-

ure 80) is interesting in that surface waves seen on the

tr ansverse component are very similar to the waves on the

radial component except that the entire surface wave train

on the transverse component appears shif ted in time relative

to the wave train on the radial component. The wave train



143

seen on the transverse component may be a reflected or

multipathed version of the higher-fundamental mode Rayleigh

wave train.

The ERIM 16000 record (Figure 77 ) shows that the second

surface wave group arrives after the air wave , suggesting

that the fundamental mode here may be air induced . At the

periods observed on the 16000 station record , this would

necessitate a cons iderably increase in thickness of the

surface Quaternary(?) low velocity layer because, ~ is well

known , Rayleigh waves may be of air coupled origin only when

the phase velocity of the wave is equal to the speed of sound

in air . ERIM stations 43000 and 62000 are located on outcrops

of Paleozoic rock . The records from these stations (Figures

81 and 82 ) are quite similar to those recor ded at the

OR—l ,2, and 3 stations in the Tularosa Basin and discussed

previously .

Characteristics of the fundamental and higher mode Ray-

leigh waves calculated for reasonable theoretical models

correlate fairly well with the characteristics of the two

wave groups observed at three stations 25000 feet (7.62 kilo-

meters ) to the northwest, east, and southwest of the Dice

Throw detonation. Waves essentially similar to Leet ’s

recording of the Trinity test were observed at these three

stations at roughly the same range as at the Trinity test.

— - - - — •_ -
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Therefore , the explanation of the two wave groups excited by

the Dice Throw explosion likely applies to the waves excited

by the Trinity explosion as well. The first prograde wave

group is not a “hydrodynamic wave ” associated only with

explos ions as interpreted by Leet, nor is it a prograde

portion of the fundamental mode Rayleigh wave as suggested by

Mooney and Bolt (1966). It is instead probably a result of

the propagation of several of the higher modes of the Ray-

leigh wave. The second wave group may be partially explained

as a retrograde portion of the f i rs t  higher mode as well as

the fun damental mode of the Rayleigh wave .
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CONS IDERATIONS FOR PREDICTION OF SURFACE WAVE GROUND

MOTION LEVELS IN ALLUVIAL VALLEYS

The work of Murphy and Hewlett (1975) holds important

consequences for any attempt to predict levels of surface

wave ground motion in typical intermontane valleys of the

western United States . They showed that the high variability

in levels of ground motion recorded within a short distance

in the Las Vegas Valley from explosions at the Nevada Test

Site can be at least partially explained in terms of the

variation in thickness of Cenozoic alluvium present beneath

the recording sites . Simple surf ace wave propagation models

account for much of the variabili ty in response.

Murphy and Hewlett demonstra te tha t the ra tio of

expected surface particle velocity between two recording

sites (assuming equal energy flux ) is equivalent to the

ratio of the surface particle velocity values computed from

the Haskell-Thomson (Haskell , 1953) layered model representa-

tion of the geology beneath the recording sites . Thus, the

expected vertical velocity spectral ratio between recording

sites 1 and 2 is s imply equal to ~wO (1 / Iw o~2 
where W01 and

Wo2 are the vertical velocity components obtained from the

Haskell-Thomson matrix formulation of the layered sequence

L _ _ _ _ _ _ _  _ _ _
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beneath each station. If there is a change in energy flux

between the two stations the expected ratio can be written

as ~~~~ 1w o\ 1  / 1w o12 where K= E1/E2, B1 and E2 being the

values of energy flux beneath station 1 and station 2.

Murphy and Hewlett demonstrated that in many cases

PSRV (Pseudo Relative Velocity) spectral ratios between

stations in the Las Vegas Valley correlated fairly well with

the spectral ratios predicted by the Haskell matrix technique

for Love and Rayleigh waves . Surface wave reflections were

shown to be responsible for the discrepancy , in some cases ,

between predicted and observed spectral ratios.

In order— -~~~ in an insight as to the nature of the surface

particle velocity effect in the Tularosa Basin, theoretical

vertical spectral ratios have been computed for the Tularos a

Basin models using model 1 as a reference. The predicted

ratios are shown in Figures 8~, 90 , and 91. Without

calibrated spectral ratios of the observed motion at

di f fe ren t  sites , no quantitative correlation is possible ;

however , the predicted spectral ratio between model 4 and

model 1 may explain why the peak vertical velocity of the

surface wave group observed at -the SMU station on the south

side of the Malpais at a range of 50000 feet (15 kilometers )

was roughly 1.5 times the peak vertical velocity of the first

surface wave group at the SMU station on the west edge of the
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\i~4~/ \ ~oi THEORET ICAL RAYLEIGH SPECTRAL RATIOS
b C ’

model 2/model I vert ica l

TUL A ROSA BASIN

I.0

firs t hi gher

secofld -

0_ I

01 I I I I I
.5 .6 .7 .8 .9 1.0
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Figure 89. Theoretical spectral ratios , model 2/model 1. 
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Wo~/ Woi THEORETI CAL RA ‘(LEIGH SPECTRAL RAT IOS

model 3 / model I vert ic a l

TULAROSA BASIN

I.0

- - s econd highe r

_____________
fir st -

00 I 
8 -ó 17.1

period in seconds

Figure 90. Theoretical spectral ratios , model 3/model 1.
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W04/ We THEORETICAL RAYLEIGH SPECTRAL RATIOS
tO O. ’ ______________________________________________

second higher

~~~~~~~~~~~~~~~~~~~st higher~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

model 4/model I vertical

10 
T ULA ROSA BASIN

I 4— I I

4 3 .6 .7 .8 .9 1.0 1 , 1
period in seconds

Figure 91. Theoretical spectral ratios , model 4/model 1. 
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Malpais at a range of only 33000 feet (10 kilometers).

Particle velocity amplitudes experienced at the SMU

station in the Jornada del Muerto for the main Dice Throw

event were much greater than expected resulting in the

severe clipping of the wave forms on some of the SMU

seisinometers. Preliminary work indicates that this is to be

expected from the spectral ratios between the Tularosa and

Jornada models . Better evidence for the layer thicknesses

and velocities in the Jornada is needed as well as an

accurate estimate of the relative amount of surface wave

energy generated by the Dice Throw explosion before a solid

comparison can be made.

- - -  ~~~~~-- - -~~~~~~ -- -~~~~~ --- - - -  
_________ ------ - - ‘4
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DISCUSSION AND CONCLUSIONS

Refraction Survey

The results of the SH wave refraction profile demonstrate

• that a cannon type generator is an effective source of shear

waves for refraction studies in an alluvial geology . Good

shear wave arr ivals were received along the entire length of

the refraction line 6000 feet (1828 meters) in length .

The presence of three subsurface layers with d istinct

SH velocities was revealed by the shear wave refraction pro-

file. (Figure 92) Two layers were detected by the P wave

refraction profile along the same line.

A low velocity layer or velocity reversal between the

second and third layers is indicated by a time gap present be-

tween branches of the travel time curves.

Although the presence of the low velocity zone presents

an interpretational problem, the depths to layer interfaces

obtained from the SH wave data compare favorably with the

depths indicated by a shallow P wave reflection profile. Thus

it is thought that anisotropy is not severe within the Ceno—

zoic bolson deposits of the Tularosa Basin.
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The upper two layers revealed by the shear wave survey a

are probably correlative with Quaternary and Late Tertiary

members of the Santa Fe Group (?) present in the adjacent

Jornada del Muerto Valley and basins of the Rio Grande Valley

in New Mexico .

The deepest layer detected by the shear wave survey may

be one of several Late Cretaceous—Early Tertiary formations

found in and around the area. Because it is the youngest

consolidated unit found in wells within the Tularosa Basin,

the Mesa Verde formation of Late Cretaceous age is thought to

be the most likely candidate .

The Surface Wave Studies

The subsurface shear velocities obtained from the ERIN -

refraction survey provided a good input for theoretical cal-

culations of Rayleigh wave characteristics in the Tularosa

Basin . The SH velocities obtained from the ERIM survey were

held constant while the thickness of the layer representing

the lower Santa Fe Group (?) was varied . Phase and group ye-

locity curves computed for theoretical layered models were

found to correlate well with velocities observed for the sur-

face waves received at stations east of the shotpoint in the

Tularosa Basin . Model 2 (Figure 92), with a Santa Fe thick—

ness nearest to that obtained from the reflection and refrac—

tion data immediately eas t of the test site, provides the best 

~~~~~ .‘ - _-- -



f it to the group velocities observed for the two wave groups

received at the ASL stations southeast of the pre—Dice Throw

explosions . Variations in the Santa Fe( ?) thickness required

to fit the observed phase and group velocities at the SMU

station for the first 100 ton event (Figure 92) and the puz—

• zling appearance of the surface wave received at the SMU sta-

tion for the second shot can be explained in terms of the gen-

eral structural character of the basin as revealed by gravity

and magnetic surveys . Figure 92 shows a generalized east-

west cross section of the basin which best fits the surtace

wave data as well as the gravity and magnetic data .

Although no shear velocity data were available for the

Jorriada del Muerto, reasonable higher-fundamental mode Ray-

leigh wave models can explain the surface waves excited by

the Dice Throw 500 ton event as well as the uHydrodynamicu

wave recorded at the Trinity test in 1945.

The Haskell—Thomson method used in the theoretical cal-

culations assumes a layered model in which the layers are

elastic , horizontal , isotropic , and laterally homogenous.

These conditions are obviously not strictly applicable in the

Tularosa and Jornada del Muerto Basins . The purpose of the

study was not, however , precise inversion of surface wave data ,

but rather indentification of the type of surface wave propa-

gation involved . The Haskell-Thomson approximation to the

near subsurface structure of the two basins is thus thought

to be quite adequate .

I. -~ - - -~~~-_--- -_- - - .- - - 
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Although the general shape of the theoretical phase and

group velocity curves fits well with observations, the ob-

served velocities are overall slightly slower than the pre-

dicted values . This may- indicate that SV layer velocities

are a bit slower than the SH velocities obtained from the

— refraction survey, and used in the theoretical computations .

~s revealed by the particle motion d iagrams the axes of the

higher mode ellipses are strongly til ted . Haskell (1953 )

suggests that this is to be expected for Rayleigh waves pro—

pagating on the surface of a medium which is not purely

elastic. Although it has not’ been studied here anelastic

attenuation is probably an important factor for short period

surface wave propagation in alluvial valleys.

As is well known the Haskell-Thomson method when

programmed for a digital computer suffers from a lack of

precision for short period surface wave computations . The

problem becomes s ignifican t when the total thickness of the

layers above the halfspace is greater than several wave-

lengths (Schwab, 1970). The XDS—925 computer utilizes a 24

bit word-—halfway between IBM single and double precision.

For the models discussed in this paper no problems with

precision were evident at periods longer than 0.2 - 0. 3

seconds (depending on the model). For shorter periods

oscillations occur in the phase velocity curves and the two

forms of the period equation presented by Haskell (1953) are
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no longer in agreement. For precise inversion of surface

wave data either a modified matrix formulation such as that

discussed by Schwab (1970) or a layer dropping procedure

• should probably be employed .

A study of the relative excitation functions of the

various surface wave modes for an alluvial geology, following

the method described by Harkrider (1964, 1970), might be

valuable in predicting total levels of surface wave response

for a particular frequency .

An examination of the surface waves recorded on the

transverse components combined with computation of Love

wave character istics for theoretical models might provide

additional subsurface information.

Perhaps the most valuable addition to the study would

be a borehole located east of the pre—Dice Throw test site

penetrating at least to the depth of the proposed Mesozoic

section with reliable velocity and density logs and good

core samples from which positive stratigraphic identification

could be made .

_ _ _ _  ________ ~~~~ - -- --~~~~~~~ - -



r ~~~~~~~~~~~~

- -

~~~~~~~~~~~~~~~~~~~~~~~~~~
—-

~~~~~~

—

~~~~~~~~
—- - - — - - -----—-- 

~~
-

~~~~~~~~~
--- -

~~~~~~~
-- -

157

REFERENCES CITED

Bachman , G. 0. (1965) .  Geologic map of the Capital Peak
NW Quadrangle , Socorro County , New Mexico , Misc. Geol.
m v ., U. S . Geol. Surv . ,  Map 1-441.

Bath , G. D. (1977) . Aeromagnetic maps with geologic in-
terpretations for the Tularosa Valley, South—Central
New Mexico , U. S. Geol. Surv . Open-File Report 77-258,
l6p.

Ba th , G. D., Healey, D. L., and Karably, L. S. (1977) .
Combined analysis of gravity and magnetic anomalies at
Tularosa Valley, New Mexico (abs.), Geol . Soc. America ,
Abs . with Programs ~~, 3-4.

Burg, K. E. (1952). Exploration prob lems of the Willis ton
Basin Geophysics , fl , 465—480.

Domzalski, W . (1956). Some problems of shallow refraction
inve.stigations , Geophysical Prospecting , 4., 140—166.

Harkrider , D. G. (1964). Surface waves in multilayered
• elastic media , 1, Rayleigh and Love waves from buried

sources in a multi layered elastic ha l f space , Bull.
Seismol. Soc. Am., ~

j, 627-679.

Harkrider , D. G. (1970). Surface wave s in multilayered
elastic media , 2, Higher mode spectra and spectral
ratios from point sources in plane layered Earth models ,
Bull. Seismol. Soc . Am., ~Q, 1937—1987 .

Hasegawa, H. S. (1968). Surface waves observed close to
large chemical explosions at Suf field , Alberta , Canadian
Jour . Earth Sci, ,  5, 185—198 .

Haskell , N. A. (1953). The d ispersion of surface waves on
multilayered media , Bull. Seismol. Soc. Amer . 41, 17—34.

Healey , D. L. (1976a). Interpretation of gravity surveys in
interinontane basins of Nevada and New Mexico, Report pre—
pared by U. S. Geol. Surv., Special Projects Branch for
the Air Force Weapons Laboratory . 

~~~~~~~~~ - - - _-~~~~~~ --



- -- -- _- - -----——- ‘--- — --_ •
~
-

158

Healey, D. L. (l976b). Revised complete Bouguer anomaly map
of Tularosa and Jornada del Muerto Basins, Map prepared
by U. S. Geol. Surv., Special Projects Branch, for the
Air Force Weapons Laboratory .

Herrick , E. H., and L. V. Davis (1965). Availabili ty of
ground water in the Tularosa Basin and adjoining areas,
New Mexico and Texas, U. S. Geol. Surv . Hydrologic m v .,
Atlas HA—191 .

Hoffman , J. P., and S. T. Harding (1977) .  Strong ground mo-
tion in the Tularosa Basin, New Mexico , U. S. Geol. Surv .,
Open File Report 77-143.

Jackson, P., R. Turpening, H. Bennett, A . Liskow , R. Shuchman,
and L. Wilock (1976). Geophysical techniques applied to
oil shale mining problems , Environmental Research Insti-
tute of Michigan Technical Report l14500—l7—T , U. S. Bu-
reau of Mines Contract No. H n252062.

Jolly , R. N. (1956). Investigation of shear waves, Geophysics

~j, 905—939.

Knox , W. A. ( 1967) .  Multi layer near surface refraction com-
putations in Seismic Refraction Prospecting , Albert W.
Musgrave , Editor , Society of Exploration Geophysicists ,
Tulsa , Oklahoma , 197—216,

Kottlowskj, F. E., R. H. Flower , M. L. Thompson, and R. W.
Foster (1956). Stratigraphic stud ies of the San Andres
Mountains , New Mexico, N. Mex. Bur . Mines Miner. Resourc.,
Memoir 1.

Kottlowski , F. E. (1975). Strat igraphy of the San Andres
Mountains in South—Central New Mexico in New Mexico Geol,
Soc. Guidebook , 26th Field Conf., Las Cruces Country,
95—103 .

_ _ _ _ _ _ _ _ _ _  and J. W. Hawley (1975). First day road log
from Las Cruces to Southern San Andres Mountains , and
Return in New Mexico Geol. Soc. Guidebook , 26th Field
Conf., Las Cruces Country, 1-16.

Leet, L. D. (1946). Earth motion from the atomic bomb test
(New Mexico , July 16, 1945), Am. Scientist. .~j, 198—211.

Leet, L. D. (1962). The detection of underground explosions,
Sci. Am. 

~~~~~ 
55—59.



r 
~~

_
_Ii

~~~~~~

159

Levshin, A . L. (1962) .  Propagation of surface waves jfl Un-
consolidated formations, Bull. Acad. Sci. USSR, Geoph .
Ser. ,  ia~ 1094—1104

Mooney, H. M. and B. A . Bol t (1966).  Dispersive character-
istics of the fir st three Rayleigh modes for a s ingle

— surface layer , Bull. Seismol. Soc. Am. ~~~, 43—67 .

Mota , L, (1954). Determination of dips and depths of geolo-
gical layers by the seismic refraction method , Geophysics

~i 242—254.

Murphy, 3. R. and R. A . Hewlett (1975). Analysis of seismic
response in the city of Las Vegas , Nevada: A preliminary
microzona tion , Bull . Seismol. Soc. Am. ~~~ , 1575—1597 .

McLean, 3. S. (1970). Saline ground—water resources of the
Tularosa Basin , New Mexico , U. S. Geol. Surv . OSW Report
561, l28p.

Press , F and M. Ewing (1948). Low speed layer in water—
covered areas, Geophysics j3, 404-420.

Press, F. and M. B. Dobrin (1956). Seismic wave studies over
a high—speed surface layer , Geophysics j~, 285—298.

Reynolds , C. B. (1976). 1975 Shallow seismic ref’’~ction sur—
vey, White Sands Missile Range , New Mexico, Final Report
prepared for Air Force Weapons Laboratory .

Sanford , A . R. (1968). Gravity survey in central Socorro
County, New Mexico , N. Mex. Bur. Mines Miner. Resourc.
Circular 91.

Schwab, F.  ( 1970). Surface wave dispersion computations:
Knopo fVs  method , Bull . Seismol. Soc. Am. 

~ ,Q, 1491-1520.

Seager, W. R. (1975). Cenozoic tectonic evolution of the Las
Cruces area , New Mexico in New Mexico Geol. Soc. Guidebook ,
26th Field Conf., Las Cruces Country , 241—250.

- -

~ 

~~~~~~~~~~ --- - ~~~~---——- -—~~~~~~~~~~~~~~


