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ABSTRACT

l. This rzpoct deals with the proplems of varjation of P amplitudes
in the regional and near-regional distance ranges (200-2100 kilo-
meters), The data used were recorded by Long Range Seismic Measurement
(LRSM) vans cf the VELA Seismological Center as a result of earth-
quakes throughout the United States and numerous nuclear and chemical
explosions in the same region.

2. It is shown that the patterns of Pp amplitudes versus 4 in Western
and Eastern United States (WUS and EUS) are markedly different and that
these differences are related to different velocity structures in the
twe regions. These differences extend to at least 150 kilometers depth.

3. Neither the WUS ncr EUS patterns conform even approximately to that
predicted or suggested by Gutenberg and Richter in the 1000-2000 kilo-
meter range. The hypothesized shadow-zone does not exist and over-
estimation of magnitude by as much as 1.5 magnitude units is frequently
done because of failure to properly understand the patterns of radiation.

4. By proper calibration of WUS by use of numerous events, it is now
possible to get consistent estimates of magnitude at all distance ranges
for most explosions and earthquakes. This is very important when body
wave magnitudes are used as an essentlal element in an identification
criterion.

5. Obtaining consistent estimates of amplitude as a function of
distance for a patticular evvent requires a knowledge of the energy
distribution between the several refracted phases ured between 200 and
2500 kilometers distance. Data on hand show that the energy partition
function is reasonably uniform throughout the regions investigated but
that locally it may vary radically, resulting in a ten-fold change in
relative exclcatlon of two refracted phases.

6. Patterns of energy radiation, such as those for EUS and WUS, are
probably approximately determinable from knowledge of veloc.ty structure
and vice versa but are not determinable from earthquake investigations.
They are only determinable from explosion data where origin time and
focus are accurately known.
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INTRODUCTION

1. Little advancc has occurred in our understanding of so-called
magnitude values computed at regional or near-regional distances

DV use ot b dy wavses since the work of Richter and Gutenberg (VESIAC
Report 4«l0-71-X, Proceedings of the VESIAC Conference on Seismic
Event Magnitude Determination, May 1964). Work done by Romney some
time ago and described in detail in =his report constitutes one of
the few exceptions to this generalization. Seismologists have tended
to simply adopt the curves given by Richter, extend them by arbitrary
assumprions, or to ignore the whole matter. The most cursory glance
at available Amplitude/Period (A/T) versus Epicentral Distance ( A)
data impresses one with the profound control exerted on such data by
rcgional crustal characteristics. Imposition of a "standard" A/T
virsus A curve on data for vvents east of the Rocky Mountains, here-
after raterrad Lo as Eastern United States (EUS), with the associated
plotting of magnitudce (m) versus A rather than A/T versus A obscured the
simple A/T versus A rc¢lationship of that region., Even in the Western
United States (WUS) the standardized approach to magnitude computa-
tions as excmplified by VELA reports dealing with individual Nevada
Test Site (NTS) c¢vents (so-called "shot reports') effectively
obscured significant aspects of travel-time and amplitude data

as well as evidence for the vertical velocity structure in the crust
and upper mantle. The whole concept of the "crust" of the earth as
defined by seismic velocity data may require revision based on data
obtained by the VELA program. This report attempts to advance under-
standin;, ol the problims associated with magnitude determinations at
resional and near-rigional distances. Corollary problems that became
evident during the analysis will be discussed at the appropriate
places.

2 Both short and long period amplitude measurements of high quality
lor both carthquakes and explosions are now available as a result of
the ARPA/AFT1AC program. They show that the A/T versus A relationship in
the range 200-2100 kilometers tor the first P phase as published in
tabulatcd torm 1n the VELA shot reports represents a comparatively
crude attempt to cxpress the observed pattern of variation of P
amplitudes with distance. That curve bears no relation to patterns

of P energy resulting from events in the EUS. The supposed profound
decrease and subscquent. increase of amplitude in the neighborhood of
1000 kilometers cpicentral distance (the "observational™ basis for the
“"Shadow Zone") in the WUS has little basis in fact. The misconception

rd



arose by unknowing!y attempting to analyze the A/T versus A data for
three 1ndependently propagating refracted phases by one curve. It
will be shown that masmtndes computed according to the formula
appropriate Lo cvach phasce largely remove the apparently profound
dependence of determined magnitude upon distance of observation.
Systematic variarions of 1.9 magnitude units occur when using the
shot report A/T versus 08 table at regional and near-regional distances
(for example, see Figures 8, 9, 10, 58, 60, 62, and all plots of data
from earthquakes). Such overestimation of magnitude becomes a matter
of concern to bomb detection and identification studies as some pro-
posed identification criteria demand a valid and meaningful ordering
of seismic events on a body wave magnitude basis. For example, mis-
calculation of {hezmagnltude of events can effectively garble such a
criterion as AR’ versus body wave magnitude. Most of this report
deals with the clarification of the problem of understanding the
variation of P amplitudes as a function of distance in the regional
and near-regional distance ranges (150-2100 kilometers).

3. The data of this study refute widely held ideas about the functional
relationship between amplitudes of P phases and epicentral distance. In
so doing, the data clearly show that some current i1deas about the proper
placement of seismometers for optimum detection capability are grossly
mislcading for the WUS and are untrue for the EUS and, by extension, for
much of the world. The WUS represe¢nts only one of many possible areas in
terms of velocity structure and, unfortunately, most studies of amplitude
as a function of distance have treated WUS events. Misinterpretation of
the data resulted in invalid conclusions for even that region, We will
demonstrate the complete 1rrelevancy of the currently accepted A/T versus
A assumptions to conditions in EUS though many seismologists assume these
assumptions to be valid. No shadow zone exists in EUS and amplitudes of
the Pg 5 phase increase continuously from teleseismic distances to the
epicenter (that 1s, to the inner limit of existence of the phase at a
hundred or so kilometers). A 10-fold increase in signal-to-noise ratio,
relative to that at an epicentral distance of 65°, can be obtained by
observing Py 5 at 20° or Pg ¢ at 11°.

1Brune, J. A. Espinosa, J Oliver, 1963, Relative Excitation of Surface
Waves by Earthquakes and Underground Explosions in the California-Nevada
Region, J. G. R., Vol 68, pp. 3501-3513.

2Mansfield, R. H., Measurements of Pg/Pn, Lg/Pg, and AR for Nuclear
Explosions and Earthquakes, VSC Technical Report VU-64-1,



4, The obaerved travel-time complications in WU'S at distarce, or less
than 2000 #1lomete: v are largely noncaistent tor many other areas, tihe
general belietr in the universality of such complications results trom
confusing the pro' lem of multiple refractors with that of regional varia-
tions of refraction velocities. Possibly, highly seismic regions have,
as a corollary feature, complex velocity structures.

5. This repo~t purports to demonstrate the general statcments made above
ard to present the qua-titative relationships between amplitude, distance,
and phasc for FI'S and WUS., We will consider initially EUS because of 1ts
remarkable simplicity and will then attempt to explain the major problems
inherent 1n understanding ampliatude relationships in the P phases arising
irom WUS events. Any careful attempt to develop a meaningful A/T versus
b revlationship requires the ide~titication of phases, the determination

of their distarce dependence. and their average energy content relative

to othcet phases.

6 Magnitude has varied detinitiorns with none universally accepted,

Sinte the mportant points to consider include relative ordering of

everts and establishment of their relative magnitude, we can accept any

reasonably wcaningtul point of departure for our definition, The

detimition of the magritude we accept 1s as it 1s derired by several

obser vations at 20-30 , accordiryg tn Richter's3 published curve tor

P body waves. Formulas derived herein yield a uniform estimate ot the

magnitude by use of data obtained between 200 kilometers and teleseismic

distances. We can then use those formulas to determine a meaningful i
estimate of relative magnitude of ¢ 'ents over any distance range.

7. The subsivip. nomerclatur.s used to characterize particular phases
should not be *ak¢n too literally, A subscript of (7.9) mea-s that we
attempt to trcat under one phase and ¢quation protfiles with observed
velocities 1n the ra~ge (7. 7-7.9). The (8 5) subscript should be con-
sidered as irdication of velocities in the range (8.3-8 7) while (8.1)
covers (8.0-8.1) 1n WUS. The Pig 5 subscript ideataities the first
segment ot the travel-time curve observed teynnd Py 5. These phases
are distinct and are¢ associat.d with distinct refractors,

EASTFRN UNITED -STATES

1. Travel-lime Cutves 1o EUS. The standard (T - A/8.1 versus 8) fig-
ures ot the shot reports show clearly the essential character of Pn travel-
time curves for EUS (Figurcs 2 through 7). The Jeffreys-Bullen (J-B)
travel-time cuv 2 1s 1nciuded in all figures. Figures 2 through 7 give

3See, for example. Richter, C. F., 1958, Elementary Seismology, Freeman
and Company, San Francisco, p. 688,
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the first arrival data observed for the indicated events, numerous figures
being presented in order to make it clear that this pattern of travel-time
profile typifies ¢picenters throughout EUS. Figure 1 indicates the epi-
ceaters of these events and all others considered in this report. Note
that the ecvents ot EUS are distributed from Eastern New Mexico to the
Wcstern Atlantic Ocean and from the South Dakota-Nebraska Border to the
Louisjana Gulf Coast. Clearly, the simple profile of a P, leg of approxi-
mately 8.5 velocity extendine from around 150 to about 2100 kilometers
typifies the region. At that distance, a deeper refraction becomes first
arrival, travel times then following the J-B curve with regional
characteristics no lonser playing a significant role. A comparison of
this travel time curve pattern with the incomplete pattern of curves of
WUS presinted 1n Fiure 23 indicates the gross contrast of velocity
struc.ures of the two areas. More discussion of this point will follow

a discussion ot the WUS profile. For the moment, we note only the
existence of the contrast with its implications of differen- patterns

of cmplituaes as a function of distance from epicenters in the two areas.

2. degnitudes as (omputed by the Shot Report Table for EUS Events.

The aélf circles vn Figures 8 through 16 indicate magnitude values (mg.)
bascd upon the standard shot report A/T versus O table in the ranje

of 2100 liilometers. Clearly, the ma;nitude estimates are a function
ct distance and thus unsatisfactory in estimating the magnitude of EUS
events. Not svrprisingly, a gencralized A/T versus 4 curve attempting
Lo ¢xXarcess the complexities of WUS velocity structures fails completely
wvaen ¢ polired te PUS, a sample rezion displayin;y essential phase can-
tincity over the «rtire intervel, 150-2100 kilometers.

E Tt deoendence of A/ en o ond the Computation of llasnitude for EUS

Fuonts,

— - —

a. Tt is acsumed that the relationship between m, A/T, and O is of
th. torm

me=a + loj (A/T) + n log A (1)

vhere m is magnitude, a and n are constants to be determined, A/T is
miasured in mill-m.crons per second, and A, the epicentral distance, is
measured 1n lilomet sre The equation can be rewritten as

C=m - a=1c; (A/T) + n log A, the correct value of n being that for
which € 1s andcpendent of A . Atter n is determined, a 1s evaluated by
usce ot the megcnrtuds value determined at teleseismic distances (beyond
the Pg g leg «f tra.cl time curve or, in this case, beyond 2100 kilo-
meters) .

b An vstimdte <1 n ocan be obtcined by determining a least square fict
ot lo;, A/T vier-us u log 8 data for events occurring in EUS. The six events



selected and the computed values of n with their standard deviationc are:

West Virginia Earthquakes (25 Nov 1964) -1.86 + 8.23
Texas-Louisiana Earthquake (24 Apr 1964) -2.36 + 0.33
GNOME - Eastern Profile -2.07 + 0.39
SALMON -2.37 + 0.34
SS Village -1.56 + 0.36
Poplar Bluff Earthquake (3 Mar 1963) -1.88 + 0.54

Average -2.0

As examples of the influence of the value of n on data interpretation, a
detailed presentation of the data for the first two events above is given
in Tatle I. Note that, according to VELA custom, all standard deviations
indicated are standard deviations of a single determination. Standard
deviations of the mean are generally one-third to one-quarter of the
standard deviation of a single determination.

TABLE 1
West Virginia Earthquake 25 Nov 64 02:50:07.1 mts- 3.58 + 0.20
Station 4 A/T log log A/T log A/T log A/T log A/T Mg g M
(km) ms/s o + logd + 2 logh + 3 logd ’ i

BRPA 377 51.8 2.576 1.714 4.290 6.866 9,442 3.60 4.61
CPSO 403 55.6 2.605 1,745 4.350 6.955 9,560 3.69 4.75
HDPA 537 14.5 2.730 .161 3.891 6.621 9.351 3.35 4,64
DHNY 795 19.7 2.900 1.294 4.194 7.094 9.994 3.82 5.09
LSNH 1122 3,26 3.050 0.513 3,563 6.613 9.663 3.34 4.81
GPMN 1507 2,93 3,178 0.467 3.645 6.823 10.001 3.55 4.27
WMSO 1556 4.36 3.192 0.639 3.831 7.023 10.215 3.75 4.24
RKON 1784 2.87 3.251 0.458 3.719 6.970 10.221 3.70 3.36
RTNM 2022 2.79 3.306 0.433 3.739 7.045 10.351 3.78 3.35

6.890 3.62

C=6.890= 3.58- a, a= - 3.3l
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Texas-louisiana Farthquake 24 Apr 1964 07:33:53.5 m o = 3.85 + 0.34

Station & A/T  logd log A/T log A/T log A/T log A/T mg g m .

(km) + logh + 2 logh + 5 logd

JELA 170 492.2 2.230 2.692 4.922 7.152 9.382 3.88 4.89

: GVTX 333 374.0 2.522 2.573 5.095 7.617 10.139 4.34 5.27
. WMSO 565 14,1  2.752 1.149 3.901 6.653 9,405 3.38 4.55
’ EUAL 574 40.5 2.759 1.607 4.366 7.125 9.884 3.86 5.01

JUTX 715 52.0 2.85% 1,716 4.570 7.424 10.278 4,15 5.41

CPSO 88) 23.8 2,946 1.377 4.323 7.269 9.466 4.00 5.38

RTNM 1127  (2.04) 3.052 0.310 3.362 6.414 9.980 (3.14) 4.61

LCNM 1212 5.35 3.084 0.728 3.812 . 6.896 10,249 3.63 4.93

BLWV 1333 7.49 3.125 0.874 3.999 7.124 10,237 3.85 4.98

BRPA 1634 3.96 3.213 0.598 3.811 7.024 3.79 4.00

7.070 3.80

C=7.00= 3.8 -a, a= -3,22

¢. Columns 6, 7, and 8 glve values of C for n =1, 2, and 3,
respectively. The values of Column 7 (n = 2) appear independent of 4
while those of Columns 6 and 8 (n = 1 and n = 3) show a dependence of C
upon 8 . The values of "a" follow immediately (-3.31 and -3.22), their
average value of -3.27 being adopted. Finally, the formula desired reads

Meus = Mg 5 = -3.27 + log A/T + 2 log & . (2)

This #quation (¢ shown graphically i1n Figure 100 as the Pg g curves, A/T
being measured in millimicrons per second and & in kilometers. Column 9
gives the magnitude compured according to this formula as a function of
distance. Comparc¢ these values with those of (olumn 10 which were computed
according to the shot report table, There i1s obvious disagreement of Mg
values with the teleseismic determination (m¢g) while the mg 5 values yield
the statistically identical estimate of magnitude at both distance ranges.
Note that magnitude es.imates that differed by 1.74 units (DHNY and RTNM)
according t> mg, ditfer by only 0.04 units when computed by mg 5.

d. The application of formula (2) to other events in EUS achieves
clarification and greater internal consistency of computed magnitudes.
Figures 8 thvough 16 give the relevant data for all events studied. The
events studied include surface explosions of zero focal depth, underwater
explosions, ard «arthquakés of unknown but shallow focal depth. The
variation of typt <t event 1s such that dependence of the observed patterns
upon a specific soutie type cannot be seriously considered. Also, A/T
appears little dependent on profile azimuth. The only GNOME data used in
this part of the report comprise the profile lald out eastward from the
test site. The oniy event showing marked discrepancy between mg.5 and
m, g is the Lake Superior 10-ton shot, mg g being 4.3 + 0.35, whereas Mg
is 3.3 £+ 0.35. The reason for this discrepancy cannot be demonstrated but
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it will be shown under the discussion of the Nevada Test Site (NTS)
events that variation in rock type at the source can lead to large
variations in the pattern of energy distribution between gencrated
P-wave signals.

e. Note the systematic discrepancy of the mgy values, maximum
predicted values by this formula being around 1000 kilometers.
Figure 100 shows that mg, overestimates the magnitude by 1.5 units at
1000 kilometers and underestimates it by 0.4 units at 1900 kilometers,
a difference of 1.9 units introduced not by thc Jata but by the use of
an inappropriate formula,

f. Note also that the A/T versus A data of these event$ indicate
the total lack of any obvious shadow zone phenomenon. No shadow zone
exists in EUS and the supposed problems of observing at distances of
less than 2000 kilometers bhccause of low signal levels do not exist for
EUS events. The signal level at 1000 kilometers attains 30 times that
predicted by the mgy table and more than 10 times that predicted by
mgr at all distances between 400 and 1400 kilometers, The implications
for the relative advantage of regional and near-regional stations versus
teleseismic stations for regions of the crustal type of EUS appear
obvious,

-



g. The Vermont Earthquake dats depicted in Figure 16 provide an
excellent example of the misconceptions that can be reached by use of
inappropriate formulas. Very few stations recorded this event,
no station beyond 2017 kilometers receiving a detectable signal. How-
ever, by use of mgr values, one obtains an estimated magnitude of 4.7,
an average of 5 values ranging from 5.4 to 3.3. An estimate of 4.7
magnitude on the basis of observations at regional and near-regional
distances is in pronounced conflict with the fact of total lack of
recordings at teleseismic distances. Such an event should yield an
A/T value of 10 mu at 50° and should be widely recorded at teleseismic
distances. The significance of this misevaluation will be pointed
out in the forthcoming discussion of AR versus m. Here simply note
that, by use of°mg.,5 values, the spread of m values for signals clear
in both period and amplitude is 0.1 magnitude units as compared with
2.1 for mgy values. The estimated magnitude becomes 3.8 or 3.9,
consistent with no recordings beyond 2000 kilometers.

WESTERN UNITED STATES

1. Travel-Time Curves for WUS. In the WUS, the situation becomes much
more complicated than in EUS. Several events must be studied in order
to cppreciate the complexity even to the extent that it is now under-
stood. One could not find a sujte of events which would establish the
basic uniformity of the WUS as such uniformity does not exist. It seems
only possible to appreciate the major patterns resulting from explo-
slons at NTS and to then use the limited data available from other areas
to suggest the similarities and dissimilarities vith NTS data caused by
varying epicentral positions and varying azimuths of profiles. We shall
consider GNOME, CLIMAX (the 0.2 KT chemical explosion at Climax,
Colorado), 50 shots at NIS, and 17 earthquakes distributed from

Central Mexico through WUS to Queen Charlotte Islands.
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2. Travel-Time Curves of FORE.

a, It is con-enient to begin the discussion with FORE because of
the excellent and significant profiles that were installed for this
event, See Figure 17. The generally observed Py g refracted wave was
well observed from 200 kilometers out to 1000 kilometers to the south-
east, recachirg Las Cruces, New Mexico (LCNM). Remember that all
arrivals r.oted on figures of the type of Figure 17 are the first
observed arrivals at the several stations. No observed second arrivals
are shown. A Pg g5 leg.was received as first arrival at Uinta Basin
Seismological Observatory (UBSO), Blue Mountains Seismological
Observatory (BMSO), Forsyth, Montana (FRMA), and at Glendive, Montana
(GIMA), the positioning of Raton, New Mexicu (RTNM), on this line being
probably fortuitous, Note that the line through these points appears
parallel to the SS Village profile but with a time intercept on the zero
distance axis of ]&4 seconds rather than the 9 seconds of the SS Village
profile., The time arrivals along the profile to the ESE provide both
complex and interesting data. Blanding, Utah (BXUT), and Durango,
Colorado (DRCO), lie well below the two previously mentioned refractions
and cannot be related to either of them, More discussion of these
arrivals will be presented later. RTNM probably did not actually
receive 8 Pg g arrival consistent with the 8.5 profile through FRMA and
GIMA but we canrot identify the phase measured at this time. The next
stations on this profile appear to have recorded a signal with a slope
of about 8.5 but with a time intercept on the zero distance axis of
nearly 20 seconds. At least, they did not record the phase seen at BXUT
and DRCO but something much later and with a higher refracted velocity,

b, Finally, the P phase zererally received as first arrival beyond
2000 kilometers 1s well observed a* EBMT and RKON, 2148 and 2338 kilo-
meters respectively, as well as at Hempstvad, Texas (HETX), Hannah,
North Dakota (HHND), and Ryder, North Dakota (RYND), the latter being at
an epicentral distance of 1700 kilometers. Thus RYND failed to observe
earlier but less e—erpetic refiactions, recording instead the strong
Pjg.5 arrival as {irst arrival.

3. Travel-Time Curves of MISSISSIPPI. MISSISSIPPI (Figure 18) shows
similarity to FORE, P; g being obscrved towards LCNM to 1200 kilometers
and to shorter distances in other azimuths., Hailey, Idaho (HLID), and
DRCO received as first arrivals signals preceding the expected Pj g
event, The profile across Colorado and the Dakotas follows the
previously mentioned 8.5 leg to WNSD but then jumps to Pjg 5 for
Academy, South Dakota (AYSD), at 1601 kilometers. Other points are
associated, in some cases, with unclarified phases.
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4. Travel-Time Curves of BILBY and CLEARWATER. The interpretation of the
BXUT, HLID, and DRCO arrivals becomes clear as soon as larger events such
as BILBY and CLEARWATER are considered (Figures 19 and 20). Thes: events
show the existence of an 8.0 - 8.1 refraction extending eastward from NTS
e through BXUT, DRCO, TDNM, and RTNM., Shamrock, Texas (SKIX), did not record
this phase, a more energetic phase arriving at essentially the predicted
time, while the figures show clearly that Apache, Oklahoma (APOK),
Grapevine, Texas (GVTX), and Durant, Oklahoma (DUOK), observed other phases
as first arrivals. As will be noted below, much of the supposed difference
between MISSISSIPPI and BILBY and the inability of a formula based upon
MISSISSIPPI data to reasonably interpret BILBY data results from different
patterns of observation in a heterogeneous region.

5. Regional Variations of Travel-Time Curves in WUS. Regional variations
within the WUS appear when events from other than NTS sites are considered.
For CLIMAX (Figure 21), located in Colorado, the first arrivals at most
stations in WUS were an 8.1 refraction with no stations measuring a 7.9
event as first arrival. As noted above, the eastern protile from GNOME
(Eastern New Mexico) recorded only Pg 5 while Pg 1 ard P7 g were seen to
the west and northwest (Figure 22), the Pg ] event being observed only
very near GNOME. Note that the intersection of the Pg 5 segment through
- Montana with P10Q,5 occurs at approximately 2000 kilometers while for the
SS Village profile these two refractions intersect at about 2200 kilo-
meters. The suggested Pg 5 segment through Texas and Okalhoma for NTS
events intersects P10,5 at about 1700 kilometers. Pg 5 and P7.,9 inter-
sect at a distance of 1250 kilometers to the southeast and approximately
1000 kilometers to the north and northeast.

6. Conciusion. Thus, one may observe at least six different P phases
from NTS shots and shots from different localities give rise to different
patterns of travel-time curves. Compare this with EUS where essentially
one travel-time curve for one phase satisfied all observed profiles. Not
surprisingly, amplitude interpretation which does not depend upon phase
identification, but which uses a single A/T versus A on such complex data
as that recorded from NTS and other WUS foci has yielded nearly chaotic
results.
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ESTARLISHMENT OF A/T VERSUS 8 CURVES FOR WESTERN UNITED STATES

l. Pj g_Arrivals. Romney extensively employed P; g arrivals

(VSC Technlical Note 10) to determine magnitudes of the smaller NTS
events. He observed this phase as first arrival from NIS to LCNM

and beyond to a distance of approximately 1050 kilometers. Northward
from NIS, another excellent profile extends through Mina, Nevada
(MNNV), to Pendleton, Oregon (PTOR), including HLID for events in
which Pg 1 is too small to be recorded. PTOR frequently misses Py ¢
in favor of Pg 5. Beyond PTOR in Washington, Montana, and the
Uakotas, either Pg g or Pyo.5 records as first arrival measured.
DRCO, to the east of NIS never records P; g so that the data of that
station should be ignored when considering Py g. The dependence of
A/T on A for the NTS-LCNM profile (data from FISHER, DORMOUSE, STOAT,
etc.), the LCNM-NTS profile (data from GNOME), and the NIS-PTOR pro-
file (numerous events) is identical in all ceses. This energy path
should serve as an excellent source of internally consistent
estimates of magnitude of events within the region. The procedure
adopted by Romney for calibrating this energy event against tele-
seismic data is as follows (Romney, personal communication):

"a. (U) Since 1961 recordings from numerous underground nuclear
explosions at the NTS have been made at mobile stations operated under
the VELA LRSM program. These stations have been located at many
distances and azimuths from the test site. Some of the stations have
operated more or less continuously and have recorded data from many
explosions, while others have moved from time to time, recording only
a limited number cf explosions at a given location. The explosions
have included yields smaller than ) KT and larger than 100 KT. Shot
points have been som:zwhat dispersed within the test site, with the
result that the propagation paths to fixed stations, and hence the
amplitudes, have been affected somewhat. Variations in coupling
which appear to depend upon the characteristics of the rock and
other conditions near the explosiones have also been noted. It ls,
therefore, necessary to correct the measurements to common source
conditions (explosive yield and coupling factors) before the data
can be combined to give a good representation of the amplitude varsus
distance relationship.

"b, (U) In the course of analyzing recordings from the explosions
it was found that, for any given station, the values of log A/T versus
log Y (Y = yield) fit an approximate straight line if the measurements
were restricted to explosions in Yucca Flats. This made it possible to
find A/T at a standard yield for each station by fitting the best
straight line to a plot of amplitude versus yield. The amplitude of
10 KT was read from this line and used to represent the best value of
A/T at the average distance of the station from t:p recorded shots.
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It was reqQu:rsd <hat at least four sh3ts which bracket 10 KT be recorded
before the data were used. This procedure tends to smooth out scatter in
the data caused bv small variations in coupling or in the path of pro-
pagation and by noise.

- (U) Ine average values & log A/T at 10 KT for each station were
pPlotted as a function of distance (figuze 101). These points deline a
line given by

log A/T = 9.50 + 0.72 - (3.06 + 0,26) log A (3)

where A 1s measured In kilomec:rs, T in seconds, and A in millimicrons.
Firs:. arrivals at stations between 200 and 1050 kilometers were used.
The slope of this curve Is almost identical with that fcund in LOGAN
and BLANCA.

"d, (U) The amplitudes of P g ¢an be assoucia’ed with teleseismic
magnitudes by comparison with Zhe signals recorded at long ranges from
the LRSM stations. The basic da:a uséd came from the 13 explousions
which were recorded at five or mcre stations at teleseismic distance
(&> 16°) as well as tn the Pn range. These shots ware generally
larger than 10 KT since only these larger shots can be sarisfactorily
recorded at te-leseismic ranges. Unificd magnitudes were computred for
each such explosion from thi measur-d amplitudes and p-t10d of P. The
average magnitude for cach e%2nt was then c~mpared with the value of
log A/T at 500 kilrmeters, ac found by a least square fit of the P7
amplitude versus di‘stance data  Results are shown in Figure 102. Ig
may be seen that the magnirude ‘ncrcases more rapidly than log A/T at
500 kilometer:. The reiationchip was found by least squares *J be

Wy g = 2.36 5025 ¢ {121 & 0.11) log (A/TVgo0 &)

This implies that the t~leseismic amplitudes increase more rapidly

_with yield than does the amplitude at 200 kilcmerers. This probably

results from the shifc toward lowzr ttequwrcies .n the source as the
yield increasc<« togother with the reduced attenuation at low fre-
quencies.

"e. (y) Equations (3) and (4) mayv be combined to give the P7 9
amplitudes as a function of magnitude. The result is ’

m @« -7.55 + 1,21 (log A/T + 3.04 logd )." (5)

1.9
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Note on Figure 1U0 that a discrepancy between mg,. and my g of 0.6 occurs
at my ¢ equal to 5.0, m; g being smaller than mg,. '

2. Pyg.s5 Arrivals. We shall fit a smoothed curve through the Gutenberg-
Richter curve between 2100 and 3000 kilpmeters and, in addition, obtatin
the values of amplitude for Pyg,5 observed at 1600 kilometers in

North Dakota at RYND, etc. The equation obtained is

mo,5 = -10.35 + log A/T + 4 log & (6)

where A/T is measured in millimicrons per second and 4 in kilometers.
The corresponding curve is shown on Figure 100 as Py 5. As far as is
known, this dependence of A/T upon A occurs independently of azimuth.

3. Pg.5 Arrivals., As noted above, PTOR, at approximately 1000 kilo-
meters, gencrally records Pg 5 as first measured arrival. A phase with
this velocity is observed as first arrival in Montana and the Dakotas.
To the southeast, stations in Texas, Oklahoma, and beyond observe Pg, 5
as first arrival to 1800-2000 kilometers. The time intercepts for these
three Pg 5 profiles appear quite different, both from each other and
from that typical of this refraction in EUS. Even so, we proceed by
attempting to employ the mg , formula for these arrivals. The results
agree satisfactorily with the magnitude computed for Pj; g and tele-
seismic distance. Therefore, we adopt the mg, . (i. e., m8.5) curve for
computing magnitudes for arrivals on Pg s profiles in WUS.

4. Pg,) Arrivals. When establishing a curve for mg ;, a most interest-
ing result appears In this case. A well-observed profile for this
refraction for NIS shots requires a large explosion, only DRCO recording
this phase for most events. Either this phase possesses very little
energy or the ¢nergy dissipates rapidly along the refractor. In this
connection, remembe: that for the¢ (LIMAX shot in Colorado, a small

event generated a widely observed Py | refraction. A/T values from
CLIMAX measur<d towarsd Arizona d-crcased as about the inverse third
power of the dis~ance while along the profile from NTIS through

Southern Colorado 1nto Northern New Mexico, A/1 values for Pg.1 arrivals
decrease as the inverce seventh power of the distance. Note that DRCO
occurs or both the CLIMAX-Arizona and the NTS New Mexico profiles. High
amplitudes typifv Pg ) arrivals at short distances from NTS. The signal
decays so rapidlv with Increasing distance that it disappears into the
noise beyond DRCO for small events. When ane attempts to derive
equations to use along the NIS.-New Mexico profile by use of CLEARWATER
and BIIBY, it becomes apparcnt that the data of the two events require

a 0.9 difference in the leading coefficient of the derived equations.
Thus, for CLEARWATER, shot in mesa tuff, one obtains

mg . 1 (CLEARWATER) = -17.20 + log A/T + 7 log A (7

b



5 while for BILBY, shot at 2314 foot depth in valley tuff,

mg (BILBY) = -16.30 + log A/T + 7 log A, (8)

Apparently, CLEARWATER coupled eight times as much energy (relative to
that coupled into the other measured refracted phases) into this phase

o

{] - as did BILBY. If one computes DRCO P arrivals for events with vary-
" ing shot locations according to P gCLBARUATBR) and P8 1 (BILBY), the
- ) following pattern emerges:
TABLE 1V
DRCO by mg ; DRCO by mg ,
Depth , Magnitude ARWA B
DORMOUSE Alluvium (3) 1191 ft 3.64 3.72 £
MISSISSIPPI Valley Tuff (9) 1615 4,76 - 4.89
CIMARRON Alluvium (9} 1000 3,98 3.71 C
STILLWATER Alluvium (9) 625 3,46 3.27 -
CODSAW Alluvium (9) 696 3.40 3.03 =
MINK Alluvium (3) 630 2.72 3.06 S
HAYMAKER  Alluvium (12) 1351 4.52 - 4.46
DES MOINES Mesa Tuff (12) 3.72 3.71 -
MARSHMALLOW Mesa Tuff (12) 3.99 3.63 -
MADISON Mesa Tuff (12) 3.7 3.73 -

Thus, all of the mesa tuff shots behaved similarly to CLEARWATER but so
did all of the shallow valley shots. Only HAYMAKER and MISSISSIPPI
coupled as little energy into this refractor as did BILBY. Thus, the
use of data obtained from this refraction throughout WUS requires
extensive crustal calibration (CLIMAX profile versus NIS profile) as
well as calibration of energy iIn the phase relative to source location.
In other words, this phase does not appear very useful for routine
investigations. The very high rate of amplitude decrease eastward from
NTS together with the markedly different behavior on another azimuth
through the same area imply the disappearance eastward of the velocity
contrast requisite for the refraction. Such an azimuth dependent phenomnon
requires lateral crustal inhomogeneities.

DETAILED ANALYSES OF STATION MAGNITUDE VALUES FOR MISSISSIPPI, BILBY,
AND HARDHAT

1. Introduction. Three events will be discussed in detail. Two of

them, MISSISSIPPI and BILBY, illustrate the problem of observing different
profiles and thus possibly different phases for different events while
interpreting all data by an inadequate generalized formula. All three
events illustrate a type of problem that even proper phase assignment

15



will not defeat. Obtaining the same estimated magnitude from several
phases of the same event requires that the energy partition function
for the event be identical to that for the event or events used in
establishing the function. Otherwise, magnitude becomes a function of
phase.

2. MISSISSYPP]. MISSISSIPP] (Figures 18 and 64) probably represents the
most significant event used in the establishment of the m, formula,
Not surprisingly then, m7 9 and m s values agree closely. '850 of the
standard EUS m 5 formula'obtalne& excellent agreement with Mg’ The
station-by-stagion data are as follows::

. TABLE V
MISSISSIPPI

A Magnitude m A Magnitude m
MNNV 234 5.06 (7.9) 6.0 SSTX 1496 4.33 (8.5) 5.0
KNUT 278 4.68 (7.9) 5.5 WNSD 1507 4.83 (8.5) 5.6
FMUT 408 - ? 4.8 HBOK 1555 4.98 (8.5) 5.5
TFCL 415 3.70 (7.9) 4.5 " CKBC 1578 4.52 (8.5) 5.0
WINV 483 4.83 (7.9) 5.8 WMSO 1596 4.55 (8.5) 4.9
FSAZ 485 4.86 (7.9) ‘ 5.5 AYSD 1601 4.95 (10.5) 6.0
CPCL 490 5.10 (7.9) 5.7 HMBC 1670 4.84 (8.5) 5.0
MVCL 517 - ? - PUOK 1714 ?
TFSO 536 4.67 (7.9) 5.0 CTOK 1910 4.30 (10.5?) 4.3
DRCO 733 4.89 (8.1) 5.5 SJTX 1970 4.86 (10.5) 4.9
HLID 739 4.61 (8.1) 4.6 SEMN 1971 4.42 (10.5) 4.5

BMSO 863 4.47 (7.9) MPAR 2083  4.49 (10.5)
PTOR 971 4.88 (8.5) LR 17 2099 4.85 (10.5)
LCNM 1101  &.41 (7.9) HTNM 2120 5.12 (10.5)

5.2
5.3
5.2
PMWY 1027 4.40 (7.9) 5.2 LR 16 2460 5.11 (10.5)
6.0
5.3

HKWY 1126 4.51 (8.5) ARWS 2660 5.05 (10.3)
MUWA 1392 4.27 (8.5) CVIN 2565 4.95 (10.35)

(CRV NV VN O
O re e 00O O

Average of all stations at less than 1900 kilometers - 4.76 (4.3-5.2)
Average of 28 stations between 1900 and 4064 kilometers- 4.69 (4.3-5.1)
Average of all LI values at less than 1900 kilometers - 5.3 (4.3-6.0)

The figures in parentheses are the extreme values in each group of
values.
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Apparently, computations based upon phase assignment and appropriate
formulas have made the computed magnitude independent of epicentral
distance and have also reduced the range of variation of the data.
Whereas the rang: in computed values was 4.3 to 6.0 using the shot
report table, the use of phase curves reduced the range to 4.3 to 5.2,
i. e., half the previous range. The pairs PMWY - HKWY and WMSO - AYSD
clearly show the influence of proper phase identification. For the
former pair, m__ values were 5.2 and 6.0, while properly interpreting
the PMWY arrivdl as P7 and the HKWY arrival as P leads to magnitude
vstimates of m - 6.68 and m = 4,51, respectivély. The m__ values
for WMSO and A%SB are 4.9 and §:3, while, when making proper pﬁgse
tdentifications, m for WMSO is 4.55 and m for AYSD is 4.95.
Regarding the tojegt?on of such stations as %QCE and MVCL, we argue that,
for interpretation, we require a reasonably clear-cut relationship
between data obtained at a given station and that recorded at tele-
selsmic distances. If we have not established as yet such a relation-
ship, the proper mode of interpretatjon of the data of such stations

fs unknown and we ignore their recordings. Further investigations

than reported here may render the data of such stations meaningful

in a magnitude sense, and thus useable.

3. BILBY. For BILBY (Figures 19 and 65), the data are as follows:

TABLE VI
BILBY
A Magnitude m A Magnitude m

o ST ST
MNNV 242 5.46 (7.9) 6.0 TDNM 880 5.59 (8.1) 5.3
KNUT 284 5.42 (7.9) 5.9 RTNM 1039 5.32 (8.1) 5.2
CPCL 483 ? carly AZTX 1278 5.05 (8.5) 6.2
WINV 493 5.01 (7.9) 5.6 FRMA 1232 5.17 (8.95) 6.3
. 5.13 (8.1) TKWA 1337 ? 6.0
MVCL 520 ? early SKTX 1426 5.26 (8.5) 6.2

TFSO 529 5.68 (7.9) 6.2 GIMA 1487 5.05 (8.5) 5.9
BXUT 386 5.68 (8.1) 5.9 WMSO 15393 5.18 (8.5) 5.5
UBSO 668 5.46 (8.5) 6.7 RYND 1705 5.40 (10.5) 6.0
DRCO 732 5.91 (8.1) 5.9 GVTX 1794 5.75 (8.5) ? 5.4
HLID 747 5,51 (8.1) 5.6 DUOK 1831 5.81 (8.5) 7 5.5

5.6 6.0

BMSO 871 ? 4.24 (8.5) ? HHND 1926 5.83 (10.5)

Average of 18 stations at less than 1900 kilometers - 5.44 (5.1-5.9)
Average of 18 stations beyond 1900 kilometers (1926-9100) - 5.6 (5.2-6.0)
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Nare that, 'noth: 7 ooz ,al 950-1040 kilometers, the orly profile observed
tor BILRY was the NIS - BXUT - DRCO - TDNM - RTNM path, and that Pg_ ; was
cbserved as tirst arrival at all stations. When calculated according to
my g (racitly assuming that all arrivals in this distance range are P7.9).
magn.tude ecttimat-s at these stations are 5,33, 4,64, 4.64, and 4.55,
reepeitively, valuzs below estimates made upon P7°9 arrivals and values
apparecrtly d-crzasing with dictance. The values entered In the tabulation
abcve w.re found, as described previously, by calibration against the
teleseizmic data of this event. Note that the my o and mg s values appear
sve*-matically low relative to 0.5 and m, o values. We obtained, by use
¢l th= same formulas, excellent agreement between magnitude estimates at
all ranges for MISSISSIPPI. This implies that the energy partition for
these two events, BILBY and MISSISSIPPI, differed markedly. The apparent
agrzement of mg | and m . occurs because we calibrated the mg | formula

by use cf this event. Probably, calibration against my; g and mg s would
have had more meaning, making all of the shallow refractions less
cnergetic relative to mjg 5 and deeper refractions for BILBY than for
MISSISSIFPI. Such variatioa in the energy partition function requires
¢ither nonradial symmetry in the source radiation function, varying
patterns of vertical velocity structure in the two shot areas sufficlient
to give the observed differences of energy level in the lunes of the

focal sphere giving rise to the several refractions, or frequency and
depth dependent attenuation factors.

4. HARDHAT. For HARDHAT (Figure 75), the data are as follows:

TABLE VII
HARDHAT
MNNV 228 4,96 (7.9) 3.96 MLNM 781 3.56 (8.1CL) 4,29
ATNV 203 5,30 (7.9) 6.11 TCNM 902 4L.47 (8.1CL) &4.66
KNuT 288 5.12 (7.9) 5,89 5,346 (8,1B') 4.86
INCL 336 4.09 (7.9) 4.92 PTOR 961 4,44 (8.5) 4,86
wWMAZ 399 4.90 (7.0) 5.49 LCNM 1617 3.79 (7.9) 4,64
FMUT <03 4,06 (7.9) 4.83 RTNM 1043 Very late
WINV L74 5,19 (7.9) 3.78 TRWA 1070 4.27 (8.5) 5.74
FSAZ 490 5.18 (7.9) 5.80 EPTX 1095 3.46 (8.5) 4.94
CPCL 500 ? early EFTX 1209 2.89 (8.5%) 4.21
MVCL 512 ? early GNNM 1244 3.30 (8.5%) 4.56
SFAZ 89 5.63 (79) 6.13 BMTX 1324 4,05 (8.5') 5.18
VNUT 669 5.19 (7.9) SSTX 1501 3.60 (8.5') 6.32
VIOR - 688 4.90 (7.9) WNSD 1504 4.24 (8.5') 4.96
SVAZ 711 4.47 (7.9) HBOK 1537 4.18 (8.3)
HL1D 129 3.48 (8.1CL) 4.3 )
4,08 (8.1B)

DRCO 734 4.32 (8.1CL) 5.20

4.92 (8.1B")
18



TABLE VII (Contd)

) Magnitude  mgy A Magnitude  mgy :
WMSO 1598 ? MPAR 2084 3,90 (10.5) 5.00 G
LPTX 1765 ? NGWS 2500 4,13 (10.5) 4.13 '

SEMN 1967 4,41 (8.5) 4,02 MMIN 2728 4,34 (10.5) 4.37
SJITX 1975 4,09 (10.5) 5.37

The three symbols for Pg 5 arrivals identify probable 8.5 refractions from
different profiles with different intercept times, The identification of
the primed events as Pg,5 is tentative., Uncertairty exists as to the
appropriateress of using mg ) (CLEARWATER) or mg | (BILBY) (prime imply-
ing 0.3 adjustment of BILBY formula based upon discussion of BILBY). It
the computed magnitudes are grouped according to phase, the following
tabulation is obtained:

7.9 mg,1 (CL) mg ,(B') mg. s Mg, 5 mg, 5 m0.5

4.96 3.48 4.08 4.b44 4.05 3.46 4.09
5.30 4.32 4.92 4.27 3.60 2.89 3.90
5.12 3.56 4,16 4.24 4,18 3.30 4.13
4.09 4.74 5.35 4.0l 4.34
4.90
4.06

5.19
5.18
5.63
5.19
4.90
4.4
3.79

The two arrivals that were 1| se.ond early relative to Py .9 and had very

" low computed my g magnitudes (4.09 and 4,06), togetter with the unusually
low estimate at LCNM (3.79) introduce an abnormal spread into the my g
data, If one ignores these arrivals, the average m7.,9 = 3.17, if they
are included, the average my g = 4,87, The mean mg,; (B') = 4,62, the
mean mg 5 = 4.34, the mean m|g 5 = 4,12. with the mg s« ard mg ¢ values
even lower., Obviously, the formulas used for MISSISSIPPI do not satisfy
HARDHAT. No obvious distance dependence appears in any phase. TIhe path
length difierences between Py g, Pg c, and Pyg, 5 represent small frace
tions of the total path lengths so that one cannot explain a dependence
of magnitude upon nhase as beinrg due to a higher frequency signal for
HARDHAT than for MISSISSIPPIL with a more rapid decay of signal with
distar.e. The lack of dependence of magnitude upon distance in each
phase also suggests this conclusion. Another explanation seems required.
The decrease in m1 5 values shown above from those in the shot report
largely results from miscalculation in the shot report,
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COMPARISON OF MAGNITUDES COMPUTED BY mgy AND THE SEVERAL CURVES OF THIS
REPORT

A comparison of the magnitudes computed by mgy and the several curves

. ,established here clarifies the significance of employing the proper

curve (see Figure 100). At 1900-2000 kilometers, mgry underestimates
relative to mg,5 by 0.4, At 1600 kilometers, mgy underestimates the
magnitude by 0.3 relative to mg,5 and 1.0 relative to mjg,5. Even if
using the new curves, an error of 0.7 will be made if one misidentifies
the phase measured. At 1100 kilometers, mgy overestimates with respect
to both relevant curves, 0,5 relative to m7,9 and 1.5 relative to mg, s.
Again, if m7,9 and mg,5 are used but misidentification of a phase occurs,
an error of 1,0 will be made in magnitude, PTOR providing a perfect
example of this phenomenon. This station routinely sees Pg 5 as first
arrival for NTS events though being only 970 kilometers from NTS. Note
the gross discrepancy between mgy and mg,5 at all distances less than
1400 kilometers. Fortuitously, these curves cross around 1700 kilometers
due to the attempt to get by some means from somet'iing approximating a
mean between m7,9 and mg, 5 at 1000 to m)Q,5 at around 1800 kilometers.
Between 1000 and 2000 kilometers the mgy and my,9 curves nearly parallel
one another, the difference between the two curves being 0.63 at

mgr = 5 and 0.95 at mgy = 3. We included mg,} (CLEARWATER) on Figure 100
to demonstrate the grossly different behavior of this phase with distance
from that of all other curves. Inside 600 kilometers, Pg,; (CLEARWATER)
appears larger than either Py g or Pg .5 for m = 4, vhile it decays to

1.5 mu at 1000 kilometers for m = 4.

RECALCULATION OF ALL SHOTS PREVIOUSLY ANALYZED IN SHOT REPORTS

Subject to the limitations and uncertainties of the type just described,
the A/T versus A versus magnitude data of all previously analyzed ¢vents
were recalculated based upon the formulas given above. As none of them,
other than SHOAL, were in granite, one does not expect problems of the
type met in analyzing the data of HARDHAT. Figures 24 through 79 present
the recalculated magnitude values, the figures for selected events
(Figures 8, 9, 10, 58, 60, 62, 64, 65, 73, 76, and 78) including shot
report values of magnitude for comparison and study purposes. The mag-
nitude of these events was obtained by averaging all recomputed values,
the symbol my,' being adopted for this average value. The values of my'
aré those used throughout the following discussion and tables. It is
clear from the indicated figures that the gross dependence of magnitude
upon distance which was present in shot report values of magnitude has
becen largely eliminated by use of the phase formulas. Small events only
recorded at less than 1500 kilometers are reduced in magnitude (my')

from mgy values by as much as a full magnitude. The following tabulation
(TABLE VIII) gives all mp' values computed by procedures of this report
for explosions, together with mgy values and values derived by Romney

by use of A/T values at 500 kilogeters for the smaller events.
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SHOT
Valley Tuff

AARDVARK
STONES

FORE
MISSISSIPPI
BILBY

Mesa Tuff

FEATHER
CHENA
PLATTE
ANTLER
MADISON

DES MOINES
MARSHMALLOW
CLEARWATER

HANDCAR
(Dolomite)
HARDHAT
(Granite)
SHOAL
(Granite)
DANNY BOY
(Basalt)
GNOME
(salt)

CLIMAX
(Granite, Chemical)

CHASE III
(Water)

TABLE VIII (Contd)

mbo

2.13
2.76
3.44
4.03
3.71
3.72
3.99
4.71
4.19
4.62
3.06

4.27

3.73

4,7 (mt.)
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4.6
4.8
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RELATIVE MAGNITUC F. USE OF DATA OF FIXED STATIONS

Another approach to establishing relative magnitudes of NTS events is
to compare A/T values of the svents as recorded at fixed stations,
Relative magnitude should be determinable to within several percent by
this approach and one measure of the meaningfulness of the overall
scheme here employed would be the agreement of relative magnitudes of
NTS events as computed by the two methods of anslysis. Several events
are anslyzed by relative amplitudes at fixed stations in Table IX, all
stations being restricted to ones receiving Py g in WUS from NTS
events, - ’

TABLE IX

Comparison of my+ and Individual Station Relative Magnitudes

Event m,s  Relative my Relative m (CHIN II)*
(CHIN II) MNNV  WINV  KNUT  FSAZ Av

CRINCHILLA II 2.73 2.73% 2,62% 2,35* 3.12* 3.01* 2.,78% +,05
KAWEAH 3.15 42 .73 1.18 -.10 .03 51 +.09
STOAT 3.38 .65 .89 - .59 .62 .70 +.05
CODSAW 3.40 .67 .84 1.10 .34 .19 .62 -.05
FISHER 3.45 .72 1.20 .80 42 .59 75 +.03
ACUSHI 3.51 .78 l.11 .96 .35 .84 .82 +.04
DORMOUSE 3.64 91 1.30 - .33 .70 .83 -.08
CASSELMAN 3.64 91 1.16  1.49 .61 .68 .99 +.08
PASSAIC 3.69 .96 1.23  1.34 .72 .75 1.01 +.05
MADISON 3.7 .98 1.08 1.32 1.07 1.09 1.14 +.16

*CHINCHILLA II data are basis of comparison for other events.
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In Table IX, the data of CHINCHILLA II are the basis of comparison, Thus,
in the row tor CHINCHILLA II, values are magnitudes as estimated by my g
while in the rows for other events, values are differences bet:een magnie
tude for these events and CHINCHILLA Il at the indicated stat:on or
stations, based on measutred A/T values, Note that such an approach does
not necessarily eliminate a full magnitude spread in the data (KAWEAH,
for example). Column 8 is an average of the relative magnitude values
obtained at the four fixed stations (KNUT, MNNV, FSAZ, and WINV) while
Column 9 is the diffevrence between this relative magnitude estimate and
that of the magnitude values of this report (myr). In only one case,
MADISON, does a value in Column 9 exceed 0,1 magnitude unit, The conclu=
sion is that the procedural scheme used of averaging values computed by
various phase formulas has passed another significant test.

APPLICATION OF THE PHASE CURVES TO EARTHQUAKES OF WESTERN UNITED STATES

l. General. Problems of two sovts expectedly arise in the application
of these tormulas to data from earthquakes, First, the factor of rela-
tive excitation of phases, significant in such a small region as NTS,
expectedly introduces inconsistencies in predicted magnitudes of earth-
quakes, Second, the certain definition of phase for each arrival
measured becomes more difficult than tor NTS shots, For shots, phase
definition is comparatively simple since we know accurately the time of
origin and epicenter and 2-second differentials in travel-times are clear
and meaningful. However, the programs used in locating earthquakes do
not consider the presence of two dominant rcfracted phases in the dis-
tance range 300-1800 kilometers, The attempt to locate epicenters on the
basis of a formula that obscures these two arrivals by treating them as
one or as an invalid two can lead only to phase confusion and lack of
definition on a T - 4/8.1 plot. SHOAL and the Fallon Earthquake form an
excellent demonstration pair of this phenomenon., These 7o events
occurred very near ¢ach other and many of the same stations recorvded
them, The T - 4/8.1 plot for SHOAL (see shot rezpor.) clearly shows the
several refraited phases. Time of origin and epicenter were very
accurately known and were rot derived from the travel-time data, The
Fallon Earthquake, however, of necessity was located by use of the
travel-time data and by use of an earth model which did not represent the
velocity structure of the region, Thus, appreciable uncertainties in
the time of oricin and epicenter resulted in a confused and virtually
undecipherable T - 4/8.1 plot. In such a situation, one must, almost

of necessity, establish arbitrary ranges for the applicability of each
phase magnitude formula, We adopt the convention that m; g applies to
all stations with < 4 £ 1000 Lilometers, mg 5 to all stations with

1000 < A < 1800, and miQ,5 and mgg beyond 1800 kilometers. The breaking
of this rule occurs when obvious reason to do so exists and we note such
exceptions, Expectedly, the shadow-zone effects of the Sierra Nevada
influence relative amplitudes of these phases. With these limitations
in mind, we selected for study a set of WUS earthquakes. Several events
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reported by the US Coast and Geodetic Survey (USC&GS) to be of magnitudo 3
or greatcr augment earthquakes previously reported by VELA in shot report
style. As an intcresting sidelight of this investigation, note that
'S(&GS or Pasadenn often greatly ov(restimate magnitudes of small carth-
quakes (5 or less) relative to teleseismic magnitudes, Huch of thi- e
clearly due to use of 1nvalid formulas relating magnirude, distance,

and A/T.

2, Earthquakes Studied. The carthquakes investiga'ed are those ot:

2 Feb 1962 at 18" 12' N 104" 54' W

5 Feb 1962 38 12 . 107 16 Colona Eacrthquake Report

IS Feb 1962 6 51 112 26

1% Feb 1962 37 04 11?7 538

25 Feb 1962 45 12 111 12 hebgen Earthquake Report

5 Apr 1962 18 24 19 18 Bridgeport Earthquake Report
14 Apr 1962 41 125
27 May 1962 1.7 115.6
20 Jul 1962 39 30 18 18 Fallon Earchgu.ake Report

21 Aug 1962 42 127

30 Aug 1962 41 54 1 24 Cache Creek Earthquake Report
5 Sep 1962 40 62 112 00 Cache Creek Earthquake Report
16 Sep 1962 36 119

6 Nov 15%? 4= 123

18 Nov 1963 10 YA

22 Mar 1964 38 119

5 Jul 1964 26 I
24 Oct 1964 (N 129,1
22 Dec 1964 3.5 116.9

Figures 81 through 98 display the mgy values and the phase magnitude
values., The general phenomenon of predicting too high a magnitude by use
of mgy at less than 1700 kilom:ters becomes as apparent as for NTIS shots,
Fallon, 1n particular, interests us as its pattern of computed magnitude
values 1s so similar to that of SHOAL, implying essentially identical
energy partition functions of these two events as regards Pe-wave energy,
The events of 14 April 1962, 27 May 1962, 6 November 1962, and 24 October
1964 display excellent adjustment of the data by use of the phase
formulas in contrast to the poor adjustment when using mg., Events of

2 February 1962, 21 August 1962, 16 Seprember 1962, 22 March 1964,

31 March 1964, a~d S July 1964 g1.¢ lower <ctimates o magnitude at less
than approximately 1400 kilomerers than at greater epicentral distances.
Note that these events occurred either immediately west of the Sierra
Nevada or in Mexico, or near Queen Charlotte Islands.

27



3. 5mall Eartmjuaxk=s. The quakrs of 5, 15, and 25 Fetruary 1962,

5 April 1962 and 6 August 1963, i. e€.. Colona, Kanab aftershock, Hebgen,
Bridgeport, and o-e other, were not recorded at teleseismic distances
because of thceir ~mall size, The first four were used by Mansiield in
his discussion of AR, Note that, of all of them, the use of mg, values
predicts a teleseismic magnitude completely inconsisternt with the short
distancee over which *hese ¢vents were re-orded. Adjustment by the phase
formulas brings the i~dividual magnitude data into more reasonable
intceadi apreement and, in addition, yields reasonable magritudes in
light of the short rarge of recorded signals, A more detailed ciscussion
from a regional pattern point of view seems unwarranted until a large
sampie 0l vents has been analyzed, It seems obvious, however, that
treatment of the A/T data of carthquakes of WUS by the WUS phase formulas
yields a more 1-terrally consistent body of data than that obtained by
use Ot mzp vdlues,

4, labya- Eay:'.aahe oi 20 Feboodry (963, As a4 '1-al nove on this point
the two Livyan ear: h‘Udk(b (Visure 99) studied by Gordon? sugges® the
appropriatene<s of applica®ion of these formulas (or at least mg 5) to
the Mediterrane¢an avea, For the fwo events, reporied in the above-
mentioned paper, ATU and IST, S .8 and 10.6° y respectively, yielded
excessive magnitude vatimates by use of mgy values but yield values

consistent with my g by mg g for IST and my g tor ATU.

USE G P PHASES AS DIAGNOSTIC AIDS

The agreement o' mg o (3«2 Appendix), my g, mg 5, M, 5, and my 4 values
for both explosiors a-d ¢arthquake s mecans that relative ex-itation of
these phases annn’. be used as a diagnosti~z criterion for distinguishing
explosions and efarthy.akes, li**le doabt exists that paticrns of
variable telative cszitation such as observed fo: BILBY and HARDHAT will
occur 11 «arthgquakes also tut. a pattern scpavating earthquakes and
€splosions docz not exist,

VELOCITY STRUCIURE OF CRUST OR CRUST AND UPPFR MANTLE IN EASTERN UNITED
STATFS AND WESTERN UNITED STATES

l, EUS

a. limited Pg data indicate that in EUS this phase is never the
clearly marked phasc that it is in WUS. The events picked as Pg appear
to have a zero=-distance time-intexrcept of several seconds and a velocity
of about 6,4 Lilometers per second, However, the data are exceedingly
poor,

b. Fipure 23 15 the basis of the following discussion, being based
upon numerous shot reports. The Pg 5 event records as first arrival
to 2:00 kilometers, The SS Village profile (recorded by land stations,

5Gordon, 6;vid ﬁ., 1963, Libyan Earthquake of 21 February 1963,

USC&GS Publication,
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the nearest being a4 tcw hundred kilometers from the shot point) has an
intercept of +9 seconds., This represents a path which includes one trip
through the EUS crust, one trip through an oceanic crust, and a
horizontal leg of a few hundred kilometers to continental structures at
about 8.1 kilometers per second rather than the continental velocity.
CNOME-East shows an intercept of +l1 seconds, this intercept being
representative ot two trips through the EUS crust, We will assume that
5.5 seconds characterize crustal thickness in EUS, the 3.5 second
difierence of the SS Village intercept being explained by the two last
path segments mentioned above,

c. Very simple crustal models suffice for the discussion which
follows, The discussion illustrates the contrast between EUS and WUS,
a contrast so gross that slight details of crustal model are of second-
order significance. Therefore, we assume a velocity of 6,0 kilometers
per second above the Pg 5 refractor and obtain a thickness of 46 kiloe
meters for the crust in EUS. This thickness varies as other
investigations have shown, but an average figure suffices for this
discussion,

2. WUS. A cursory glance at Figure 23 reveals immediately the gross
contrast between travel-time curves for EUS and WUS in the range 150-
2100 kilometers. As we have already illustrated, marked differences
occur within WUS itself.

a, P, is well observed in WUS out to 1000 kilometers and has a
velocity of very nearly 6.0 kilometers per second.

b. P;,9 is widely observed in WUS for NTS events. 1Its intercept
does not depend upon azimuth trom NTS and 1s ahout +5 seconds. Use
of a layer velocity of 6.0 kilometers per second indicates a depth of
26 kilometers to this retractor,

c. The Pg 5 = NIS/Dakotas profile has an intercept of +14 seconds,
representing the sum of l-way trips through WUS and EUS crustal types,
all times having been measured in EUS for this phas¢ on this profile.
If 5% seconds represent a l-way trip through the EUS crust, 8% seconds
characterize a l-way trip through the WUS crust.

d. For Pg 5 = NTS/Washington, an observed intercept of about
+18 seconds should characterize a 2-way trip through the WUS crust,
A value of 9 seconds for a l-way journey agrees nicely with the value
of 8% found on the NTS/Dakotas profile.

e. If we assume an average value of 8.0 kilometers per second

for the velocity in the layer between the P7.9 and Pg_ 5 refractors
in WUS, a thickness of approximately 130 kilometers is found for this.
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layer. The P8 refractot in WUS then occurs at a depth of about

150 kilometers whnle in EUS 1t occurs at only approximately 50 kilo- . .
meters. The quest'on immediately arises as to what tc call the crust .
in these arcas, No logical basis exlsts for calling the Py ¢ refractor

base of crust in WUS and the Pg_ s refractor the equivalent level in EUS.

This custowmary approach may obscure a fundamental and profoundly signi-

ficant contrast between these two parts of the United State¢s., No logical '
explanation of the supposed thinning of the crust from east to west

exists. The general conclusion of compensation below the crust has been

invoked in order to explain the conflict between gravity and seismic

data. Real understanding of the relations bectween these two types of

data may result from the realization that the same velocity surface is

present in WUS as is termed base of crust in EUS hut is approximately

100 kilometers deeper in WUS. Probably, calling the Py « refractor in

both areas base of crust would constitute a geophvsicallv meaningful

definition.

f. Pg 1 - NTS/Northern New Mexico. On iarge events at NTS, a
clear 8.0 - 8.1 arrival is recorded as far as &INM, the intercept
being approximately 7.5 seconds Detailed inspection of records
obtained along this profile indicates absence of a 7.7 7.9 refractor.
Indefinite recordings of P8.5 have been measure¢d at a tew hundred
kilometers, really good recordings not being ottained until the profile
extends into EUS. The Pg ; refractor apparently replaced the Py g
refractor in this reglon and is at a scmewhat greater depth, the values
given above yielding a depth of 36 kilometer:. The Pg g refraction leg
observed in Texas and beyond has an intercept cof 18 seconds. In light
of the fact that the GNOME East proflle traversed the same region with
an intercept of only 11 seconds, the suggested explanaticon is that the
Pg 5 energy observed along this profile for NIS shots is the energy
that was following the Pg | refractor in WUS

APPLICATION OF IDEAS OF TH!S PAPER TO OTHER AREAS

l. General. The functional relation betwa2en A/T and & for a given
region quite obvicusly depends upon the velecity structure of the
region. A simple velocity structure such as that of EUS will result

in a simple dependence of A/T upon A. Conversely, the existence of
multiple refractors will result in a complex dependcnce of A/T upon A,
The general suggestion is that Shield or Cratonal arcas of low mean
elevation will display a simple A/T versus A relat.onship while regions
of high mean elevat.on on a regional basis will display complex
velocity structures and a complicated dependence »f A/ upon 4.
Therefore, an investigation of the velocity structure Of a region

will lead to a basic understanding of the operative A/T versus A
relationships. Such velocity data cannot be based upon an epicentral
location and origin time based in turn upon an assumed velocity
structure. Thus, only data for explosicns are acceptable for such

an analysis.
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2. Europe. The Haslach travel-time curve for Europe allows an
immediate prediction of the expected A/T versus A relationships for
this region. The data on which the travel-time curve of Figure 23
i5 based were obtained as the result of an explosion near Haslach
in Southwest Germany (48°16'N 08°07°'E). Note that a single phase
with uniform apparent velocity was recorded from 200 kilometers to
2000 kilometers, a pattern strikingly similar to that observed in
EUS., It seems reasonable that A/T will be found proportional te
very nearly the inverse second power of 4 in Europe. There seems
to be little possibility of a pattern similar to that of WUS. No
shadow zone for P phases will be found in this area.

3. Asia. The USSR has not released adequate explosion data to
permit a prediction of the expected A/T versus A relationships.
Obtaining such data is important as it would greatly advance our
understanding of the problems to be expected from observatories at
specific localities within the area of interest.,

CONCLUSIONS

l. Contrary to the curve presented by Richter6, Pn amplitudes in WUS
in the range 1000-1700 kilometers are not obeying a shadow zone inter-
pretation as envisaged by Gutenberg. There is no evidence for a broad
interval of several hundred kilometers in which P amplitudes are very
small, There is a large jump in amplitude at approximately 1000 kilo-
meters due to Pg g becoming the first arrival. For some uncertain
reason, the Pg 5 refractor and associated refracted phase were never
recognized in WUS by Gutenberg and the high amplitudes of this phase
were either missed or misinterpreted. Signal levels decrease
continuousiy from approximately 1000 kilometers outwards except for
one or morz comparatively small jumps in amplitude associated with

the beginning of the first arrival of deeper refractions. These small
steps in amplitude (such as from Pg 5 to PIO.S) cannot be termed
shadow zone phenomena in the Gutenberg sense or in any real sense.
Measurement of P amplitudes in the range 1000-2000 kilometers are
more desirable than in any more distant.

2. In EUS, amplitudes increase continuously from 1000 kilometers to
the epicenter. There is total absence of any phenomenon which could
be interpreted as a shadow zone for P,

3. In WUS, the amplitude discontinuity in the neighborhood of 1000
kiiometers is abrupt and associated with the first arrival of a
deeper refraction (Pg,5), replacing the weaker P7,9 event. The
P7.9 event can occasionally be followed as second arrival beyond

6

Richter, loc. cit. and figure 100, this report.



the point where Pg 5 becomes first arrival. The Pg,5 arrival in
WUS appears to obey essentially the same decay law with distance
as does the Pg. 5 refraction in EUS.

1naccurate at distances out to 159-20° for virtually all events, even

for WUS. Errors in magnjtude estimates at single stations of as high

as 1.5 magnitude units occur vhen this law is employed. Extensive con-
firmation of this failure of the shot report table or for any single
curve for both explosions and earthquakes is contained in this report.
All previously studied explosions and earthquakes plus several additional
earthquakes have been recomputed according to the scheme proposed in

this paper. Romney's procedure for computing m for small events by use
of P7.9 data was calibrated against teleseismic data of large events and
thus avoided the inaccuracies of the shot report computations.

4, The A/T versus A table used in the VELA shot reports is grossly -g

5. A/T data for the P;, phase in WUS are as useful and as meaningful
for magnitude computat%ons for both earthquakes and explosions as are
the refracted P phases (see Appendix).

6. Magnitude computations based on refracted phases can be made
essentially independent of distance by proper calibration of the
crust and by establishing the correct energy partition function

for the several phases generated. Such energy partition functions
appear quite variable and must be influenced by focal and near-focus
conditions.

7. Epicenter location of unknown events by use of regional and near-
regional data will be markedly improved only when crustal models
expressing the multiple refractors present in a region are used as
the basis of analysis. Any effort to attach regional corrections
must fall in general application.

8. Analysis of the amplitude/period data of any region in the range
200-2100 kilometers is only meaningful after elucidation of crustal
structure and establishment of the general energy partition function
and decay rates of each phase. It appears probable that velocity
structure will characterize decay rates. Thus, the Haslach travel-
time curve for Europe, based upon surface explosion data, is very
similar to that of EUS. The implication is that mg, 5 may be appli-
cable to A/T data of European seismic events in the reglonal and
near-regional distances but only investigation of A/T data of Europe
will indicate the actual relationships. The situation in the USSR
is not certain and will not be clarified until data obtained by
observing Russian explosions become available.
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APPENDIX: ANALYSIS OF Pg DATA

1. General. Pg o (Pg) was observed widely and well throughout WUS to
distances of 1000 kilometers with a velocity of 6.0 kilometers per
second. Py gives rise to higher A/T values than other P phases in WUS.
In many cases it can be recognized by waveform character even though,
at other than very near stations, it is a second arrival, In WUS it
decays as the third power of the epicentral distance and its velocity
is very near 6.0 kilometers per second. It does not occur beyond WUS
and loses definition beyond about 1200 kilometers in any azimuth from
NTS. One wishes to know whether one can interpret Pg A/T data in a
magnitude sense to the extent that the P, phases have been successfully
interpreted. 1f so, two useful and significant results accrue,
Firstly, one can obtain confirmation of our prcposed A/T versus 4
versus mpe interpretive scheme from an indepenient phase. Secondly,
such a uniformity of behavior would imply one :ould use Pg for estima-
tion of magnitude of earthquakes with as much or more reliability than
the P phases as the scheme of identification of Pp phases for an
unknown epicenter may prove diftficult while one can generally identify
P, by record character. If the beginning of P, is measurable to within
two or three seconds, better epicenters probab%y could be obtained by
use of this phase than by use of the Pn phases in WUS. Pp phases as
first arrivals are timed to a fraction of a second but the proper
classification of the phase measured may be so uncertain and the
crustal velocity structure assumed so inaccurate that one can introduce
errors of several seconds into the calculations of epicenters, When
using Py in WUS an extremely simple but valid model can be used for
computation purposes.

2. Analysis of Pp Data. The procedure followed here begins by
estimating the best value of A/T at 500 kilometers from the A/T

versus O plots for Pg in the shot reports. See Figures 103 through
106 ior examples of A/T versus 8 plots of Pg data. We plot these
(A/T)sp0 values against radiochemical yield in Figure 107 and against
mpe+ values of this report in Figure 108, Compare Figures 107 and 108
to sce that the (A/T)soQ values of Pp display a linear relationship to

the magnitude values of this report, being independent of shot medium,

"These two figures confirm the usefulness of Pg amplitude data for

estimeting magnitude and support the relative magnitude determinations
of this report. The resulting Pg o equations are:

m6.0 = 1.28 + 1.14 108 (A/T)SOO (13)

mg g = -8.00 + 1.14 log A/T + 3.42 log b (14)
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The curves of Figure 100 for P7 g can be used for Pg o if magnitude
values are decreased by 1.0 units. In other words, Pg.0 gives A/T
values 10 times those of Py g at the same distance.

3. P, Data for WUS Earthquakes. A/T data for the P phase are
available for several earthquakes of WUS. The compu%ed mg o Vvalues
follow:

Earthquakes (A/T)500 m M o
Colona (5 Feb 1962) 40 3.1 . 3.11
Hebgen (25 Feb 1962) 50 3.2 3.22
Cache Creek (30 Aug 1962) 2500%* 4.3 5.16
Cache Creck A/S (5 Sep 1962) 500* 4.1 4.36
Bridgeport (5 Apr 1962) 42 3.03 3.29
Fallon (20 Jul 1962) 240 4.4 4.16

*Based on WUS data.

The P, data demonstrate their usefulness for the estimation of mag-
nitude of WUS carthquakes. Remember that we derived this scheme for
Pg by calibration agalnst mg values of P phases and noting the
linear relationship between fog Y and log (A/T)sqg. Therefore, the
agreement at magnitudes above & occurs independently of Pn values
inside 2000 kilometers and the agreement at lower magnitudes depends
upon control other than previously computed magnitude values.
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