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ABSTRACT

Travel times of PcP and P phases from nuclear and high explosive
sources are interpreted in terms of variations in the radius of the
earth's outer core. Travel-time residuals from the Taggart-Engdahl
[1968] tables are determined for the PcP-P time interval and for PcP
travel times, corrected for station and source terms. The travel times
are also corrected for elevation of source and station and ellipticity,
excluding the core ellipticity term. This interpretation favors a core
which is slightly larger than that of the reference model of Taggart and
Engdahl [1968] and which has less ellipticity than estimated by Bullen
[1936]. Other interpretations in terms of lateral variation in mantle
velocity are also possible.

Because all of the events and most of the stations whose data are
used lie in the northern hemisphere, the description of core shape is in-
complete and is representative only of regions of the core surface in the
vicinity of the PcP reflection points,

The distribution of data does not permit a conventional spherical
harmonic analysis of the inferred variation in core radius. A modified
spherical harmonic analysis method is devised to smooth the data and to
estimate the shape of the core. The variation of core radius determined
from this representation is approximately #10 kilometers on the basis of
terms to degree and order 5., The standard deviation of the data is
approximately *20 kilometers, indicating the presence of variations of
higher degree and order, many of which are probably due to factors
other than undulation of the mantle-core boundary. Variations in geoid
height resulting from the inferred variation in core radius do not
correlate with, but are of the same order of magnitude as, those deter-
mined from sateilite observations,

Analysis of a limited number of short-period PcP amplitudes shows

no significant variation of the PcP amplitude/period ratio with epicentral

vii



distance and an estimated scatter of data on the same order as that found
for P in the distance range 70° to 90°, The PcP phase is generally
shorter in apparent period than the P phase., This relationship is re-
versed, however, for arrivals from the Novaya 7Zemlya event of October
27, 1966,

The PcP amplitude and travel-time variance can be explained, for
the most part, in terms of lateral variations in thickness and distri-
bution of crustal and upper mantle velocity zones consistent with the

mudel proposed by Nuttli and Bolt [1969] for northern Californic,

viii
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Introduction

The purpose of this study is to examine the variation in PcP travel
times and the PcP-P time interval from zero-focus sources and to estimate
on this basis the shape of the core. Because of the distribution of
zero-focus sources, the results apply only to the northern hemisphere.
The contributions of crust and upper mantle velocity variations to the
PcP and PcP-P scatter are assessed, and appropriate corrections applied

whenever possible.

Background
A. Vogel [196( | considered the travel time dispersions of the PcP,

ScS, PcS, and ScP waves as consequences of a non-uniform reflection depth.
Using data from earthquake sources, he interpreted travel time anomalies
as corresponding to variations of more than +200 kilometers in the depfh
to the core~mantle boundary. The geographical pattern of core depths was
found to differ for the periods 1948-1954, aud 1930-1936, He also found
correlation of the core depth anomalies with those of the earth's gravity
and magnetic fields. Egyed [1964] accounted for the amplitude of the un-
dulations of Izsak's [1964] satellite geoid in terms of the density con-
trast of a sphere of 200 km diameter situated at the rore-mantle boundary.

The present study differs from that of Vogel in several important
ways:

1. Only surface-focus (nuclear or high explosive) events

are used,

2. In each case the zero time is either known or is assumed
by adjusting the computed zero times based on the Jeffreys-Bullen sur-
face—focus times by a regional correction, The adjusted times indicate
that the shots were fired on or within a fraction of a second of an
exact minute; hence in most cases the unknown origin times are assumed

to be exactly on the minute,

3. Epicenter locations used in this study are either known
a priori or have been determined with an accuracy unattainable a few

years ago.

4, Depth phases are not present, eliminating a number of



arrivals which, at certain distances, could be confused with core phases.

5, Only PcP and P travel times from short-period instruments

are used,

PcP Observations from Zero-Focus Sources

The data used in this study represent all available PcP readings
from zero-focus events that are known to the author. To avoid the redun-
dancy inherent in using all available data from NTS sources, only the
Bilby and Faultless data are included. The source regions and events
used are described in Table 1 and shown in Figure 1., Data are included
from many recording sites, including U.S.C.&.G.S., U.S.G.S., AFTAC
stations, LASA, and a number of independent university or foreign govern-
ment-operated stations. Epicentral distances for the PcP observations
range from 15° to 85°. Published, bulletin, or listed arrivals identified
as PcP have been accepted as such and included in the analysis unless
inspection of the record by the author or others has shown this to be in-
correct. In some cases unidentified arrivals or misidentified arrivals
are included when the travel time indicates the phase should be PcP,

Data from western Pacific sources were obtained from Kogan [1960],
Carder [1964], Carder [19681, and Doyle and Webb [1958]. Buchbinder
[1965] and Jordan [1968] supplied the Bilby and Faultless data respective-
ly. Longshot data were from Carder, et al. [1967], Buchbinder [1968a],
Taggart and Engdahl [1968], Clark [1966a], Bufe and Willis [1969], and
others, CHASE III and IV arrivals are from Buchbinder [1969], Clark
(1965], Clark [1966b], and from the ESSA Earthquake Data Reports. The
travel times for the Sahara event were read by the author from records of
the ESSA worldwide net. Semipalatinsk and Novaya Zemlya data are from
Jordan [1968], from B.C.I.S., ESSA, and LASA bulletins, and from the
author's readings. All PcP travel times used are tabulated in Appendix
1, where the sources of data are referenced in detail, Readings made or
verified by the author are indicated by an asterisk. Arrivals determined

by the author have been subjected to several criteria, which follow.

1. Arrival should be distinct from surrounding microseismic

background and P coda.

2. Generally PcP will be equal to or higher than P in frequency
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at distances greater than 30°., This relationship has been noted by
Kogan [1968] and is explained by Kanamori [1967] in terms of attenuation
characteristics in the mantle. Arrivals from the Novaya Zemlya event of

10/27/66 are exceptions to this rule.

3. At epicentral distances greater than about 30°, the wave-
forms of PcP and P should be similar, such that the PcP-P time interval
could be determined by auto-correlation. Spectral analyses by Kanamori

[1967] and Buchbinder [19€9] have shown this to be true.

4, In many instances for stations at the shorter epicentral
distances both horizontal and vertical component seismograms were scan-
ned. The ratio of vertical to horizontal amplitudes should be larger

for PcP than for P.

Since many of the arrivals selected by the author did not meet all
of these criteria and the reliability of the bulletin data in this re-
spect is unknown, no attempt was made to assign weights to readings on

this basis,

Correction for the Earth's Ellipticity
Jeffreys [1935] described the effect of the earth's ellipticity on

the travel times of seismic body waves. The ellipticity correction for

P or S waves involves terms dependent upon the ellipticity of the earth's
outer surface and the latitudes of source and station and upon the ellip~-
ticities of internal strata of equal velocity along the ray path. Bullen
[1936] assumed hydrostatic conditions to apply within the earth and cal-
culated the variation of density with depth on the basis of the velocities
of P and S waves. The ellipticities of internal strata of equal density
were then computed, ranging from 0.00337 at the earth's surface to 0.00256
at its center,

The ellipticity correction to the PcP travel time can be considered
as four separate terms with geometry as illustrated in Figure 2. Jeffreys
{1935] has shown that, to the first order in éf , the difference between
the actual travel time of the P or § ray between source and station and
the time between the two corresponding points on the surface of the stan-

dard sphere, is given by



NOTE : Ellipticity Greatly Exaggerated.

FIGURE . RAY PATH GEOMETRY IN AN ELLIPTICALLY STRATIFIED EARTH.



A A @ :
- _ 1l dr r 1
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where p is the ray parameter defined at any point on the ray path as

2
Iv—i; , v is the local wave velocity, and (2)

[e]

p=

r is the distance of the point from the center of the earth, Consider-
ing the PcP ray path in two segments, source to core and core to station,

each segment subtending a central angle A/2, the above expression becomes

A A
- 1l dr 2 1l dr
T°-T) = p| 5 = 6| +p| =56
( J p[ r2 deo r] p[rz do r]A
0 —
2

a i A opa i
r 1 r 1
+p r > d +p| 6r + =| 46, (3)
o dé r A de? r.
2

(XY

The first two terms of (3) represent the "end effects" portion of
the ellipticity correction. By (2), they can be written

A
2 A
1l dr 1l dr
[v T Gr] + [v s Gr] . (4)
o A
2
Since % is negative on the down path (source to core), (4) can be writ-
ten
1l |dr 1l |dx 1l |dr
[v o Gr]A - 2[v & Gr]A + [v dsl cr]o (5)
2
or

cos 1 cos i cos i
[ v Gr]station- 2[ v Gr]mantle-core+[ v Gr]source- (6)

boundary



This is the standard "delay time" format often used in refraction
studies and in applying elevation correcticns to seismic travel times.,
The second term of (6) has been excluded from the ellipticity corrections
applied in this work, since it is 8r at the core-mantle boundary which we
wish to determine, i.e., for the purpose of computing ellipticity correc=-
tions, the core is assumed to be spherical.

Thus the "end effects" portion of the ellipticity correction is re-

duced to the source and station terms of (6), which can be simplified to

cos i
[ v ] (Grsource + Grstation)’ CEm 7
base of

crust

similar conditions at opposite ends of the ray path.

The path difference is assumed to occur in the upper mantle. The
factor cos i/v at the base of the crust has been evaluated as a function
of epicentral distance for PcP and is plotted in Figure 3. Angle of in-

cidence was determined from the relationship

n <
[o7] [o]
DOt

sin i = (8)
assuming a sub-crustal velocity of 8.1 km/sec., The values of 6t/86 were
taken from Taggart and Engdahl's [1968] PcP travel-time tables.

The §r values in equation (7) are functions of the latitude of the
source or station and the ellipticity of the earth's surface. In general,

from the definition of the standard sphere

8r = er 82 9)
where € is the ellipticity and 82 is the surface harmonic, 82 = %-- cosz¢,
where ¢ is the geocentric colatitude. The §r sum was computed for each

source-station combination and used in conjunction with Figure 3 and Eq.
(7) to compute the "end effects" portion of the ellipticity correction.

Elevation corrections were applied in the same manner, assuming a crustal
velocity of 6.0 km/sec and cos i/v versus epicentral distance as plotted

in Figure 4.
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The integral terms of (3) represent the part of the correction due
to the ellipticity of internal strata along the ray path. Builen [1938],
using his [1936] values of ellipticity of internal strata, has shown that

this expression can, subject to errors not exceeding 0.1 second, be put
2

, A
in the form fl(Z)(SO + 5 Sa + Sl)’ where S0 and S1 are the values of the

surface harmonic S2 at the epicenter and observatory respectively, and
Sa the value at the point of reflection on the core-mantle boundary.
Bullen's computed values of fI(%
S.

) are plotted as a function of A in Figure

Bullen's [1936] values of core radius and core ellipticity are in-
volved in this approximation, but because of the integral nature of this
term, perturbations of the core radius and ellipticity of the order en-
countered in this study would not significantly change the correction,
The term (S0 + %-Sa + Sl) was computed for each epicenter and station
combination and used in conjunction with the curve of Figure 5 to compute
the correction due to the ellipticity of internal strata, The summed
ellipticity corrections were then combined with elevation corrections for
each source and station combination, applied to the observed travel times,
and the resulting corrected travel times compiled in Appendix 1, Care
was taken in computing the ellipticity correction to avoid the introduc-
tion of systematic errors which would affect the determination of the

core's shape.

Determination of Travel-Time Residuals

The datum chosen for this study is that of Taggart and Engdahl [1968],
whose curve is based on the model of Herrin, et al. [1968] and a core
depth determined from zero-focus PcP travel times. Residuals from the
Taggart-Engdahl tables were determined for the corrected travel times,
Another set of residuals was determined by applying station and source
corrections. These were applied in the same manner used by Taggart and
Engdahl [1968], assuming nearly vertical incidence and neglecting azimu-
thal terms. Station and source corrections with appropriate datum adjust-
ments were taken from Herrin and Taggart [1968], Cleary and Hales [1966],
Carder, Gordon, and Jordan [1966 |, estimated from Figure 2 of Toksoz and
Arkani Hamed [1967], or determined by the writer. It was hoped that the

11
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scatter due to heterogeneity of the crust and upper mantle would be re-
duced by the application of these corrections. Another possible method
of accomplishing this is by the use of the PcP-P time interval, the
method used by Vogel [1960]. The use of PcP-P h..s many advantages and a
few disadvantages. At distances beyond about 35° the paths of P and PcP
through the crust and upper mantle are close enough together to produce
near cancellation of station and source effects for the two phases in
most cases. Errors in station time or origin time will not affect PcP-P,
On the negative side, variations in compressional wave velocity near the
"bottom" of the P ray path would produce P-wave travel-time anomalies but
would have little effect on PcP, thus changing the PcP-P interval. In
addition, while P is noimalily a stronger phase than PcP, there are some
instances where the onset of PcP is more sharply defined than that of P,
Two such examples are shown in Figure 6.

In order to determine the PcP-P arrival-time interval, P-wave travel
tiwes as read and corrected for ellipticity and elevation, have been tabu-
lated with the PcP times and are included in Appendix 1. Residuals from
the Taggart-Engdahl [1968] PcP-P table have been calculated, with correc-
tions applied for ellipticity and elevation.

The three sets of residuals described above are tabulated in Appen-
dix 3 and are shown as functions of epicentral distance in Figures 7
through 12, Figures 7 and 8 show PcP residuals, corrected for ellipticity
and elevation only, for U, S. events and for foreign events, respectively.
Figures 9 and 10 are the same presentations with additional source and
station corrections applied to the residuals. PcP-P residuals are shown

in Figure 1) for U.S. explosive sources, and in Figure 12 for foreign events.

Estimate of Travel-Time Error

There are several sources of errors which will affect the PcP travel-
time residual determinations. These errors are of two types; those which
can be estimated, and those which cannot. The first class are listed
below in Tables 2 for PcP residuals and 3 for PcP-P, with estimates of
their magnitudes. Error estimates are considered for two ranges of epi-
central distance (<45° and >45°) and source areas are classified accord-

ing to the believed accuracy of z.ro time and epicenter location.

13
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Table 2, Error Estimation, PcP Residuals

Type of Error Distance Range Error in Seconds for Event
U.S. French Russian
1. Epicenter Location A < 45° - + .1 *,2
A > 450 - + |2 t 14
2., Zero Time - .2 .,
3. Station Time +0.1 +0.1 *0
4, Error in Scaling Time *+0,2 0.2 0.2
of PcP from Record
Estimate of Mean A < 45° *0,2 10,3 0.4
Error Sum A > 45° 0,2 0.4 0.5
Table 3. PcP-P
Estimate of Error in Travel-Time Residual
Type of Error Distance Range Error in Seconds for Event
U.S. French Ruscian
1. Epicenter Location A < 45° negligible * ,3 .5
A > 45° negligible * .1 + .2
2. Zero Time All no effect
3. Station Time All no effect
4, Error in Scaling Time +0,2 10,2 10,2
of PcP from Record
5. Error in Scaling Time 0.1 0.1 0.1
of P from Record
Estimate of Mean A < 45° +0,2 +0.4 +0,5
Error Sum A > 45° +0,2 *0,2 0.3
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Estimates of mean error sum are determined using the method of random

vector addition:

c Jr 24p 2 2 2 2
Mean Error Sum v El +E2 +E3 +EA +E5

From Tables 2 and 3 it is seen that the sources of error in the PcP
residuals are somewhat different from those involving PcP-P residuals.
For instance, the error due to an incorrect epicenter location will be
more pronounced at short distances for PcP-P and at long distances for
PcP residuals

The second class of error cannot be measured or predicted with any
degree of certainty, and involves mis-identification of arrivals or fail-
ure to select the "first break" of PcP,

In regard to the first possibility, there is often a tendency to
"seek out'" a PcP by selecting the strongest arrival nearest the predicted
PcP time. 1If the author's criteria for PcP discussed earlier are not
heeded, and sometimes even if they are heeded, mis-identification is a
distinct possibility. The primary problem here is that the assumption
that a readable PcP phase must be present somewhere on the seismogram is
incorrect, It has been shown (see Carder, 1964) that PcP is a "will of
the wisp" which may appear or disappear with a slight shift of epicenter
or recording station. The wide scatter of PcP amplitudes from Longshot
(Carder, et al., 1967 and Clark, 1966a) is further evidence of this phenom-
enon, Amplitudes of some of the arrivals whose travel times are used here
are discussed in a later section of this paper.

At distances near 45°, PP and PcP are sometimes confused, although
examination of the hurizontal component records will usually resolve this
difficulty. In a narrow distance range near 60° there appears to be a
series of arrivals preceding PcP and having an apparent velocity between
those of first P and PcP. One possible such phase is the "B" phase of
(Gutenberg and Richter [1935] whose travel-time curve parallels that of
PcP and is 9 to 18 seconds earlier. The unidentified arrival shown at the
top of Figure 13 could be taken as PcP were it not for the "on time" PcP
arrival 18 seconds later. At distances beyond 70 degrees, crustal rever-
berations may produce pseudo PcP's. Longshot and Novaya Zemlya events
show a complex P coda at most distances. Arrivals from separate events

are also possible sources of & coincidental error.

22



- SINTWNYLSNI QOT¥3d-IHOHS TYOILYEA NO SNOILVLS NVOTHINY HI¥MON IV QIGH00dd SINIAA SNOOJ-FAD VN

g ¢ TWNOIJ

23



Estimates of mean error sum are determined using the method of random

vector addition:

, — /@ Bnp & 240 2 2
Mean Error Sum N E1 +E2 +E3 +E4 +E5

From Tables 2 and 3 it is s=2en that the sources of error in the PcP
residuals are somewhat different from those involving PcP-P residuals,
For instance, the error due to an incorrect epicenter location will be
more pronounced at short distances for PcP-P and at long distances for
PcP residuals

The second class of error cannot be measured or predicted with any
degree of certainty, and involves mis-identification of arrivals or fail-
ure to select the "first break'" of PcP.

In regard to the first possibility, there is often a tendency to
"seek out" a PcP by selecting the strongest arrival nearest the predicted
PcP time. If the author's criteria for PcP discussed earlier are not
heeded, and sometimes even if they are heeded, mis-identification is a
distinct possibility. The primary problem here is that the assumption
that a readable PcP phase must be present somewhere on the seismogram is
incorrect. It has been shown (see Carder, 1964) that PcP is a "will of
the wisp" which may appear or disappear with a slight shift of epicenter
or recording station. The wide scatter of PcP amplitudes from Longshot
(Carder, et al., 1967 and Clark, 1966a) is further evidence of this phenom-
enon, Amplitudes of some of the arrivals whose travel times are used here
are discussed in a later section of this paper.

At distances near 45°, PP and PcP are sometimes confused, although
examination of the horizontal component records will usually resolve this
difficulty., In a narrow distance range near 60° there appears to be a
series of arrivals preceding PcP and having an apparent velocity between
those of first P and PcP. One possible such phase is the '"B" phase of
Gutenberg and Richter [1935] whose travel-time curve parallels that of
PcP and is 9 to 18 seconds earlier., The unidentified arrival shown at the
top of Figure 13 could be taken as PcP were it not for the "on time" PcP
arrival 18 seconds later. At distances beyond 70 degrees, crustal rever-
berations may produce pseudo PcP's. Longshot and Novaya Zemlya events
show a complex P coda at most distances. Arrivals from separate events

are also possible sources of a coincidental error.
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In selecting the "first break" of PcP, the author generally
found the relationship of Buchbinder [1968a] to hold true, with like
polarity for PcP and P at distances greater than about 30 degrees and
opposite polarity at shorter distances., 'Visual cross-correlation' was
used to determine the PcP-P interval, and hence the PcP arrival time, at
distances larger than about 30 degrees. At shorter distances the first

distinct motion was selected, and was generally a dilation,

Possible Interpretations of Residuals

The travel-time residuals described in the previous section can be
interpreted, within the limitations of their probable errors, as due to

several factors:

1. Anomalous crust and upper mantle velncities near epicenter

or station,
2. Anomalous lower mantle velocities.
3. Variations in depth to the core-mantle boundary.
4, Slope or "dip" of the core-mantle interface.

Factor 1 is certainly significant; station and source anomalies do
exist as shown by Carder, Gordon, and Jordan [1966], and may be highly
directional as demonstrated by Cleary and Hales [1966], Cleary [1967],
and Herrin and Taggart [1968]. These effects serve to increase the scat-
ter of the data and may also produce systematic errors. It is believed
that such errors will be reduced by: 1) the application of source and sta-
tion corrections or by (2) the use of PcP-P times in the analysis.

Anomalous lower mantle velocities would produce residuals very dif-
ficult to eliminate or distinguish from those due to variations in core
depth. The velocity structure in the lower four hundred kilometers is
not known (Taggart and Engdahl, 1968) with any degree of certainty and may
vary with latitude and longitude.

The residuals for epicentral distances less than 70 degrees will be
interpreted in terms of variations in depth to the core-mantle boundary.
Such data should permit a determination of the gross features of the nor-
thern hemisphere of the core's outer surface. The presence of slope or

dip on the core-mantle boundary would presuppose the existence of signifi-
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cant variations in core radius, unless the interface consisted of a large

number of angular reflecting blocks of relatively small dimensions.

Conversion of Time Residuals to Variations in Outer Core Radius

In consideration of the ellipticity correction, equation (6), the
term due to Sr at the core-mantle boundary was deliberately omitted. The
travel-time residuals will now be equated to this term and expressed in
terms of variation in core radius. The proportionality factor,

Va
E—ZSE-IZ , is plotted as a function of epicentral distance in Figure 14.
The angle of incidence at the core, 1i,,is determined by the relationship

Y
sin i, = ;3'%%, where-%% is derived from the Taggart-Engdahl PcP travel

o

time tables, r, is the core radius (3477 km), and V, 1s the velocity

(13.67 km/sec) in the mantle just above the core, These values are from
model 4 of Taggart and Engdahl [1968]. The inverse delay factor of

Figure 14, %% , increases exponentially with distance and would be infinite
at grazing incidence. The decision to restrict the Or interpretation to
epicentral distances less than 70 degrees was det(rmined in part by this
consideration and in part by the fact that some of the better PcP arri~-
vals scem to be found near this distance. This is illustrated in the bot-
tom half of Figure 13 where PcP from the Sahara event recorded at State

College, Pennsylvania, at a distance of 70 degrees is shown.

Distribution of PcP Reflection Points

A computer program was written to compute the point of reflection for
PcP, assuming that reflection occurs at the projection on the core of the
midpoint of the geocentric great circle path from epicenter to station,
The program consists of a standard geocentric distance and azimuth algo-
rithm modified to accept a subroutine which calculates longitude and geo~-
centric latitude of reflection point, azimuth of the ray at the reflection
point, the sum (HSUM) of Srepicenter plus Orgration due to the ellipti-
city of the earth's surface, the harmonic S2 defined in conjunction with

equation (9) as a function of the latitude of the reflection point, and
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2
the sum S0 + 5 Sa + Sl

flection point and station and is used in the calculation of the correc-

which involves 82 harmonics at the epicenter, re-

tion for the ellipticities of internal strata of equal velocity. A print-
out displaying the output of the Fortran program as modified is included
in Appendix 2.

PcP reflection points corresponding to data used for determination
of Grcore are plotted on an azimuthal equidistant polar projection, and
is shown in Figure 15. Coverage of the northern hemisphere is by no means
complete, but should be sufficient to detect broad trends. Coverage of
the north polar region is better than that near the equator, and the ma-

jority of the reflection points fall at mid-latitudes,

Presentation of 8r Data

The density of reflection points in some regions precludes the in-
clusion of each point on a global residual map. Consequently the data
are represented by sector means, all values being averaged within zones
10° of latitude by 10° of longitude. This method allows the minimum
dilution of a large percentage of the data, since the smaller areas en-
closed by zones at higher latitudes are compensated by the greater den-
sity of reflection points there.

The sectorially averaged variations in core radius presented in
Figure 16 are based upon PcP travel times at distances less than 70°, cor-
rected for elevation and ellipticity only., Averages determined in the
same manner for residuals based upon PcP travel times with station and
source corrections applied are show<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>