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Shear Velocity in the Lower Mantle From Explosion Data 

ROBERT S. HART 

Seismological Laboratory, California Institute of Technology, Pasadena, California 91125 

A new technique utilizing theoretical wave forms has been developed to determine precise shear wave 
travel times. This technique was applied to long-period World-Wide Standard Seismograph Network and 
Canadian network seismograms of five large nuclear explosions to obtain a surface focus shear wave data 
set containing about 100 travel times for distances greater than 30 ø. Very little scatter is present in the data 
from Novaya Zemlya and the Nevada test site, and so a reliable inversion to a lower mantle velocity 
structure is permitted. This velocity model, based on the 59 travel times from Novaya Zemlya, has 
significantly more structure than earlier models. The model, S1, has proved to be appropriate for free 
oscillations as well as for travel times. This model should be useful in studying both lateral in- 
homogeneities and the mineralogical composition of the earth's mantle. 

INTRODUCTION 

The shear velocity structure in the lower mantle is signifi- 
cantly less well determined than the compressional velocity 
structure in the same region. This uncertainty occurs primarily 
because the S wave is not the first arrival phase, and owing to 
P-SV coupling, the actual onset of the shear pulse is usually 
obscured by various precursor arrivals. A new technique has 
been devised with which it is possible to minimize greatly the 
errors in determining shear wave travel times and hence in 
accurately defining the shear velocity structure. This technique 
utilizes the theoretically determined wave form of the shear 
wave and its precursors to compute the true arrival time of the 
phase. Since explosions have a relatively simple source func- 
tion, they are particularly appropriate for application of this 
method. In addition, the origin time, depth, and epicenter of 
large nuclear explosions are generally known to high accuracy, 
especially for the blasts in Nevada and the Aleutians. Even the 
Soviet blasts, for present purposes, have fairly well determined 
source parameters. 

TECHNIQUE 

Other investigators [Kogan, 1960; lbrahim and Nuttli, 1967; 
Nuttli, 1969] have previously used explosion data in attempt- 
ing to improve shear wave travel times. Ibrahim and Nuttli 
employed two techniques, particle motion analysis and deter- 
mination of the product of the vertical and horizontal com- 
ponents of motion, in order to eliminate the effects of com- 
pressional precursors. While these techniqqes represent an 
improvement over simple visual identification of arrival times, 
neither method is entirely satisfactory, since both rely on the 
initial portions of the wave form, which are generally distorted 
by the precursor arrivals, particularly by the Sp phase. The Sp 
phase is the major precursor to the shear wave and arises from 
SV-P conversion at the Mohorovicic discontinuity below the 
observing station. In addition, any departure from radial lay- 
ering in the earth introduces further errors into these analysis 
methods. Our technique, described in more detail below, is not 
sensitive to such symmetry deviations, and since it relies more 
heavily on the later portions of the wave form, it is essentially 
insensitive to precursor contamination. 

Following a suggestion by D. V. Helmberger (personal com- 
munication, 1973), synthetic seismograms ofpS, the dominant 
teleseismic shear energy from an explosion !a theoretically 
pure compressional source), were generated by using the 
source function proposed by Helmberger and Harkrider 
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1 o'7o] .......... source function has a faster rise time than the 

Haskell [1967] source and has proved to be very accurate in 
reproducing the P waves from nuclear explosions. This func- 
tion therefore was considered to be the most appropriate 
source representation for this study. The resulting synthetics 
were then compared to actual long-period World-Wide Stan- 
dard Seismograph Network (WWSSN) records of events in 
Nevada, in the Aleutians, and at the Soviet test site on Novaya 
Zemlya. Figure 1 shows this comparison for several records as 
well as for the Helmberger-Harkrider source-time function. 
The Sp precursor is included in the second synthetic wave form 
(Figure lb) and is also obvious in the actual seismograms. The 
correlation between observed records and synthetics is very 
good. 

Our technique, then, is straightforward. The wave form and, 
in particular, the width of the first peak are essentially con- 
stant, at least for ranges greater than about 30 ø . The arrival 
time of this first peak is measured on the seismogram, and a 
correction of 3.7 s, computed from the synthetic wave form, is 
applied to the peak arrival time to compute the actual onset 
time of the pS phase. Consideration of the required polarity of 
the wave form on each component permits an unambiguous 
identification of the correct peak or trough. The arrival times 
are then corrected in the standard manner for ellipticity [Bul- 
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Fig. 1. The time function of the Helmberger and Harkrider [1972] 
explosion source (inset at upper left) and synthetic seismograms for (a) 
the shear wave and (b) the shear wave with precursor; (c, d, e) three 
typical observed records from the three source regions. 
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Station 

TABLE 1. Observed Travel Times 

Distance, Travel Time, J-B Residual, 
deg s s 

Benham (NTS)* 
AAM 25.63 603.5 4.1 

BLA 28.60 650.0 2.1 
SCP 30.04 672.2 1.4 
CMC 30.66 680.9 0.3 
OTT 31.41 693.7 1.3 
RES 38.91 807.6 -0.5 

, 

FBC 39.00 808.3 - 1.1 
MBC 39.13 810.4 -0.9 
BOG 50.53 979.4 3.5 
CAR 51.79 995.7 2.4 

NN A 61.50 1125.4 3.3 

Jorurn ( N TS )•' 
FCC 25.94 606.9 
ATL 26.41 615.8 
BLA 28.58 650.1 

SCP 30.01 671.4 
GWC 31.68 697.5 
OGD 32.42 709.4 

TABLE 1. (continued) 

Novaya Zemlya, Oct. 27, 1966:1: 

Distance, Travel Time, J-B Residual, 
Startion deg s s 

MBC 30.53 680.3 
RES 30.99 688.4 
TRI 33.37 726.1 

ATU 38.56 803.3 
CMC 38.87 808.5 

BLC 41.17 842.1 
JER 42.86 866.8 
LAH 43.12 870.2 
SCH 46.03 912.7 
MAL 46.43 920.9 
SHL 51.83 997.1 

FSJ 52.48 1006.7 
SES 56.12 1054.9 
PNT 57.53 1074.2 

VIC 58.39 1086.6 
WES 58.80 1092.4 
OGD 60.72 1117.2 
BOZ 60.94 1119.2 
BAG 67.58 1202.1 

Novaya Zemlya, Oct. 14, 1970{} 
MBC 30.57 682.0 
RES 31.04 690.4 
VAL 34.23 739.4 
IST 34.68 744.1 
TAB 35.61 758.7 
FBC 38.11 795.5 
KBL 39.62 818.2 
COL 41.18 842.7 
BCL 41.23 842.4 
JER 42.88 867.1 

QUE 43.68 878.0 
SHI 43.80 881.0 
YKC 44.25 888.1 
EIL 45.10 901.3 
HLW 45.26 902.9 
SCH 46.12 915.2 
NDI 46.24 916.5 
FCC 46.49 919.6 
MAL 46.51 919.6 
GWC 47•6;7 938.3 
FFC 51.24 989.2 
SHL 51.75 997.6 
FSJ 52.51 1008.1 
EDM 53.47 1019.5 
MAT 53.50 1019.9 
HAL 55.11 1041.6 
POO 55.86 1053.2 

2.4 
3.5 
2.6 
1.1 

0.9 
1.2 

2.2 
2.6 

3.2 
0.5 

1.1 

0.2 
0.0 

-0.4 
0.1 

2.6 

3,2 
4.2 

3.1 

3.8 
4.9 
5.3 
5.4 
4.6 

5.2 

3.1 

3.8 
3.1 

0.9 
1.0 

-0.5 
-0.6 

0.6 
-0.4 

0.0 
-O.8 

0.5 
1.1 

2.0 

1.3 

1.3 
0.9 
0.4 
0.1 
2.4 

3,5 
4.9 

5.0 
3.3 
3.3 
3.3 

4.9 

Not)aya Zemlya, Oct. 14, 1970õ (continued) 
SES 56.16 1055.8 3.5 
OTT 56.83 1065.1 3.9 
PNT 57.57 1075.5 4.6 
WES 58.89 1094.1 5.8 

OGD 60.80 1118.3 5.9 
AAM 61.21 1122.8 4.7 
GOL 66.43 1188.5 5.5 
DUG 66.43 1188.7 5.7 
OXF 69.72 1226.4 4.1 

SHA 73.28 1267.8 4.4 
JCT 75.04 1288.1 5.1 
CAR 88.63 1426.7 4.8 
BOG 95.99 1492.9 6.2 

Cannikinô 

MAT 32.54 710.2 0.2 
SHK 37.26 783.0 0.0 
LON 38.02 792.7 -1.9 
COR 38.22 798.3 0.7 
BKS 42.70 863.4 -1.2 
GSC 47.72 935.7 -0.9 
ANP 50.69 979.2 1.1 
GOL 51.87 996.5 2.0 

TUC 53.45 1015.5 -0.4 

ALQ 54.33 1028.4 0.6 
HKC 57.36 1068.3 0.1 
KEV 57.38 1069.8 1.3 

BAG 57.85 1076.8 2.1 
RAB 60.05 1103.0 -0.2 
DAV 62.34 1132.7 0.3 
B LA 67.70 1198.3 0.0 
CHG 69.45 1218.1 -1.1 
CTA 76.87 1303.1 0.0 

MSH 77.83 1311.3 -2.2 

QUE 79.29 1328.8 -0.3 
SHI 86.63 1405.5 2.4 
CA R 96.20 1491.4 3.0 

*December 19, 1968; 06h 30m 00.0s; 37.23øN, 116.47øW. 
•'September 16, 1969; 14h 30m 00.0s; 37.31øN, 116.46øW. 
:[05h 58m 00.4s; 73.38øN, 54.62øE. 
õ05h 59m 59.8s; 73.35øN, 54.94øE. 
ôNovember 6, 1971; 22h 00m 00.1s; 51.5øN, 179.1øE. 

len, 1937] and for the elevation of the station and source. Last, 
a small time correction removes the initial compressional path 
contribution to the pS travel time, and we obtain a surface 
focus S travel time. This last correction can be computed very 
accurately for the Nevada test site (NTS) events and for the 
Cannikin test in the Aleutians by using the near-field struc- 
tures determined by aftershock studies [Hamilton and Healy, 
1969; Stauder, 1971; Engdahl, 1972]. For those explosions in 
Novaya Zemlya this correction was estimated by assuming a 
reasonable mean velocity and depth of burial. Errors in these 
estimates do not cause significant errors in the overall travel 
times. 

D^T^ 

Five nuclear explosions were used in this study: two NTS 
events, Benham and Jorum; the Cannikin event; and two So- 
viet events on Novaya Zemlya, the first on October 27, 1966, 
and the other on October 14, 1970. These events were selected 
because they generated clearly resolvable shear waves at dis- 
tances greater than 30 ø. Seismograms from WWSSN and Ca- 
nadian network stations were examined for identifiable pS 
arrivals from all five events. Ninety-six travel times were ob- 
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rained at distances ranging from 25.63 ø to 95.99 ø. Most of the 
data are for distances of less than 75.0 ø. 

In order to determine travel times and then to invert to a 

velocity structure it is necessary to obtain accurate locations 
and origin times. For the American tests this is a simple mat- 
ter, but for the Soviet blasts no official announcement is re- 

leased, and the available computed parameters were not com- 
pletely trustworthy. The geographical location of the Novaya 
Zemlya test site is surrounded by stations at a wide range of 
distances and azimuths. Thus since the depth of an explosion is 
tightly constrained, the computed epicentral locations of the 
explosions will vary only by a few kilometers from the loca- 
tions in any realistic travel time model. Such small shifts will 
not produce resolvable differences in teleseismic travel times. 
However, the computed origin time of an event depends criti- 
cally upon the model employed. The two Soviet tests were 
relocated by using four models: the Jeffreys-Bullen (J-B) ta- 
bles, the 1968 tables fHerrin et al., 1968], the gross earth model 
B I [Jordan and Anderson, 1974], and the gross earth model 
UTDI24B [Dziewonski and Gilbert, 1972]. Since it was be- 
lieved that the explosions were detonated on the minute or as 
close as possible to that time, that criterion was used to select 
the B 1 solution. This solution also seemed to be the most likely 
on the basis of the island terrain of the test site. The resulting 
source parameters and the corresponding International 
Seismological Centre (ISC) determinations are as follows: 

October 27, 1966 
BI 05h 58m 00.4s; 73.38øN, 54.62øE 
ISC 05h 57m 57.3s; 73.40øN, 54.57øE 

October 14, 1970 
BI 05h 59m59.8s; 73.35øN, 54.94øE 
ISC 05h59m 57.3s; 73.31øN, 54.89øE 

Once the source parameters for the five explosions have 
been determined, the S arrival times can readily be converted 
to absolute travel times. Table 1 lists all of the travel times and 

J-B residuals used in this study. Since three different sohrce 
regions were used, it was expected that the data would separate 
naturally into three sets, each with a different base line. To 
examine this separation, the three data sets were plotted sepa- 
rately as residual times with respect to the computed J-B travel 
times (Figure 2). 

The most immediate difference among the data sets is the 
much greater scatter in the Cannikin data. This finding was 
not unexpected, however. The local tectonic setting of the test 
site has been shown to introduce large azimuth- and distance- 
dependent scatter into observed travel times [Davies and 
McKenzie, 1969; Davies and Julian, 1972]. Nevertheless, the 
basic trend of the residuals is consistent with that of the other 
data sets. However, because of this large scatter and a large 
base line shift, these data were not used in the final inversion. 

The NTS data and the Novaya Zemlya data both show very 
low scatter, less than q-1.3 s. This is significantly less scatter 
than has previously been reported in S wave studies [Kogan, 
1960; Hales and Roberts, 1970; Robinson and Kovach, 1971]. 
This low scatter is a result of the stability and accuracy of our 
technique. In addition, we believe that this low scatter in- 
dicates that shear wave station corrections, which were •not 
included in this study, are not as large or as important as 
earlier investigators have proposed [Doyle and Hales, 1967]. 

The NTS data set is much smaller than the Novaya Zemlya 
data set and does not significantly extend the distance range 
covered by the latter. In addition, the NTS data comprise only 
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a small range of azimuths and distances. For these reasons, it 
was not judged worthwhile to attempt to apply the necessary 
base line shift to the NTS data to make them compatible with 
the Novaya Zemlya data. Thus only the travel times from the 
two Soviet blasts were used to determine a velocity structure. 
It was still necessary, however, to determine accurate origin 
times for these explosions, since data from both events were 
combined. The Novaya Zemlya data also have the advantage 
of being a homogeneous data set from a nontectonic source 
region and with a wide range of azimuths and distances. This 
results in a more reliable average mantle sampling. 

RESULTS 

These travel times were inverted to a lower mantle shear 

velocity structure by using as a starting model a modification 
of the dotdan and Anderson [1974] gross earth model B1. The 
data were inverted by using the linear inverse technique de- 
scribed by dotdan and Anderson [1974]. The model was modi- 
fied to incorporate the upper mantle shear velocity structure 

- 6300 6000 5700 

5500 5000 4500 4000 3500 

Rodlus, km 

Fig. 3. The velocity structure of model S1 (solid lines) for the 
lower mantle and (in the inset) for the upper mantle. Also shown for 
comparison in both regions is model B1 [Jordan and Anderson, 1974] 
(dashed lines). 
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TABLE 2. Shear Wave Velocity Structure (Model S1) 

Radius, km Velocity, km/s 

6371 3.69 
6330 3.70 
6330 4.45 
6300 4.45 

6300 4.30 
6250 4.44 
62O0 4.48 
6150 4.52 
6100 4.55 

6050 4.62 
6000 4.72 
5950 5.08 
5900 5.19 
5850 5.38 
5800 5.41 
5750 5.57 
5700 5.90 
5687 5.97 
5675 6.04 

5660 6.06 
5643 6.08 
5625 6.09 
5602 6.13 

5573 6.18 
5550 6.24 

55OO 6.32 
5425 6.37 
5350 6.38 
5275 6.39 
5200 6.45 
5125 6.51 
5050 6.55 
4975 6.58 
4900 6.61 
4825 6.65 
4750 6.70 
4675 6.75 
4600 6.79 
4525 6.83 
4450 6.87 
4375 6.91 
4300 6.94 

4225 6.98 
4150 7.01 

4075 7.04 

4000 7.08 

3925 7.12 
3850 7.15 

3775 7.18 

3700 7.21 
3625 7.22 
3550 7.23 

3510 7.24 
3485 7.23 

determined by Helmberger and Engen [1974] for continental 
regions. Since our data represent ray paths through generally 
continental upper mantle regions, this model was expected to 
be most appropriate, and indeed, no base line shift was re- 
quired in order to avoid any change in the Helmberger-Engen 
structure during the inversion. Since the ray paths involved 
had bottoming depths greater than 650 km, the upper mantle 
structure serves primarily as a base line adjustment (although 
it will affect bottoming depths slightly), and one is relatively 
free to select the most convenient realistic structure. 

The resulting velocity model, S l, is shown in Figure 3 (see 
also Table 2) along with the Jordan and Anderson [1974] model 
B!. As was mentioned above, we are concerned not with differ- 
ences in structure above a radius of 5700 km (see Figure 3 

TABLE 3. Travel Times for Surface Focus S 

Distance, deg Time 

30 11 m 13.5s 

32 1 lm 44.3s 

34 12m 14.7s 
36 12m 44.9s 
38 13m 15.0s 

40 13m 44.7s 
42 14m 14.4s 
44 14m 44.0s 
46 15m 13.4s 
48 15m 42.8s 

50 16m 11.9s 
52 16m 39.9s 

54 17m 07.3s 
56 17m 34.4s 

58 18m01.1s 
60 18m 27.5s 
62 18m 53.4s 
64 19m 18.8s 

66 19m 43.3s 

68 20m 07.3s 
70 20m 30.8s 

72 20m 53.9s 
74 21m 16.5s 
76 21m 38.6s 
78 22m 00.3s 

80 22m 21.5s 

82 22m 42.2s 
84 23m 02.5s 
86 23m 22.2s 
88 23m 41.3s 
90 24m 00.0s 
92 24m 18.3s 
94 24m 36.2s 

96 24m 53.9s 
98 25m 11.4s 

100 25m 28.6s 

inset) but only with the velocity structure below that point. 
Model B I has a very smooth shear wave gradient throughout 
the entire lower mantle. The newer model, S1, however, has 
substantial structure in this region, particularly between radii 
of 5100 and 5700 km. Another prominent feature of this new 
model is a flattening of the velocity gradient in the bottom 200 
km of the mantle, although this region is not well constrained 
by the data set employed. 
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Fig. 4. Jeffreys-Bullen travel time residual curves for model S l, 
model BI [Jordan and Anderson, 1974], model CI [Hart and Anderson, 
1974], and the models of Hales and Roberts [1970], Ibrahim and Nuttli 
[ 1967], and Kogan [1960]. 
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Fig. 5. The velocity and density structure of model C I. 

The shear wave travel time curve is similarly more complex. 
Table 3 lists the surface focus travel times for S1, but a better 
picture of the travel times for this model can be obtained by 
considering the S I time residuals in relation to the J-B times 
(Figure 4). The most prominent feature of the residual curve is 
the deep minimum at roughly 40 ø . This feature of the shear 
wave travel time curve was also observed by Ibrahim and Nunli 
[1967] and corresponds to a sharp velocity increase near a 
radius of 5500 kin. However, beyond a distance of 60 ø the S1 
residual curve flattens out at roughly +5.0 s until at 90 ø the 
residuals sharply increase. This behavior is similar to the re- 

dan [1974]. Yet C1 was extremely effective in fitting all of the 
fundamental spheroidal and toroidal modes of the earth as 
well as a large number of overtones. Further work is now 
under way [Anderson et al., 1975] to include all available over- 
tone data into a successor to model C1. 

CONCLUSIONS 

A new technique utilizing theoretical wave forms of the pS 
phase from explosions has been developed for the precise deter- 
mination of shear wave travel times. The application of this 
technique to shear waves from five large nuclear explosions 

suits of Hales and Roberts [1970] except for about a 4.5-s base has given a pS travel time data set with very little scatter. This 
line shift. Both the SI model and Ibrahim and Nuttli [1967] data set permitted a reliable inversion to a lower mantle shear 
predict a definite change in dt/dA at about 50 ø. (See also the velocity structure. This velocity structure not only reproduces 
paper by Hales and Roberts [1970].) the observed travel times but also is an appropriate gross earth 

By using only distances greater than 30 ø, all of the rays have structure for free oscillation studies. This velocity structure, 
nearly vertical paths through the upper mantle. Hence since then, should serve as a useful basis for the study of lateral 
essentially all of the stations used are continental, the effects of variations and of the mineralogical composition in the lower 
major lateral inhomogeneities in the upper mantle should ap- mantle. 
pear primarily as base line shifts between the three data sets. 
Indeed, there is a shift toward faster times from the Novaya Acknowledgments. I would like to thank Don L. Anderson for his 
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of the earth's free oscillations. The Helmberger-Engen upper 
mantle structure was modified to include a well.developed 
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pressional velocity and density structures for the whole earth 
were constructed. This model was then inverted, following the 
technique of Jordan [1973], with some !80 modes to obtain 
model CI [Hart and Anderson, 1974]. C1 (Figure 5) included 
only extremely small changes in the lower mantle shear veloc- 
ity structure, as can be seen by comparing the J-B travel time 
residuals for the two models in Figure 4. The two curves are 
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shift is consistent with differences observed by Sipkin and Jor- 
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