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Summary. Available seismic refraction data from three different continental 
areas, northern Britain and the eastern and western United States, has been 
studied for possible P, velocity anisotropy using the methods described by 
Bamford. There are various deficiencies in the time-distance data used in 
each case but, while the uppermost mantle beneath northern Britain and the 
eastern United States seems to be isotropic within the limits of measurement 
error, there is a small but significant anisotropy beneath the western United 
States. 

Both the amount (up to 3 per cent) and the direction (70-80" east of 
north) of this anisotropy are very similar to the results obtained in the Pacific 
Ocean off California. We tentatively conclude that this anisotropy is present 
as a consequence of the subduction of oceanic lithosphere beneath the 
western United States. 

1 Introduction 

There is now little doubt that the upper mantle is anisotropic, at least in part. Laboratory 
studies indicate that anisotropy in candidate upper mantle rocks is the rule rather than the 
exception (e.g. Peselnick, Nicolas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Stevenson 1974; Peselnick, Lockwood & Stewart 1977) 
and there is a considerable amount of seismic evidence of in situ anisotropy beneath 
continents and oceans (Bamford & Crampin 1977). However, while there is a consensus 
that the anisotropy probably results from the preferred orientation of olivine crystals, the 
presently available results do not discriminate between the various tectonic processes which 
might induce such preferred orientations. 

There are at least three possible mechanisms, each of which would lead to different 
configurations of anisotropy throughout the lithosphere. Crampin (1 977a) has summarized 
the following two possibilities: if, for example, there exists a deformation process which can 
induce preferred orientations in 'cold' lithosphere, the alignments would eventually be 
modified to conform with the present long-term stress pattern; one would then expect a 
uniform anisotropy, regardless of depth within the lithosphere. On the other hand, it could 
be that the alignments are induced at the lithosphere-asthenosphere boundary and are then 
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‘frozen in’ as the lithosphere cools: the anisotropy might then vary with depth correspond- 
ing to the historical variation in stress directions at the base of the thickening lithosphere. 
In both of these mechanisms, one would expect the anisotropy in any given depth range to 
be relatively consistent over large areas, probably over complete lithospheric plates. 

We suggest, in contrast to these two mechanisms, that it is possible that preferred 
orientations might be induced during relatively localized tectonic events, for example when 
the Moho is re-established by differentiation in a region that is undergoing strong horizontal 
motion: the anisotropy might then be confined to a restricted depth range (or decrease with 
depth) with directions intimately related to the contemporary tectonics. 

Thus a prime requirement is for studies of the presence, absence and variation of aniso- 
tropy at different depths beneath oceans and continents. One useful contribution would be 
to add to the studies of sub-Moho anisotropy based on P,, refraction studies, so far under- 
taken beneath oceans (Raitt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1971) and continents (Bamford 1977), by utilizing 
existing seismic refraction data. 

This approach has been used by Bibee zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Shor (1976) for further studies of crustal and 
upper mantle anisotropy in the Pacific Ocean. Here we apply the methods of Bamford 
(1977) to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP,, studies in three continental areas, namely northern Britain and the eastern and 
western United States. 

D. Barnford, M. Jentsch and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC. Prodehl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 The measurement of refractor velocity anisotropy 

2.1 S U I T A B L E  O B S E R V A T I O N S  

Several authors (Raitt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1969; Morris, Raitt & Shor 1969; Bamford 1976, 1977) have 
shown that, given a suitable distribution of good quality time-distance data, the presence 
of refractor velocity anisotropy can be reliably recognized and its magnitude, direction and 
form adequately measured. The analysis is a two-stage process in which the time-term 
method is first applied to separate the effects of velocity variation from those of refractor 
topography and structure above the refractor: a resultant velocity is then computed for 
each observation and plotted as a function of azimuth in a ‘velocity scattergram’ (Bamford 
1977). Further elaboration of the basic approach is not required here but it is appropriate 
to review the main observational requirements for anisotropy studies. 

The prime requirement is for the reliable recognition and accurate timing of the refracted 
phase of interest. Both aims are best achieved by using reduced travel-time record sections 
from closely spaced observations on profiles: P,,, for example, can then be clearly separated 
frorn other first arrivals which travel through the crust or are returned from sub-Moho 
horizons in the lower lithosphere. 

Secondly, it is clear that a minimum requirement for the detection and measurement of 
velocity anisotropy is that observations be made in several directions through the same piece 
of rock. However, for the real Earth the criteria become more severe if one is to detect and 
measure velocity anisotropy amidst the other complexities, such as lateral heterogeneity, 
which can have a similar effect on travel times. In principle, the presence of anisotropy can 
be recognized by using the F ratio to compare the quality of fit to the data of a model which 
allows for anisotropy with that for a model which does not: the F ratio is the ratio of the 
variances (sum of squared residuals/degrees of freedom) of the unmodified and modified 
solutions (Davies 1961). Statistical tables are then consulted to see if the derived F ratio 
represents a significant improvement at a suitable confidence level, usually 90 or 95 per cent. 
This assumes that any inadequacy in the unmodified solution, for example, velocity 
anisotropy not allowed for, will swell the residual distribution. Unfortunately, one of the 
problems of time-term analysis (Bamford 1971), in which many delay times are determined 
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in addition to a few velocity parameters, is that an inadequate specification of the form of 
the refractor velocity may simply be reflected in systematically inaccurate delay times: 
the residual population may only be marginally swelled, if at all. This problem may be 
overcome by using an optimum observation scheme in which each site for which a delay 
time is determined has observations in as many different directions as possible. 

Thirdly, the accurate determination of the parameters of the velocity anisotropy is 
dependent upon having a relatively even distribution of observations with respect to 
azimuth: gaps in the azimuth distribution should be avoided (Bamford 1977). 

All of the above requirements are difficult to achieve in the composite, and typically 
rather heterogeneous, observation schemes with which this study is concerned. In fact, 
analysis is only made possible by using the MOZAIC time-term method of Bamford (1976). 
This method is based on the premise that within the region of study there exist small areas 
over which the delay time to a particular refractor is constant and that the distribution of 
such areas may be intelligently guessed at using ancillary information such as gravity or 
geological maps. Whilst it is then possible to use the resulting MOZAIC network to carry 
out a time-term analysis of otherwise unsuitable data, the suitability of any one MOZAIC 
for anisotropy studies is rarely immediately obvious. Thus, model studies have been carried 
out for all MOZAICs used here zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso as to obtain a better understanding of their basic 
capabilities for detecting and measuring refractor velocity anisotropy. 

2.2 V E L O C I T Y  ANISOTROPY 

A weak anisotropy of refractor velocity can be expressed by (Backus 196.5; Crampin 1977b) 

Vp'= V,'+ B cos zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2# zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ Csin 2# + E cos 44 + F sin 4@ (1) 

where # is the azimuth measured clockwise from north. The coefficients Vi, B, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, E and F 
can be written as a function of the density and linear arrangements of six elastic constants 
rotated so that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx1 is the # = 0 direction and xg is normal to the surface. The velocity aniso- 
tropy encountered in the uppermost mantle is typically weak (< 10 per cent). 

This general form is that actually used in studies of refractor velocity anisotropy, both in 
the time-term analyses and in fits to the velocity-azimuth data displayed in the scatter- 
grams. However, if a vertical plane of symmetry exists then angles 8 can be measured from a 
direction of sagittal symmetry and 

V$= V ~ 2 + B ' c o s 2 ~ + C ' c o s 4 8  

where the density and linear arrangements of four elastic constants determine Vh2, B' and C'. 
If one then returns to measuring angles (#) from north, then 8 = # - 4 0  where #o is the 
symmetry direction, and hence (Crampin & Bamford 1977) 

V; = V62 + (B' cos 2#,) cos 24 + (B' sin 2G0) sin 2# 
+ (c' cos 4@0) cos 44 + (C' sin 4@0) sin 44 (3 1 

which is of the same form as (1). 
It is important to note that only the relative amplitude of the cos 48 term in ( 2 )  provides 

any discriminatory measure to distinguish between different anisotropic structures (Crampin 
& Bamford 1977). However C' is typically much smaller than B' (C' is one-sixth of B' for 
(001)-cut olivine, Crampin & Bamford 1977) and is difficult to determine in the face of 
normal measurement errors. 

For the model studies, a velocity anisotropy of form (2) has been assumed with B': 
C' = 6 : 1 ; model velocities have been derived from 
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V$= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8.l)l -I- Q cos zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2($ - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$0)  -t Q/6 cos zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4(4 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40) (4) 
with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ=4.0, 2.0 and 1.0 (i.e. about 6, 3 and 1.5 per cent anisotropy respectively) and 
symmetry directions (C#J~) of 0; 20, 40, 60 and 80" east of north. For each of the three 
observation schemes used here, exact model travel times were generated assuming this 
velocity variation together with the crustal structure/Moho topography that resulted from 
preliminary interpretations of the real data: these model travel times were then perturbed 
with a randomly generated 'measurement error', the standard deviation of which was that of 
the real data. 

2.3 LATERAL V A R I A T I O N S  IN REFRACTOR VELOCITY 

A common criticism of refractor velocity anisotropy results is that they are artifacts which 
arise because of a biased sampling of a laterally varying refractor velocity by an inadequate 
observation scheme: for example, observations subparallel to north-south lie predominantly 
in a region of high velocity, observations subparallel to east-west in a region of low velocity. 
In a well-designed experiment, it is possible to test this analytically by allowing the refractor 
velocity within the time-term solutions to vary as a polynomial function of position and 
conclude that a true anisotropy is present: see, for example, the oceanic P, studies of Raitt 
et al. (1 969) and Morris et al. (1 969). This is much more difficult in a continental study that 
uses a composite and therefore possibly ill-conditioned observation scheme although 
Bamford (1973,1977) was able to do it for his P, study in Western Germany. 

In practice, however, it is possible that the specification of refractor velocity variations 
as a polynomial function of position may not be an appropriate description of the variations 
that actually occur in the real Earth. This may be especially true in tectonically complex 
continental areas and the approach used in the present study was, where appropriate, to plot 
the individual velocity values, which for anisotropy studies are plotted in a scattergram as a 
function of azimuth, as a function of position. Simple contouring was then attempted to 
identify possible lateral velocity variations. 

3 Eastern United States 

3.1 T H E D A T A  

This study concentrates on the area between the Appalachians and the Atlantic continental 
margin of the United States. Data are available from two experiments. First, the East Coast 
Onshore-Offshore Experiment (ECOOE) with a large number of shots offshore and many 
stations and a few shots onshore (Fig. 1): secondly, a land-based experiment carried out by 
the US Geological Survey for the calibration of their Cumberland Plateau Observatory 
(Fig. 1 ; henceforth CPOE). The available data are in the form of time-distance information, 
mostly for first arrivals, in Hales et al. (1968) for ECOOE and Borcherdt & Roller (1966) 
for CPOE. Thus neither record sections nor original seismograms were used in this study 
although the few ECOOE record sections published by Lewis & Meyer (1977) were used as a 
guide to phase correlations. 

The preliminary data analysis consisted of plotting time-distance graphs (in ECOOE, 
for each station; in CPOE, for each shot) and using them to identify the basic pattern of 
travel-time branches. Additional published information was used where possible, for example 
the arrival qualitylamplitude information given by Hales et al.: in this respect it was 
interesting to note a tendency for supposed Pn arrivals to be somewhat better observed at 
longer distances, say beyond about 300 km. In this way broad time-distance envelopes 
could be defined corresponding to a general scheme of arrivals: Fig. 2 shows the slightly 
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Figure 2. Reduced time-distance envelopes for various phases, ECOOE. (a) Northern and (b) southern 
seashots. P g / P ~ P  are crustal arrivals, 4 is an arrival travelling through the lower lithosphere. 

different schemes for the northern and the southern ECOOE sea-shots. Time-distance data 
were accepted as P, only if they lay within the appropriate time-distance envelope. Some 
600 time-distance observations (weighted according to quality) were so accepted, mostly 
restricted to the distance range 150-300 km and distributed amongst the shots and stations 
shown in Fig. 1. ECOOE shots from the continental slope and ocean basin were mostly not 
included, and most of the ECOOE landshots appeared to give relatively unreliable travel 
times (see also James, Smith & Steinhart 1968). 

The resulting data set is rather restricted in comparison to that used in the crustal study 
of the Middle Atlantic States by James zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. and has several serious disadvantages. First, it is 
effectively derived from three separate experiments, the northern ECOOE, the southern 
ECOOE and the CPOE, linked together only by a very few common or adjacent stations and 
shotpoints. Secondly, both the northern and the southern ECOOE sections are almost un- 
reversed, with stations mainly to the west and shots to the east, and in fact the calculation 
of a true velocity is critically dependent upon the inclusion of the poor quality land-shot 
data and upon the few sites in the middle of the network that can be arranged (i.e. in a 
MOZAIC) so as to be connected to both the northern and the southern ECOOE shots. 
Thirdly, the azimuthal distribution of observations, Fig. 3 ,  is strongly biased towards the 
north-west-south-east direction of the main ECOOE shot-station configuration (Fig. 1). 

Thus, in spite of the fact that many of the ECOOE stations observed shots at various 
azimuths and vice versa, the composite data set must be regarded as ill-conditioned for any 
MOZAIC analysis and as only marginally suitable for anisotropy studies. This assessment 
may be checked by considering the model studies, for one possible MOZAIC, summarized 
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I 

0 90 180 
180 270 360 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 3. Azimuth distribution of available Pn data, eastern United States, number of observations ( N )  
versus azimuth (@). 

in Table 1. The ‘measurement errors’ alone should result in a variance of about 0.039 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs2 and 
the critical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF ratio for significance at the 95 per cent level is 1.16: on this basis, a simple 
comparison of variances would certainly fail to detect any anisotropy of 3 per cent or less. 
On the other hand the computed anisotropy coefficients - especially B and C, those for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2@ terms - remain reasonably accurate even down to the 1.5 per cent level. This suggests 
that the detection of velocity anisotropy with this network would be best achieved by 
analysis of the velocity scattergram. 

3.2 R E S U L T S  

Several MOZAIC studies, based on gravity, tectonic and basement maps of the eastern USA, 
have been attemptel; with this data set. Many were rather unsatisfactory due to the distribu- 
tion and quality of the data but none of them gave any indication that velocity anisotropy 
was required by the data. As an example, MOZAIC 4A, based on basement/tectonic maps 
and using 430 observations based on 95 sites, gave the same variance (0.037 s2) for both 
uniform and anisotropic velocity solutions: the resulting anisotropy coefficients (and of 
course the F ratio) were not statistically significant at any meaningful confidence level 
(Table 1). 

The final velocity scattergram (Fig. 4) shows no visible evidence of anisotropy, and a 
formal comparison of uniform velocity and anisotropic fits (equation (1)) through the 
corresponding velocity-azimuth data indicates no significant directional dependence 
(F ratio = 1.003). Thus the hypothesis that the upper mantle is here isotropic (velocity 
approximately 8.2 km/s) is acceptable within the limits of observational error (which the 
mode studies and Fig. 4 place at about the 1 per cent anisotropy level or slightly higher). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 Northern Britain 

4.1 T H E D A T A  

This study is based on several seismic experiments in and around northern Britain but in 
particular on the 1974 LISPB experiment. The high-quality LISPB record sections (Bamford 
et al. 1978) provide an opportunity for a reassessment or reinterpretation of data obtained 
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Figure 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFinal velocity scattergram, eastern United States, velocity ( V )  versus azimuth (4~). 

in earlier experiments, with special emphasis on the correct identification of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP, phase 
over a limited range of observation distances only. 

The earlier experiments include the North Atlantic Seismic Project (NASP, Smith & Bott 
1975), the Norway-Scotland P, Project (Sornes 1968), the ten-ton shot programme (Jacob 
& Willmore 1975) and the various explosions fired around Scotland known collectively as 
the Scottish Offshore Seismic Program (SOSP, Jacob 1975). Recordings are available 
from mobile stations and from the LOWNET seismic array in central Scotland. Time- 
distance data, in some cases like NASP consisted of published values (Smith 1975) or, for all 
shots recorded on LOWNET, were derived from replayed and repicked seismograms. The 
signal/noise ratio of the seismograms was sometimes well below that of LISPB, in particular 
for the SOSP-LOWNET recordings, and the observations were weighted according to their 
quality relative to LISPB. All these data have been assessed using the LISPB-based time- 
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406 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Barn ford, M. Jentsch and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC. Prodehl 

Figure 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP,, reduced time-distance envelope, northern Britain. Maximum observation distances: (1) 
LISPB, (2) NASP, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) SOSP, Norway-Scotland P,,, ten-ton shots. 

distance envelope of Fig. 5 .  An arrival was accepted as P,, only if its time-distance value lay 
within this envelope: over 430 observations, derived from the shots and stations shown in 
Fig. 6, were so accepted. 

The geographic distribution of shots and sWions (Fig. 6) and the azimuthal distribution 
of observations (Fig. 7) are not ideal. The bulk of observations are concentrated close to 
either north-south (LISPB and NASP) or north-east-south-west (NASP). Furthermore 
many of the east-west observations are obtained from SOSP-LOWNET connections: these 
are considered less reliable than, and are somewhat removed geographically from, the rest of 
the observations which lie mainly within a large triangle to the north and east of Scotland 
(Fig. 6). On the other hand, many of the shots, especially those in NASP, are observed in 
several different directions, some of the recording stations are common between the various 
experiments, and the design of suitable MOSAJCs was not found to be critically dependent 
upon the inclusion of certain observations. 

The capabilities of this network can be further assessed by considering the model study 
results summarized in Table 2. The ‘measurement error’ alone should lead to a variance of 
about 0.034 s2 and the critical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF ratio for significance at the 95 per cent confidence level is 
approximately 1.16: on this basis, anisotropy at the 3 per cent level would be barely 
detectable with a simple comparison of variances. In contrast, B and C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the velocity 
coefficients of the 2$ terms - remain accurate down to the lowest level considered (1.5 per 
cent): this indicates that a velocity scattergram for this network might give a reliable 
indication of the presence of anisotropy down to at least this level, possibly rather less. 

4.2 R E S U L T S  

From the foregoing discussion, it would seem that this data set offers a reasonable 
opportunity to detect any significant anisotropy present, and in practice it was found that 
all the MOZAICs studied, based primarily on geological or tectonic maps of northern Britain, 
were satisfactory from the point of giving stable solutions etc. However, none of them gave 
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P,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanisotropy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstudies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA407 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O X  X $/! 
x x x x  x x  

x x  
x x x  x x x  x 
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KEY 

PROJECT 
s H o T s  - STATlJNS 

0 L ISPB 
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SCOTLAND Pn 

t SOSPl  0 
T E N -TON 

0 

Figure 6.  Distribution of shots and stations, northern Britain. 

any indication that velocity anisotropy was required by the data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs an example, a typical 
MOZAIC using 427 observations based on 87 sites gave an F ratio of 1.02 (variances 
- 0.034-0.035 s') for uniform and anisotropic velocity solutions. Neither this F ratio nor 
the resulting anisotropy coefficients were significant at any meaningful confidence level 
(Table 2 ) .  

14 
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408 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Bamford, M. Jentsch and C. Prodehl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

100 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I I ' + B  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 90 180 

100 270 360 

Figure 7. Azimuthal distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof observations, northern Britain, number of observations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A') versus 
azimuth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0). 

The final velocity scattergram (Fig. 8) shows no visible evidence of anisotropy, and a 
formal comparison of uniform velocity and anisotropic fits (equation (1)) through the 
corresponding velocity-azimuth data indicates no significant directional dependence (F 
ratio = 1.001). Thus the hypothesis that the upper mantle is here isotropic (velocity approxi- 
mately 8.0 km/s) is acceptable within the limits of observational error (which the model 
studies and Fig. 8 place at about the 1 per cent anisotropy level or slightly less). 

5 Western United States 

5.1 T H E D A T A  

Two sources of data were utilized in this study: 

(1) Sixty-three seismic refraction profiles measured in the early 1960s by the United 
States Geological Survey, primarily in the California--Nevada region but also in Idaho, 
Wyoming and Arizona (Fig. 9). The shots were chemical explosions except for underground 
nuclear devices fired at the Nevada Test Site (NTS) and SHOAL. Most of the profiles are 
reversed and all were available in the form of reduced travel-time record sections compiled 
by Prodehl(1970a, b, 1978) -examples are shown in Fig. 10. 

( 2 )  The relatively large amount of time-distance data published for the California- 
Nevada region. Especially important were two profiles from NTS, one from the Pahute 
Mesa to San Francisco Bay (Carder, Qamar & McEvilly 1970) and another through Death 
Valley to Monterey Bay (Carder 1973) - Fig. 9. Additional time-distance data from special 
shots, quarry blasts and NTS as recorded on the USGS, Berkeley and CIT networks and at 
various temporary stations, were taken from Lehmann (1  962), Mikumo (1969,  Carder et al. 

(1970), Kind (1972), Carder (1973), Allen & Helmberger (1973), Wesson, Roller & Lee 
(1 973), Kanamori & Fuis (1 976) and Kanamori & Hadley (1 975). 

For the profiles, the availability of the record sections (e.g. Fig. 10) made the recognition 
and timing of P, straightforward even though this phase is generally of relatively low ampli- 
tude in this area. The resulting time-distance data are mainly restricted to  observation 
distances of less than 300 krn - at greater distances, stronger and slightly later arrivals seem 
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360 

Figure 8. Final velocity scattergram, northern Britain, velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( V )  versus azimuth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9). 

to correspond to energy that has been returned from the lower lithosphere, for example on 
the profile NTS-San Luis Obispo (Fig. lO(a)). The record sections also allowed an objective 
assessment of the published data that was only available in the form of time-distance 
values. For example, the profiles NTS-San Luis Obispo (Fig. lO(a)) and, to a lesser extent, 
NTS-Ludlow (Fig. 10(b)) could be used as a basis for the assessment of time-distance data 
for NTS as observed at stations in California - in fact the bulk of the data available. Fig. 11 
shows a comparison between the NTS-San Luis Obispo travel-time branches and best 
straight lines fitted through the Pahute Mesa-San Francisco Bay and Death Valley- 
Monterey Bay time-distance data (Carder et al. 1970; Carder 1973) on the basis of which 
one may conclude that the published time-distance data indeed correspond to a true P, 
phase, even at observation distances beyond 300 km. Beyond about 400 km, however, there 
are indications of a faster, deeper penetrating phase. Fig. 11 was then used to assess other 
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P, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanisotropy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstudies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41 1 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. Physical divisions of the western United States and location of seismic profiles. Solid lines: 
United States Geological Survey profiles (after Prodehl 1970a, b). Broken lines: additional NTS profiles 
(Carder zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 19?0; Carder 1973). Shotpoints: 1 San Francisco, 2 Camp Roberts, 3 San Luis Obispo, 
4 Santa Monica Bay, 5 Shasta Lake, 6 Mono Lake, 7 Independence, 8 China Lake, 9 Fallon, 10 Shoal, 
1 1  Boise, 12 Strike Reservoir, 13 Mountain City, 14 Elko, 15 Eureka, 16 Delta, 17 Lida Junction, 18 
Lathrop Wells, 19 Nevada Test Site, 20 Hiko, 21 Navajo Lake, 22 Lake Mead, 23 Mojave, 24 Barstow, 
25 Ludlow, 26 Kingman, 27 American Falls Reservoir, 28 Bear Lake, 29 Flaming Gorge Reservoir, 30 
Hanksville, 31 Chinle. 

time-distance data for NTS as recorded at rather more scattered stations in California and 
Nevada as most of these observations in fact lie in the arc covered by the profiles NTS- 
Pahute Mesa-San Francisco Bay, NTS-Death Valley-Monterey Bay, NTS-San Luis Obispo 
and NTS-Ludlow (Fig. 9). Similarly, additional data in the Coast Ranges were assessed using 
record sections for profiles lying in the Coast Ranges (Fig. 9), and data in Southern 
California were assessed using record sections of profiles from Santa Monica Bay, Mojave 
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414 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Barn ford, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. Jentsch and C. Prodehl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SANTA MONICA BAY -CHINA LAKE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 10 (c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" I1 

and China Lake (Figs 9 and 10(c)). The resulting data set contains 813 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP, time-distance 
observations, weighted according to quality and with the distance distribution shown in 
Fig. 12(a). The majority of observations beyond 300 km distance are from published studies 
based on NTS; it may be that the relatively powerful sources available at NTS allowed the 
weak P, phase to be observed to somewhat greater distances than the chemical explosions 
normally used for the profiles. The azimuthal distribution of these observations is far from 
ideal (Fig. 12(b)) ~ in particular there is a pronounced gap for directions north-east-south- 
west. In practice, many of the observations were excluded from the analysis at an early stage 
for various reasons. For example, all observations from shotpoints 27-3 1 and all observa- 
tions recorded to the north of shotpoint 15 from shotpoints 1 1-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (Fig. 9) were excluded 
because they could not be connected with the other observations in any reasonable 
MOZAIC. Furthermore, profiles parallel to the coast in the Coast Ranges west of the San 
Andreas Fault (Fig. 9) were excluded after some preliminary analyses had confirmed that 
the Fault seems to separate rather differing structures with the crust 3-4 km thinner under, 

Figure 1 1 .  Reduced time-distance branches for: 

NTS ~~ San Luis Obispo (see Pig. 10(a)) 1; __. 
NTS - Pahute Mesa-San Francisco Bay P, 

NTS - Death Valley-Monterey Bay P, 
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P,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanisotropy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstudies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I , * x  
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180 1 

pr 
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180 2LO 300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 
(a) (b) 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. Distribution of available Pn data, western United States: number of observations ( N ) .  (a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAS a 
function of observation distance (X in km). (b) As a function of azimuth (@). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Data actually used in 
MOZAIC T.07. I? Extra data available in working data set. 69 Additional data available in western 
United States but not included in working data set. 

Figure 13. Distribution of shotpoints and stations for USGS profiles and other observations, western 
United States working data set, with typical MOZAIC (T.07). 
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and to the west of the Fault (Peake zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Healy 1977). On the other hand, shots fired to the 
west of the Fault and observed to the east (shotpoints 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and 4 - Fig. 9) were retained 
because only a small part of the corresponding ray path actually lies to the west of the 
Fault; Bamford (1971) has shown that in such circumstances the error in travel time will be 
small, have negligible effects on the main velocity determination (here zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeast of the Fault) 
and will simply be reflected as a systematically incorrect delay time computed for the shot- 
point. 

The working data set is thus based on the shots and stations shown in Fig. 13 and has the 
azimuthal distribution of observations shown in Fig. 12(b). For the purpose of anisotropy 
studies, the most effective part of the network is that in the Sierra Nevada where several 
profiles are reversed and intersect, and where much of the additional data at scattered 
stations are located. Model studies, based on two of the MOZAICs used for the analysis of 
the real data, are summarized in Tables 3 and 4. The 'measurement errors' alone should 
result in a variance of about 0.035 and 0.037 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs2 respectively and the critical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF ratio for 
significance at the 95 per cent confidence level is again about 1.16. The model studies 
indicate that the strength of the network depends on the direction of symmetry of the 
model anisotropy: in particular, the F ratios are lowest when the maximum velocity is in 
the 40" direction, corresponding to the gap in the azimuth distribution (Fig. 12(b)). In 
general, however, an anisotropy at or above the 3 per cent level could be detected using 
the F test and the velocity coefficients of the 24 terms remain well determined even at the 
1.5 per cent level. This suggests that the combined use of time-term solutions and velocity 
scattergrams would here allow a reasonable opportunity of detecting any significant aniso- 
tropy present. 

D. Barn ford, M. Jentsch and C. Prodehl 

5.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR E S U L T S  

Four different MOZAIC studies, based on gravity, tectonic and basement maps of the 
western United States, have been attempted with the working data set. In the design of these 
MOZAICs the ancillary information was used to guess at the distribution of areas of equal 
delay time while keeping these areas reasonably small, say 'not greater than 20-50 km 
square. Thus all of the working data set could not always be incorporated into a particular 
MOZAIC. As an example, a MOZAIC based on tectonics is shown in Fig. 13 - i t  
incorporates 534 travel-time observations distributed over 1 16 sites with the azimuthal 
distribution shown in Fig. 12(b). In general the MOZAICs were satisfactory from the point 
of giving stable solutions etc. although this stability depended to a certain extent upon the 
inclusion of the data that had been obtained from the literature. 

The results obtained with the four MOZAICs, two based on gravity (G50 and G20, using 
gravity maps contoured at 50 and 20 milligal intervals, respectively), one on tectonics (T) 
and one on basement (B), are summarized in Table 5. In each case, the F ratio is equal to 
or larger than that required for the inclusion of anisotropy to be significant at the 95 per 
cent confidence level. Furthermore in each case the final velocity scattergrams (Fig. 14) 
show visible evidence of velocity anisotropy and formal comparisons of uniform velocity 
and anisotropic fits (equation (1)) through the corresponding velocity-azimuth data 
indicate a significant azimuthal dependence ( F  ratios between 1.44 and I .94). However, it is 
clear from the fitted curves shown in Fig. 14 that the uneven distribution of observations as 
a function of azimuth has an important influence on these curves. In particular the gap in 
observations around 40" results in the 4@ terms in equation (1) being rather poorly 
constrained ~ this shows up in the differences between the curves obtained when these 
terms are either excluded or included. We conclude that with this data set the most reliable 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



T
ab

le
 5

. 
W

es
te

rn
 U

ni
te

d 
S

ta
te

s:
 su

m
m

ar
y 

of
 re

su
lts

. 

M
O

ZA
IC

 
N

um
be

r o
f 

U
ni

fo
rm

 v
el

oc
ity

 
G

en
er

al
 a

ni
so

tr
op

y 
so

lu
tio

ns
: c

om
pu

te
d 

ve
lo

ci
ty

 c
oe

ffi
ci

en
ts

(')
 

ob
se

rv
at

io
ns

 
so

lu
tio

n v
ar

ia
nc

e 
us

ed
 zy

xw
vu

ts
rq

p
o

n
m

lk
jih

g
fe

d
cb

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
JI

H
G

F
E

D
C

B
A

(S
Z)

 
V

ar
ia

nc
e 
zy

xw
vu

ts
rq

po
nm

lk
jih

gf
ed

cb
aZ

Y
X

W
V

U
T

S
R

Q
P

O
N

M
LK

JI
H

G
F

E
D

C
B

A
(s

2)
 zy

xw
vu

tsr
qp

on
m

lk
jih

gf
ed

cb
aZ

YX
W

VU
TS

RQ
PO

N
M

LK
JI

H
G

FE
D

CB
A

V
, 

B
 zy

xw
vu

ts
rq

po
nm

lk
jih

gf
ed

cb
aZ

Y
X

W
V

U
TS

R
Q

P
O

N
M

LK
JI

H
G

FE
D

C
B

A
C

 
E

 zy
xw

vu
ts

rq
po

nm
lk

jih
gf

ed
cb

aZ
Y

X
W

V
U

TS
R

Q
P

O
N

M
LK

JI
H

G
FE

D
C

B
A

F
 

F
 r

at
io

 zy
xw

vu
ts

rq
po

nm
lk

jih
gf

ed
cb

aZ
Y

X
W

V
U

T
S

R
Q

P
O

N
M

LK
JI

H
G

F
E

D
C

B
A

T
.0

7 
5

 34
 

0.
05

0 
0

.0
4

3
 

7.
16

 f 
0.

03
 

-1
.1

1
 f 

0.
17

 
1.

13
 zy

xw
vu

ts
rq

po
nm

lk
jih

gf
ed

cb
aZ

Y
X

W
V

U
T

S
R

Q
P

O
N

M
LK

JI
H

G
F

E
D

C
B

A
?

 0
.2

3 
0

.4
9

 f 
0

.2
3

 
0.

39
 zy

xw
vu

ts
rq

p
o

n
m

lk
jih

g
fe

d
cb

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
JI

H
G

F
E

D
C

B
A

k
 0

.2
1 

1.
16

 
G

50
.0

7 
5

 20
 

0
.0

5
3

 
0

.0
4

3
 

7.
75

 ? 
0

.0
3

 
-1

.1
7

 f
 
0.

16
 

1.
21

 f 
0.

27
 

0.
24

 f 
0.

21
 

0.
57

 f 
0.

23
 

1
.2

3
 

3
.0

7
 

5
 34

 
0

.0
4

3
 

0
.0

3
7

 
7.

11
 f 

0.
02

 
-0

.9
0

 f
 
0.

16
 

1.
04

 
0.

25
 

-0
.2

4 
f 

0.
20

 
0

.8
8

 f 
0

.2
3

 
1

.1
6

 
G

20
.0

8 
5

1
9

 
0.

04
9 

0.
03

5 
7.

77
 f 

0.
02

 
-1

.4
0 

f 
0.

15
 

1
.0

4
 f 

0.
25

 
-0

.0
9

 *
 0.

1
9

 
0.

85
 f 

0
.2

2
 

1
.4

0
 

(1
) 

T
he

se
 co

ef
fic

ie
nt

s c
or

re
sp

on
d t

o
 th

os
e 

in
 e

qu
at

io
n (

1
).

 
P

 s. 0,
 a 9
 

v1
 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



420 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Barnford, M. Jentsch and C. Prodehl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mW 
-o 

6 
I- + 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
r- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
s 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



P,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanisotropy studies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



422 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Bamford, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. Jentsch and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC. Prodehl 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



P,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanisotropy studies 

00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q ) W  
-0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

423 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
7
/2

/3
9
7
/6

1
7
7
5
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



424 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Bamford, M. Jentsch and C. Prodehl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA180 
180 R Z I M U T H  [DEG E OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN )  360 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 15. Compilation of velocity-anisotropy curves (2@ fits) for MOZAICs T.07, 9.07, (350.07 and 
(320.08: velocity ( V )  versus azimuth (@). In each case, two separate curves are shown (one for all data, 
the other for observation distance less than 300 km) - they are more or less indistinguishable. 

results will be those based on curves in which only the 29 terms are included. Fig. 15 
summarizes these curves for the four MOZAICs studied: since the data beyond 300 km are 
those over which the authors have least control, they being mainly derived from the 
literature, two curves are plotted in each case, the first fitted through all observations, the 
second only through observations at distances less than 300 km - the differences are in fact 
negligible. 

Fig. 15 suggests that the data are consistent with the presence of an anisotropy of 2-3 
per cent with the maximum velocity (> 7.8 km/s) in a direction 70-80" east of north. In 
order to check that this is not simply an apparent anisotropy resulting from the coincidental 
sampling of a laterally varying refractor velocity, values used in one of the better velocity 
scattergrams (T.07, Fig. 14(a)) have been plotted as a function of position. In an attempt 
to  overcome the inherent scatter of the velocity values, each one has been graded according 
to a simple scheme and then plotted mid-way between the corresponding shotpoint and 
station - itself a considerable approximation as the value is in reality an average for the 
whole path. The result is shown in Fig. 16. There appears to be no pattern, corresponding to 
a lateral variation in refractor velocity, which could lead to an apparent anisotropy with a 
minimum velocity less than 7.7 km/s (grade C )  and a maximum greater than 7.8 km/s 
(grade E ) .  

6 Discussion 

In none of the cases studied are the data ideally suited to the detection and measurement of 
P, velocity anisotropy. While that for the eastern United States is clearly the least satis- 
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Figure 16. Velocity values, graded and plotted as a function of position, western United States. 

factory of the three in nearly every respect, the geographic and azimuthal distributions of 
the observations in both northern Britain and the western United States are less satisfactory 
than those used in other anisotropy studies, for example in the Pacific Ocean by Raitt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 
(1969) and Morris et al. (1969), in western Germany by Bamford (1977) and in near-surface 
studies by Bamford & Nunn (1978). This is an important consideration when assessing the 
significance of the results we have obtained: nevertheless we suggest that their broad aspects 
are not primarily controlled by the data quality. Specifically, within the error limits of the 
available data, the uppermost mantle appears to be isotropic under northern Britain and the 
eastern United States, but shows a small but significant anisotropy in the western United 
States. The scatter in the velocity values (Figs I4 and 15) precludes any inversion of the 
anisotropy observed beneath the western United States into a petrological structure using 
the methods devised by Crampin & Bamford (1977) for the Pacific Ocean and west German 
observations. We concentrate only on the broader aspects of our result, namely the'amount 
(2-3 per cent) and direction (70-80" east of north) of the anisotropy. 

Peselnick et al. (1 977) have measured the anisotropic elastic velocities of two lherzolite 
xenoliths derived from the upper mantle beneath the Sierra Nevada batholith and calculated, 
at the temperatures and pressures likely in situ, maximum and minimum velocities of 
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Figure 17. Compilation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof P, velocity anisotropy results for the western United States (this study) and 
the north-eastern Pacific: this map is a modified version of fig. 4 of Fuchs (1977) which was in turn based 
on fig. 14 of Raitt et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnl. (1971). 

8.4 f 0.1 and 7.85 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.12 km/s respectively. It is probable that their results relate to a some- 
what greater depth than the immediate sub-Moho sampled by P, refraction studies: this 
would explain the difference in the amount of anisotropy between our results and theirs. 
Peselnick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. suggested that in situ their anisotropy might have the same direction as that 
found in the adjacent ocean. In Fig. 17 we show our result plotted together with published 
results for the north-eastern Pacific - remarkably both the amount and the direction of the 
anisotropy beneath the western United States are very similar to those found in the Pacific 
Ocean off California by Raitt et al. (1969). 

We regard this similarity as a reflection of the intimate dependence of the tectonic 
evolution of the western United States upon the presence of nearby ocean and concur with 
Peselnick et al. who suggest that the existence of large-scale upper mantle anisotropy in that 
area is possibly a consequence of the subduction of oceanic lithosphere during Mesozoic 
time (Hamilton 1969). In particular, we note that if, as Snyder, Dickinson & Silberman 
(1 976) suggest, in late Mesozoic and Oligocene times a series of magmatic arcs extended 
parallel to the continental margin from Canada to Mexico, back-arc extension and high 
temperatures could have effected broad regions of the continental edge at that time. This 
combination would have allowed upper mantle anisotropy to develop there in the direction 
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of tension, in this case in the direction of spreading of the adjacent ocean. A similar process 
may have operated in the Sea of Japan, for example, which has extended, still has generally 
high heat flow (Uyeda 1977), and in which an upper mantle anisotropy of several per cent 
has been measured (Asano 1977, private communication) with the maximum velocity in the 
direction of extension. 

The apparent absence of upper mantle anisotropy in northern Britain and the eastern 
United States, if confirmed by future and better measurements, could simply reflect a 
different tectonic style. Both are regions of ancient collision orogeny (Caledonian) and are 
currently adjacent to passive continental margins. It may be that conditions to create such 
large-scale anisotropy have never existed there or that an ancient anisotropy was destroyed 
by subsequent tectonic events. 

Clearly this subject is a field where a lot of speculation regarding tectonics, petrology 
etc. is possible. However, the results obtained in the western United States are not good 
enough to support detailed petrologic models of that area and not enough continental areas 
have yet been studied to allow broad tectonic conclusions based on the presence/absence of 
anisotropy in the uppermost mantle. The prime requirement is therefore for extended 
studies, possibly using a variety of data, in the western United States, and for further studies 
of the type undertaken here in other continental areas. 
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