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MODELING CRUSTAL STRUCTURE THROUGH THE USE OF CONVERTED 

PHASES IN TELESEISMIC BODY-WAVE FORMS 

BY L. J. BURDICK AND CHARLES A. LANGSTON 

ABSTRACT 

By comparing records of the radial component of motion of teleseismic P waves 
to records of the vertical component, it is possible to identify S phases within the 
P wave form. These phases are generated by the mechanism of P to S conversion at 
discontinuities in velocity under the receiving station. Similar phases of the S to P 
converted type appear as precursors to the direct SV arrival. Models for the 
crustal structure can be tested by generating synthetic seismograms for both com- 
ponents of motion of both the P and SV waves and comparing with the data. The 
technique has been used to model the crustal structure at WWSSN stations CAR 
and COR. It has also been used to check a recently proposed model for the crustal 
structure in eastern Canada which contains a large low-shear-velocity zone at the 
base of the crust. This study indicates that the crustal structure in eastern Canada 
is highly non-uniform with perhaps few features common to the whole region. 
Finally, the technique is used to identify several stations in the WWSSN which ap- 
pear to be located on highly anomalous structure. 

I N T R O D U C T I O N  

The displacement at the Earth's surface due to the arrival of a teleseismic body 
wave is affected by a number of unknown quantities. These include the source time 
function, the Earth's velocity structure near the source, the velocity structure near 
the turning point of the ray) and the crust and upper mantle structure under the ob- 
servation point. A number of techniques have been developed to separate the effects 
of the structure under the observation point from the others and to translate this 
information into models for the crust and upper mantle. One method involves the use 
of synthetic seismograms to model S to P converted phases from the MohoroviSi5 
discontinuity (Bath and Stefansson 1966; Jordan and Frazer, 1975). An attractive 
feature of this technique is that it is simple and unambiguous. A specific arrival in 
the wave train is associated with a specific discontinuity in the Earth. Until now, the 
method of using synthetic seismograms has been limited to studies of S - P phases 
from the moho. However, the moho or any other boundary which produces an S 
to P converted phase strong enough to be used in a study of this type will produce 
strong reflections and conversions of other kinds as well. Some of these can be identi- 
fied quite readily within the P wave form. The purpose of this paper will be to demon- 
strate that all types of converted phases can be used together to obtain a reliable model 
of the crustal structure. A second method of determining the receiver structure in- 
volves modeling the ratio of the Fourier spectral amplitude of the vertical displace- 
ment to the spectral amplitude of the horizontal displacement of incoming P waves. 
The theoretical basis for this type of analysis has been discussed by Phinney (1964), 
Hannon (1964), Kurita (1973a), Leblanc (1967), and Fernandez (1967). The tech- 
nique has been used to model receiver structures by Fernandez and Careaga (1968), 
Bonjer et al. (1970), Kurita (1973b), and Leong (1975) among others. The main 
advantage of this technique is that it does not require a knowledge of the incident 
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wave form. Its disadvantages are that it lacks the stability and ease of interpretation 
of comparing time-domain synthetic seismograms directly to the data. 

REFLECTED AND CONVERTED I~HASES IN THE P WAVE FORM 

For a plane P wave incident at the base of the crust there will be five phases which 
are first-order in reflection or transmission coefficients at the moho. In the notation of 
B£th and Stef£nnson (1966) these are PpPmp PpSmp, Ps, PpPms and PpSms. The 
first two of these are difficult to observe because they are small and are generally 
washed out by the strong interaction of the instrument with the direct arrival. The 
third phase Ps arrives only seconds behind tile direct arrival and unless it is unusually 
strong it is also hard to identify. The last two phases, however, can often be observed 
in the radial component of motion of teleseismic P waves. At an epicentral range of 
say 60 °, a P wave will have an incident angle at the free surface of about 22 °. Only 
37 per cent of the total amplitude appears on the radial component. To conserve 
phase velocity, a P to S converted phase must have an incident angle of about 12 °. 
Ninety-eight per cent of its total amplitude will appear on the radial component. The 
converted phase will be enhanced with respect to the direct arrival on the radial 
component by a factor of nearly 3. This makes these phases much easier to identify 
particularly if the vertical component of motion is used as a visual guide as to what 
the motion on the radial component would be if there were no S waves present. 

Even though these phases can be seen as a clear difference in the radial and vertical 
signals, they are difficult to model if the vertical component is still changing rapidly 
when they arrive. This could be caused by a long duration, multicomponent source, 
interaction of a shallow source with the free surface, or a secondary arrival from a 
sharp discontinuity near the turning point of the ray. To avoid these difficulties it is 
advantageous to use observations of deep earthquakes (h ~-~ 600 km) of intermediate 
size at epicentral ranges of 30 ° to 80 °. The incident time function for events of this 
type can often be modeled as a single unidirectional pulse of about 2 or 3 sec dura- 
tion. The instrument response of a long-period, 15-100 or 30-90, instrument to this 
type of arrival is nearly over by the time that the PpPms and PpSms phases for a 
typical crust arrive. I t  is still generally necessary, however, to compute synthetic 
seismograms in the manner of Jordan and Frazer (1975) to correctly analyze the rela- 
tive amplitudes. Equating relative trace amplitudes to relative arrival amplitudes 
as did B£th and Stef£nnson (1966) would not work well since the two phases interact 
with each other and with other late arrivals. 

COMPUTATION OF SYNTHETIC SEISMOGRAMS 

The techniques for computing synthetic seismograms have been outlined by Lang- 
ston and Helmberger (1975) and Mikumo (1971) among others. The trace ampli- 
tude A as a function of time can be written 

A(t) = I(t),Q(t),S(t),R(t). 

I is the appropriate instrument response, Q the Futterman (1962) Q operator evalu- 
ated at T/Q = 0.75 for incident P waves and T/Q = 3.0 for incident S waves, S 
the source time function, R the earth response and • the convolution operator. In 
most of the cases considered here, we will model the source pulse as a trapezoid with 
three adjustable time parameters ~tl, ~t2 and ~t3 as proposed in Langston and Helm- 
berger (1975). In a few cases where the source appears to be a double event, the pulse 
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will be modeled as a sum of two trapezoids. An appropriate model can be rapidly 
determined by deconvolving the theoretical Q and instrument responses from the 
observed vertical P wave form and fitting a trapezoid to the result by inspection. 
The earth response at ranges between 30 ° and 80 ° for a deep earthquake is essentially 
only the response of the structure under the receiver since the near source and turning 
point earth structure have very little effect. R can be computed either by using a ray 
expansion or the Haskell (1960, 1962) propagator matrix technique. The latter is 
more convenient and will be used to compute the synthetic seismograms presented 
in this paper. However, it is also enlightening to associate certain peaks in the record 
with waves that travel along certain specified paths. Therefore, we will continue to 
discuss these peaks in terms of rays. 

P-WAVES 
VERTICAL COMR RADIAL COMR 

Synthetic for: 

CAR 2 - - ~  
~0 sec. 

RECORDS FROM CAR OF DEEP ARGENTINA EVENTS 

1/17/67 

9/9/67 

8/25/68 

FIG. 1. The radial components of motion at WWSSN station CAR are shown on the right for 
comparison with the vertical components on the left. The top two records in light line are synthet- 
ics for simple crustal models, and the bottom three records in dark line are observations. The dif- 
ferences between the two components of motion are caused by P to S converted phases gen- 
erated by the structure under the station. The ~ functions superimposed on the top trace mark 
the arrival time of the peak amplitude of the phases. The numbers 1 to 5 designate the phases 
P, PpPmP, PpSmp, Ps, PpPms and PpSms, respectively. The relative height of the ~ function 
indicates the strength of the arrival. 

CRUSTAL STRUCTURE UNDER CAR 

The problem of modeling the crustal structure under WWSSN station CAR is one 
which is well suited for study through the use of P to S and S to P converted phases. 
This is because of the stations ideal location with respect to several deep events in 
Argentina. The epicentral distance is about 39 ° and the orientation of the station is 
such that the N-S component is nearly purely radial and the E-W purely transverse. 
This eliminates the need for digitizing the records and resolving them into radial 
and transverse components. Also, it turns out that the crustal structure under CAR 
is very simple and easy to interpret. 

The top of Figure 1 shows synthetic P wave forms computed for model CAR 1 
in Table 1. This model represents a typical (Haskell, 1962) crustal layer over a half- 
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space  wi th  the  p roper t i e s  of the  lid. T h e  c rus ta l  th ickness  a n d  l id  veloci t ies  have  been  
a d j u s t e d  so t h a t  t he  syn the t i c s  would  m a t c h  the  t h ree  obse rva t ions  shown a t  t he  
bottom of the  figure. T h e  r e l e v a n t  i n fo rma t ion  on the  size and  loca t ion  of the  events  

is g iven in  T a b l e  2, a n d  the  r ange  and  a z i m u t h  d a t a  for C A R  is g iven in  T a b l e  3. 

TABLE 1 
CRUSTAL M o n ~ s  FOR CAR 

P Velocity S Velocity Density Thickness 
Model Layer 

(km/sec) (km/sec) (g/cc) (km) 

CAR 1 1 6.28 3.70 2.90 33.0 
2 8.10 4.68 3.70 -- 

CAR 2 1 6.28 3.70 2.90 33.0 
2 8.10 4.68 3.70 37.0 
3 7.60 4.10 3.47 -- 

TABLE 2 
EVENT DATA 

Source Date Mb Lat. Long. Depth (kin) 

Argentina 1/17/67 5.5 27.4 S 63,3 W 590 
Argentina 9/9/67 5.9 27.6 S 63,2 W 577 
Argentina 8/23/68 5.8 22.0 S 63,5 W 537 
Peru-Brazil 2/15/67 6.2 9.1 S 71.4 W 583 
Peru-Brazil 11/3/65 6.1 9.1 S 71.3 W 598 
Chile 12/27/67 6.3 21.3 S 68.2 W 135 
Japan 1/19/69 6.3 44.9 N 143.2 E 238 
New Hebrides 6/13/66 6.2 12.2 S 167.1 E 184 

TABLE 3 
STATION DATA 

Station Event Date A Azimuth Back Azimuth 

CAR Argentina 1/17/67 37.9 354.2 174.7 
Argentina 9/9/67 38.1 354.0 174.6 
Argentina 8/23/68 32.5 353.7 174.1 

COR Peru-Brazil 11/3/65 71.0 323.5 124.7 
Peru-Brazil 2/15/67 71.0 323.5 124.7 
Chile !2/27/67 82.6 323.8 129.5 
Japan 1/19/69 62.5 53.5 306.9 

SFA Argentina 9/9/67 74.7 354.6 173.0 
SFA Peru -Brazil 2/15/67 56.0 0.5 180.7 
GWC Argentina 9/9/67 83.5 351.7 167.0 
SCH Argentina 9/9/67 82.1 357.9 176.8 
MNT Argentina 9/9/67 73.4 352.4 170.4 
MNT Peru-Brazil 2/15/67 54.4 358.1 177.3 
OTT Argentina 9/9/67 73.5 350.1 168.4 
OTT Peru-Brazil 2/15/67 54.4 356.3 174.8 
SCB Peru-Brazil 2/15/67 53.1 352.9 170.3 
LND Peru -Brazil 2/15/67 52.6 351.0 167.8 
TRN Argentina 9/9/67 38.1 2.9 182.6 
SJG Argentina 9/9/67 45.5 356.1 176.3 
SPA New Hebrides 1/13/66 77.8 180.0 157.8 
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Note that the back azimuths to the events are all within 6 ° of being due south. The 
source used to compute the synthetics was a trapezoid with a zero-to-peak time of 
5tl -- 0.25, a level peak time ~t~ = 1.8, and a peak-to-zero time ~t3 = 0.2 sec. Super- 
imposed on the synthetic for model CAR 1 are a series of delta functions which mark 
the time of arrival of the peak amplitude of the rays which are first order in reflection 
or conversion coefficients from the discontinuity. The relative heights of the delta 
functions indicate the relative strength of the arrivals. The peak labeled 1 is the direct 
arrival; 2, the phase PpPmp, 3, the phase PpSmp; 4 the phase Ps, 5, the phase PpPms; 
and 6, the phase PpSms. Note that both in the synthetic and at corresponding points 
in the data, there is a clear difference between the vertical and radial components of 
motion, particularly when phases 5 and 6 arrive. I t  is also possible to see what appears 
to be a PpPmp arrival (phase 2) on the vertical components, but as was stated previ- 
ously, it is impossible to distinguish it from a secondary source. I t  appears then that 
this very simple model gives a very adequate fit to the data except perhaps in the 
first backswing of the wave form where the data appears to peak up more sharply 
than the synthetic. 

One simple way to correct this small discrepancy is to model the extra peak in the 
data as a Ps phase generated at the interface between the lid and the low-velocity 
zone. Model CAR 2 in Table 1 has been constructed to represent a typical crust and 
lid over a half-space with properties like the low-velocity zone (Helmberger, 1973). 
The corresponding synthetics are shown in Figure 1, and they do fit the data some- 
what better. However, the features justifying the addition of this layer are rela- 
tively small, and there may be some other modifications of the model which would 
work as well. The important result is that the crust under CAR is about 33 km thick, 
and the transition between the crust and lid is relatively sharp. Generally speaking, 
the techniques discussed here are best suited for the study of the strongest and sharpest 
discontinuity in a given crustal column. This is, of course, almost always the Moho- 
rovi6i6 discontinuity. Model studies show that including a Conrad discontinuity 
in a crustal model has very little effect on the radial P wave form. A thick layer of 
soft sediment does have a visible effect, but very few seismic stations are situated 
on such layers. 

The preceding discussion has shown that it is practical to use P to S converted 
arrivals in the radial P wave form for modeling crustal structure. I t  is important 
however, to find out how this method compares with the use of Sp arrivals in the SV 
wave forms. Figure 2 shows SV arrivals for the same three events as used in the P 
wave-form study. The Sp amplitudes predicted by model CAR 2 have been indi- 
cated. The first two records have Sp phases which correspond well to those predicted 
by model CAR 2. The third event, however, appears to have produced no Sp arrival 
at all. I t  has presumably been canceled out by the background level of other compres- 
sional arrivals. This type of noise is one of the largest drawbacks to the use of Sp 
phases because it introduces instability into the Sp amplitude. This means that it is 
necessary to compile a number of observations at a given station before the crustal 
structure can be modeled with a high level of confidence. However, this is probably 
true of P to S converted phases as well. The best approach would undoubtedly be to 
use both transmitted conversion data like Sp simultaneously with reflected conversion 
data like PpPms. The two types of information will not generally be compatible for 
a dipping interface. The use of both types of data corresponds in importance and 
information content with the reversal of profiles in refraction work. 
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CRUSTAL STRUCTURE UNDER COR 

If the crustal structure under a station contains discontinuities which are pro- 
nounced enough, it is possible to distinguish both transmitted, converted phases and 
reflected, converted phases within the radial P component alone. One station which 
appears to be situated on a crust with some very sharp discontinuities is WWSSN 
station COR (Corvallis, Oregon). The top traces in Figure 3 are radial and vertical 
P observations at COR of a simple intermediate depth event (see Table 2) which 
occurred in Chile. The differences between the two components are very pronounced 
implying substation structure with large discontinuities. 

COR was initially selected for study as a part of a more general investigation of the 
Puget-Willamette depression which is the structural province where it is located. 
The station is of importance here because of the strong effect of the crustal structure 

SV-WAVES FROM CAR 
VERTICAL RADIAL 
COMR COMR 

~ S  

, l  1/17/67 ~ 

8/25/68 

20 sec 

FIG. 2. The figure shows observed SV records at CAR for three different events which ap- 
proached the station from similar azimuths. The first two events show a clear Sp phase. The 
amplitude for the phase predicted by model CAR 2 is shown as a short horizontal line segment. 
The third record contains no such arrival indicating the instability of the phase. When present, 
the Sp phase can be identified by its particle motion. I t  breaks the same way as direct S on the 
vertical component and opposite to S on the radial. 

on the radial P wave forms. Accordingly, only a final model which explains those 
wave forms will be presented. A more detailed report  on how the model was obtained 
and how it relates to the geology of the Puget-Wil lamette  depression is in preparation.  
Another  portion of the work which was a determination of the crustal s tructure from 
the body waves of the 4/29/65 Puget  Sound earthquake has already been reported 
(Langston, 1977a). 

A model for the crustal s tructure of the region was constructed by  Berg et al. (1966) 
to fit long-range refraction observations a t  a group of stations including COR (see 
Table  4). The  bottom traces in Figure 3 are synthetics computed using the model. The  
differences between the synthetic radial and vertical  components are not nearly as 
large as between the observed radial and vertical components.  

Figure 4 shows observations from COR of four different intermediate and deep 
events. As Table  3 shows, the signals approached the station f rom several different 
azimuths. The ampli tude and shape of the secondary arrivals in the radial P wave 
form is relat ively consistent. Since the stat ion was not  natural ly  ro ta ted  for a n y  of 
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the arrivals, it  was necessary to digitize the two horizontal records and rotate  them 
into radial and transverse components. Only a very  small signal appeared on the 
transverse component after rotation. There was no strongly anomalous particle mo- 
tion as might be expected for severely dipping structure (Langston, 1977b). 

On the left of Figure 4 are shown source functions which have been constructed 
by  deconvolving the instrument from the observed vertical motion and matching the 
result with trapezoidal t ime functions. The source functions have been smoothed by  

VERTICAL RADIAL 

COR 12/27/67" 
I0 sec 

~ Synthetics for ~ 
Berg et of., 
(1966) 

FIG. 3. The top traces are radial and vertical records of a simple event made at  COR. The 
strong differences between the two components are caused by large amplitude P to S converted 
phases. The bottom traces are synthetics computed for a model of the crustal structure under 
COR which was proposed on the basis of refraction data. It is apparent that much stronger dis- 
continuities exist in the Earth than in the model. 

TIME VERTICAL P RADIAL 
FUNCTION f~p~,op /1 . Ap, n s pl:) S,ns 

12/27/67 - ~ . ~ V  - - ~ ~  

v ~ - - -  

2/15/57 ~ ~ 

FIa. 4. The figure shows the two eomponents of P-wave motion at COR for four different 
teleseismic events. The observed records are shown in dark line directly over synthetics for 
model COR 1 in light line. The source functions used in computing the synthetics are shown on 
the left. They have been eonvolved with the Q operator. The primary phases which originate at  
}he strong discontinuity at the base of the shallow low-veloeity zone (interface 10) are marked 
m the top record. 

the Q operator so that  the traces represent the wave form actually incident at  the 
base of the crust. The source functions for the two Peru-Brazil events were modeled 
as sums of two lagged trapezoidal t ime functions because the deconvolutions showed 
tha t  they were double events. 

Under each of the observations in Figure 4 is a synthetic computed from model 
COR 1 which is listed in Table 4. The model was constructed by  adding a low-velocity 
zone to a simplified version of the Berg et al. (1966) model and modifying the result 
to obtain a good fit. The  final model is shown in Figure 5. 

A strong case can be made from the observations for the sharp discontinuity at  the 
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base of the low-velocity zone (45 km depth). Since this discontinuity is at the base 
of the tenth  layer, phases which convert or reflect there are given a subscript 10. 
The transmitted conversion P~os and the reflected conversions PpPloS are marked in 
Figure 4. Also, there is an arrival in the vertical P observations which corresponds 
well with the PpP~op phase predicted by the model. There is, unfortunately,  little 
direct evidence for the discontinuity at  the top of the low-velocity zone since no 
strong arrivals appear to have originated at  tha t  depth. However, the Berg et al. 
(1966) refraction observations do show that  there is a Pn velocity of 8.0 kin/see at  
depths as shallow as 15 km. This coupled with the observations of converted phases 
from a strong velocity increase of 1. to 1.5 km/sec at about 45 km depth implies 
tha t  either the upper mantle P velocity is as high as 9.0 to 9.5 km/sec at this shallow 
depth or tha t  there is a velocity reversal. The  existence of a shallow low velocity in 
the Puget-Williamette depression has been confirmed in several different ways during 
the ongoing study of the region. Also, such a structure is consistent with much of 

TABLE 4 
CRUSTAL MODELS FOR COR 

P Velocity S Velocity Density Thickness 
Model Layer ~ / s e c )  ~ / s e c )  (g/cc) ~m) 

Berg et al. (1966) 1 4.4 2.5 2.5 2.2 
2 5.5 3.0 2.6 7.7 
3 6.6 3.8 2.8 3.8 
4 7.4 4.2 3.0 2.1 
5 8.0 4.6 3.2 10.0 

COR1 1 5.5 3.0 2.6 10.0 
2 6.7 3.9 2.8 6.0 
3 8.0 4.6 3.2 5.0 
4 7.9 4.5 3.15 1.5 
5 7.8 4.2 3.1 2.0 
6 7.7 3.7 3.0 1.5 
7 7.5 3.5 2.95 1.5 
8 7.2 3.3 2.9 2.0 
9 6.9 3.3 2.85 2.5 

10 6.6 3.3 2.85 12.9 
11 8.0 4.6 3.2 - -  

the refraction and gravity data reported by other authors for the region (Langston, 
1976). 

The rays generated at the other interfaces in the model are generally too small to 
be identified specifically in the theoretical wave form. However, the synthetics do 
match the strong variations in the observed radial P records for as much as 50 sec. 
The strong arrival late in the vertical P wave form of the 12/27/67 event is the pP 
phase which was not  included in the calculated wave form. 

The technique of comparing the radial P component to the vertical has proved 
particularly useful in this modeling study. This was because the discontinuity be- 
tween layers 10 and 11 was large enough so that  phase Plos was visible as well as 
PpP1os and PpS1os. However, most eases will be like CAR where it is necessary to 
use SV waves to s tudy transmitted, converted phases. 

CRUSTAL STRUCTURE OF EASTERN CANADA 

Jordan and Frazer (1975) used Sp phases in a s tudy of the crustal structure of 
eastern Canada. They used records of a deep Peru-Brazil  event (2/15/67) made at  
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seven stations scattered widely over the Superior and Grenville provinces. In so 
doing, they made the highly significant observation that they needed to include a 
broad low-shear-velocity zone in their model in order to fit the very ]arge amplitudes 
of the Sp phases. As a starting model they used the crustal model of Mass~ (1973) 
which was based on P refraction data of the Canadian shield and surface-wave dis- 
persion data from Brune and Dorman (1963). To satisfy the average Sp - S travel 
time and the Sp amplitudes, they added an extra low-velocity layer at the base of 
the crust and slightly modified the parameters of the other layers so their final model 

Velocity, km/sec 
0 2 4 6 [ p I 8 

I0 L - -  

• ) 
c~ 5o 

I Model 
40 L ~  OR 

5o t ~ I I ~ 
FIG. 5. Th i s  seismic profile (model COR 1) correct ly  pred ic t s  the  observed P to S conver t ed  

phases  a t  COR. The  phases  genera ted  by  the  s t rong  in ter face  a t  the  base of the  shal low low- 
veloci ty  zone ( interface 10 a t  45 km depth)  can be seen d i s t inc t ly  in the  records.  

TABLE 5 
CRUSTAL MODELS FOR EASTERN CANADA 

-P Velocity S Velocity Density Thickness Model L a y e r  
(kmlsec) (km/sec) (g/cc) (km) 

Massd (1973) 1 5.17 3.32 2.46 4.7 
2 6.22 3.65 2.81 17.1 
3 7.14 4.11 3.11 20.4 
4 8.06 4.65 3.41 

J o r d a n  and  Fraze r  (1975) 1 5.17 3.32 2.46 4.7 
2 6.22 3.65 2.81 10.3 

J F F M  3 7.14 4.11 3.11 10.0 
4 6.80 3.40 3.11 10.0 
5 8.06 4.65 3.41 - -  

would also satisfy the dispersion data. Both their model and the Mass~ model are 
given in Table 5. These authors recognized the need for additional events and are 
preparing a more comprehensive report. 

We present here a study of a deep Argentina event which provides some additional 
data of both the Sp type and the P to S converted type. This data shows that three 
of the seven stations do not seem to have a very sharp moho as far as reflections from 
the top side are concerned. Also, the variation in the crustal structure from station 
to station seem to be severe. I t  may not be appropriate to try to find one crustal 
structure which is valid for all of them. 
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Figure 6 shows P-wave observations of the deep Argentina event of 9 /9/67 made 
at  five different stations in eastern Canada. As in both the CAll  s tudy and the Jordan 
and Frazer (1975) s tudy the NS component is nearly purely radial with respect to the 
event (see Table 3). A highly significant observation which can be easily made is tha t  
there is a great deal of variation in the radial components of the five stations while the 
vertical components are nearly identical. This indicates strong differences in crustal 
structure beneath the stations. The observations shown in Figure 1 can be used as a 
guide as to how reproducible the radial component can be expected to be, even for 
different events. 

The synthetics for the 1V~ass6 (!973) crustal model and for the Jordan and Frazer 
(1975) final model ( JFFM) are also shown in Figure 6. As before, the phases PpPms 
and PpSms are of pr imary interest. The  arrows in the figure mark the peak instru- 

P-WAVE DATA 

SFA 

MassejFFM 

SCH ------, 
M N T  11 [ '  " - 

FIG. 6. Synthetics (light line) for the Mass~ and JFFM crustal models for the crustal struc- 
ture in eastern Canada are compared with observations of the 9/9/67 deep Argentina event. The 
strong differences in the observed radial components from station to station indicates that no 
single crustal model would be appropriate for all of the stations. Stations SFA and SCH show only 
small PpPms and PpSms arrivals like those predicted by the Mass~ model. The other three 
stations show stronger arrivals but their travel times do not compare well with either model. The 
top group of stations are equipped with 15-100 instrtunents and ~he bottom group with 30-90 in- 
struments. 

ment response to the arrivals.  Since the moho is less pronounced in the Mass~ model, 
the interference of arrivals from the upper crust with PpPms and PpSms appears to 
be much stronger: The two stations GWC and SFA are equipped with 15-90 instru- 
ments. At GWC the PpSms and PpPms phases are clearly visible and are approxi- 
mately the same size as those predicted by JFFM.  However,  they arrive almost 5 
sec late. This corresponds to a crustal column which is 14 to 19 km thicker than 
J F F M  assuming a ray parameter  of 0.05 sec/km. The radial component at  SFA is al- 
most an exact duplicate of the vertical. This observation is very  difficult to correlate 
with the strong Sp precursor from the Peru-Brazil event unless the structure dips so 
tha t  upgoing transmit ted conversions are enhanced with respect to conversions reflected 
from the top side. The stations SCH, M N T  and O TT have 30-90 instruments and 
are shown under the corresponding synthetics for the Mass~ (1973) and J F F M  models. 
The record from SCH appears to match the synthetics for the Mass~ model very 
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closely. The moho does not appear to be nearly as sharp as in JFFNI. Stations OTT 
and MN T appear to match the JFFM synthetics, particularly with respect to the 
phases PpPms and PpSms. There is, however, a significant difference in the first 
backswing of the two observed records. This means that there must be at least some 
differences in the crustal structure at MNT and OTT. 

The refraction studies of. Mereu and Jobidon (1971) and Berry and Fuchs (1973) 
have shown that the moh0 in eastern Canada has considerable topographic relief. 
This probably accounts for at least a portion of the variation in radial P waves between 
stations. Also there were strong variations in the Pn velocities observed by the afore- 
mentioned authors and by Rankin et al. (1969). This could be a further manifesta- 
tion of topographic relief, of anisotropy, or of actual lateral variation of the composi- 
tion of the lid in eastern Canada. 

Unfortunately, none of the other deep Argentina events which occurred since in- 
stallation of the Canadian network were large enough to produce usable radial P waves 
or vertical SV records. The 2/15/67 Peru-Brazil event already studied by Jordan and 

P-WAVE DATA 

FROM THE CANADIAN SHIELD 

VERTICAL COMF? RADIAL COMR 

MNT 

SCB 

LND 

IO sec 
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F~G. 7. These observed vertical P waves from the 2/15/67 Peru-Brazil event were too complex 
to model by using a sum of trapezoids as a source. A qualitative comparison of the vertical and 
radial components indicates that MNT contains strong S arrivals. Those in the SCB and LND 
records are much less pronounced. 

Frazer (1975) produced large amplitude P waves but it had a long duration, multi- 
component source. The vertical P waves could not be adequately modeled even 
by using a sum of two lagged trapezoids as in the COR study. Apparently, even 
more pulses were needed. The interaction of the later sources with the crustal 
phases from the first source proved to be very difficult to model. Also, at four of the 
seven stations the background noise was of the same size as the crustal phases in the 
radial P wave form. The three usable records are shown in Figure 7. Only a quali- 
tative comparison can be made since the source could not be modeled. The vertical 
components are again very similar particularly at M N T  and SCB which have identi- 
cal instruments. There are relatively large differences between the radial and vertical 
components at MNT, just as there were for the deep Argentina event. At SCB the 
differences are not as pronounced indicating that the moho there is not as sharp. 
LND has very similar vertical and radial components just as did SFA. Until more 
records can be compiled, it will be impossible to make any definitive statement about 
the crustal structure under any of these stations. I t  does seem clear, however, that 
there are large differences in both moho sharpness and crustal thickness among the 
seven stations in the array. 

The vertical component of the SV waves from the Peru-Brazil and Argentina events 
from stations OTT and SFA are compared in Figure 8. The Sp precursor at SFA was 
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larger than at any other station for the Peru-Brazil event, yet there is virtually no 
precursor at all at that station for the Argentina event. The Peru-Brazil event pro- 
duced a double precursor at OTT. Jordan and Frazer (1975) interpreted the second 
of these as the one from the moho and the first as a conversion from some deeper dis- 
continuity. The Argentina event appears to have the first precursor, but the Sp phase 
is again missing. The amplitude of the precursory phase seems to be a very unstable 
quantity. As shown by Langston (1976c), much of this instability can be accounted 
for by postulating a small dip on the moho. It  would have been interesting to have 
compared the records from the two events at all seven stations. Unfortunately, most 
of them were at ranges where the precursor would be interfering with the SKS phase. 

The data presented in this section is inadequate to discriminate between the JFFM 

SV-WAVES 
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FIG. 8. The figure compares observed Sp phases from two different events at two different 
stations in the Canadian shield. The 2/15/67 event, the one studied by Jordan and Frazer (1975), 
produced strong Sp arrivals at both stations. They interpreted the second of the two precursors 
at OTT to be the one from the moho. The 9/9/67 event did not produce a strong Sp phase at either 
station even though it approached from a highly similar azimuth. There is obviously much in- 
stability in the amplitude of these phases. 

and Mass6 models. I t  is not possible to say whether the low shear-velocity zone 
exists or not. The data does show, however, that there is much variation in crustal 
thickness and moho sharpness from station to station. There may be so much varia- 
tion that a best average model for all the stations would not be particularly meaning- 
ful. The converted phases of both the S to P and P to S type appears to be so sensi- 
tive to the fine details of the crustal structure that the only viable approach may be 
to model each structure individually. Then any general features could be separated 
from the purely local ones. 

ANOMALOUS STATIONS 

One final advantage of the technique of comparing radial to vertical P observa- 
tions in order to estimate the complexity of the crustal structure under the receiver 
is that it can be done quickly. Once several simple events from a given source region 
have been identified, it takes little time to determine whether the differences between 
the two components of displacement are small, moderate, or large at all stations within 
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30 ° to 80 ° of the events. Since the sharpest boundary is generally the moho, this usually 
amounts to determining whether the transition from crust to lid velocities is abrupt 
or graded. A survey of a large number of WWSSN stations was made to see if any 
correlations could be found between moho sharpness and tectonic setting. Stations 
from shield areas, stable continent, plate margins and oceanic islands were included 
in the study. However, it quickly became apparent that what was true in eastern 
Canada is true in general. The size and character of the arrivals in the radial P wave 
form varies greatly from station to station. If any general conclusion about a particu- 
lar set of stations is to be reached, it must be done by modeling each station separately 
and looking for a common feature in the models. 

In the course of the general survey, three stations were found where the effects of 
the substation structure appeared to be unusually severe. We are including the evi- 
dence for this in this paper because the information may be important when the 
stations are used in studies of other types. The first of these is station TRN (Trinidad 

P-WAVES FROM ] 
ANOMALOUS WWSSN STATIONS / 
VERTICAL COMR RADIAL COMIR / 

9/9/67 

IO sec 

 jt3jG6 
I lv~^ Synthetic '11/q A ~ 
I ~ l  ~ -(Ice Loyer over~  w V V"J " 
I ~ crustal column.) 

FIG. 9. The  figure shows ver t ica l  and  radial  componen ts  of P-wave  mot ion  for s imple even t s  at  
three  s t a t i ons  which  are appa ren t ly  s i t u a t e d  on very  complex s t ruc tu re .  The  syn the t i c  under  
the  SPA (South Pole An ta rc t i ca )  record indica tes  t h a t  mos t  of the  d i s to r t ion  at  t h a t  s t a t i on  is 
caused by  the  ice layer .  

Port of Spain). The wave forms for the 9/9/67 Argentina event are shown at the top 
of Figure 9. The P to S converted phases are just as large as the direct arrival on the 
radial component. This means that pure P-mode crustal phases are probably dis- 
torting the vertical component as well. I t  would therefore be unwise to analyze the 
wave forms on either component without accounting for receiver structure. 

The second highly anomalous station was SJG (San Juan, Puerto Rico). The wave 
forms for the 9/9/67 Argentina event are shown in the second row of Figure 9. There 
is a strong S arrival 30 sec after the direct. Attempts to model the arrival with reason- 
able plane-layered structure were highly unsuccessful. The records from the 2/15/67 
and 11/3/65 events also contained this strong arrival. I t  has been observed that  SH 
waves from deep Argentina events appear very complicated at SJG while they are 
very simple at the surrounding stations. As pointed out by Jordan and Frazer (1975), 
it is extremely difficult to distort SH waves with a reasonable, plane-layered receiver 
structure. I t  therefore seems likely that some of the structure under SJG has a sig- 
nificant dip. 

The third trace in Figure 9 shows a record of a simple event taken at SPA (South 
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Pole Antarctica). The crustal phases are very large, even in the vertical component. 
Under the observation is a synthetic for a 3-kin-thick ice layer over a crustal column. 
The ice layer is obviously the chief cause of the distortion of the vertical wave form. 
This is a problem which is certainly confined to stations located on the polar caps, 
but it is an interesting observation nonetheless. 

CONCLUSIONS 

This study has shown that using synthetic seismograms to model the S arrivals in 
the P wave form is a viable way to model the crustal structure under seismic stations. 
The technique has proved to be simple to use yet sensitive enough to yield important 
information about the structure under stations CAR, COR and under eastern Canada. 
Probably, the technique of modeling the truncated transfer ratio in the frequency 
domain could have been used with equal success, since the two methods employ the 
same basic information. The ultimate importance of the synthetic seismogram tech- 
nique is that it will be easier to relate to other studies using synthetic seismograms. 
This type of study is playing an increasingly important role in current investigations 
of both the seismic source and the velocity structure of the mantle and core. In these 
studies, it is important to know which features of the wave form should be modeled 
as complications in the source or as structure in the velocity profiles, and which 
should not. An adequate understanding of the effects of receiver structure on the wave 
form is vital to answering this important question. 
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