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Abstract. Surface waves from the Chinese test site of Lop Nor are analyzed using 
long-period and broadband stations located at regional and teleseismic distances 
a. nd a.t different azimuths. For most azimuths, strong Love waves between 0.02 and 
0.045 Hz a. re observed with an amplitude of up to 10 times that of the Rayleigh 
wa,ves. In addition, an anomalous early RaYleigh wave tra, in is observed a,t some 
stations in western Europe. Due to a particularly favorable station and source 
configuration, it is possible to isolate the areas where the anomalies are created. 
The high-a, mplitude Love waves must be attributed to either source effects or 
path effects immediately north of Lop Nor. The early wave train is shøwn t ø be 
due to a, partial energy conversion bet•veen Love and Rayleigh waves, probably 
a,t the Tornquist Zone. To estimate the possible contribution from surface wave 
conversions to the observed a, nomalies, numerical simulations are carried out with 
the indirect boundary element method, The simulations show that a, relatively 
small varia,tion of crustal thickness can induce Rayleigh to LOve WaVe conversions 
between 0.02 and 0.1 Hz frequency. The calculated amplitudes of the Love waves 
are significa, nt (up to 3.5% of the amplitude of the incoming Rayleigh waves), but 
they are too small to fit the observed amplitude anomaly. The observed converted 
waves and the numerical results nevertheless indicate that surface wave conversions 

c,a,n be significant across strong lateral crustal heterogeneities. In particula, r, the 
conversions due to changes in crustal thickness are located in the period interval 
which is routinely used for estimation of Ms. 

1. Introduction 

Recent developments of permanent and temporary 
broadband arrays have drawn attention to the use of 
surface waves for investigating the seismic velociti es in 
the deep crust and upper mantle and their lateral vari- 
ation. Lateral inhomogeneities may result in off great 
circle propagation paths and strong diffractions, giving 
rise to reflected and refracted surface waves as well as 

wave conversions between different types of waves and 
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between ditterent surface wave modes. The existence 

of at. Jeast one type of diffracted surface waves is well 
established. These are multiple arrivals, typically of 
10-40s period, within the late part, of the fundamen- 
tal mod e surface waves [e.g., Capon, 1970; Levshin and 
Ritzwoller, 1995]. Array analysis of these Waves shows 
that they can significantly deviate from the great. cir- 
cle path [e.g., Capon, 1970; Pavlis and Mahdi, 1996]. 
Another diffraction effect. is the strong amplitude vari- 
ations of fundamental mode Rayleigh waves that are 
observed for some specific paths [McGarr, 1969] along 
which wave reft'action occurs. An example of modeling 
of such effects is given by Tanimoto [1990]. 

The diffraction effects have direct, consequences for 
monitoring purposes, as they can introduce significant, 
amplitude anomalies and consequently influence esti- 
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mations of the seismic moment tensor. Unfortunately, 
these effects are not easily detectable, especially at in- 
termediate periods (20-40 s) as the Love and Rayleigh 
waves overlap in time. For example, a low-amplitude, 
30 s Love to Rayleigh converted wave would typically ar- 
rive within the longer-period part of the Rayleigh wave 
train. Some path effects will therefore routinely be at- 
tributed to the seismic source and in the case of nuclear 

explosions have consequences in the estimation of yield 
and tectonic release. 

Tectonic release is a term which covers different phys- 
ical phenomena related to wave radiation in prestressed 
media, for example, rock failure [e.g., Press and Ar- 
cham. beau, 1962; Archambeau and Sammis, 1970] or 
stress release on neighboring faults [e.g., Aki and Tsai, 
1972]. Even though the existence of tectonic release is 
clearly established for a large number of explosions, it 
is nevertheless difficult to clearly distinguish between 
different. mechanisms of tectonic release because none 

of them explain all observations in a satisfactory way 
(for a review, see Massi [1981]). Quantitative modeling 
of tectonic release is also difficult because nonlinear ef- 

fects must be taken into account [e.g., Harkrider et al., 
1994]. 

The aim of this paper is to show that path effects 
can significantly influence surface waves as recorded at, 
teleseismic distances from the Chinese nuclear test site 

of Lop Nor. Such path effects must, be taken into ac- 
count, when source anomalies of Lop Nor explosions are 
studied. 

We systematically explore seismic records, particu- 
larly in western Europe, to characterize the anomalies 
from Lop Nor. These anomalies include two aspects. 

The first, aspect. is the recording of high-amplitude 
Love waves for almost. all azimuths from Lop Nor. This 
aspect has previously been treated by Zhang [1994] and 
Levshin and Ritzwoller [1995]. They demonstrated that 
in the timedomain, significant, Love waves are present, 
for selected stations located at, regional and teleseis- 
mic distances fi'om the test site. Levshin and Ritz- 

woller also presented time-frequency images of the ver- 
tical and transverse components for two stations (AAK 
and GAR). This representation makes it, possible to un- 
equivocally identify the energy on the transverse com- 
ponents as Love waves but precise amplitude informa- 
t, ion is obscured by smearing in the time-frequency do- 
main. We present, further evidence of high-amplitude 
Love waves fi'om Lop Nor by analysis of data from a 
larger number of stations and a better azimuthal cover- 
age than previous investigations. Relative amplitudes 
of vertical, radial and transverse components are calcu- 
lated as a function of frequency, paying particular at- 
tention to spectral amplitudes, as both tectonic release 
and path effects are expected to be strongly frequency 
dependent. The second aspect, of the anomalies is an 
early Rayleigh wave as recorded by seismic stations in 
western Europe. 

The station configuration that we use (Figure 1) is 
well suited for isolating different causes of the anoma- 
lies. Indeed, the Lop Nor test site, the former USSR 
test site of Semipalatinsk, the Russian station OBN in 
Obninsk, and broadband and long-period stations in 
France are all located close to on the same great circle. 
We can therefore compare records from explosions from 
the two test sites and unequivocally attribute anoma- 
lies from the Lop Nor test site observed in France to 
source effects or to path effects immediately north of 
Lop Nor. On the other hand, anomalies that appear 
between OBN and stations in western Europe must be 
due to path effects somewhere between OBN and west- 
ern Europe. 

The Lop Nor test site is located on the northern edge 
of the Tarim Basin, immediately south of the Tien Shan 
mountains and 300 km north of the plateau of Tibet. 
Figure 2 shows the altitudes and main faults in this 
area. Both the Tien Shan and Tibet are associated 

with thickened crust.. The crust, is up to 55 km beneath 
the Tien Shan [e.g., Burov et al., 1990; Avouac et al., 
1993; Kosarev et al., 1993; Cotton and Avouac, 1994] 
and up to 70 km beneath Tibet, [e.g., Gupta and Narain, 
1967; Chen and Molnar, 1981; Him et al., 1984; Bran- 
don and Romanowicz, 1986], while the crust. beneath 
the Tarirn Basin has an estimated thickness of 40 km 

[e.g., Ma, 1987; Burov et al., 1990]. The explosions were 
carried out. in the Paleozoic basement. The basement 

was affected by mainly thrust faulting during the Ceno- 
zoic, and it, now forms alternate east-west striking ridges 
and intramontane basins filled with Cenozoic molasse 

[ Windley et al., 1990; Allen et al., 1993]. These tecton- 
ics, related to the India-Asia collision [e.g., Tapponnier 
and Molnar, 1979], are ongoing and have induced an 
approximately north-south compression. 

At. Semipalatinsk (also known as the Shagan River 
test site) the detonations were also located in Paleozoic 
basement. The test site is located well north of the 

zone of active tectonics (Figure 2) but. the stress field is 
probably similar to that around the Tien Shah and also 
characterized by a north-south compression [Tappon- 
nier and Molnar, 1979]. EkstrSm and Richards [1994] 
show that the Love wave radiation is small t,o moder- 

ate for most explosions in Semipalat, insk. The similar 
stress fields at the two test sites indicate that if a much 

higher amount of tectonic release occurs for Lop Nor ex- 
plosions, it, cannot, simply be due to the regional stress 
field but, must, be dependent, on the presence of active 
deformation nearby. In terms of path effects, the main 
difference between the two sites with respect to seismic 
stations in western Europe is that surface waves from 
explosions in Lop Nor cross the Tien Shan mountains 
while those from Sernipalatinsk do not. cross any major 
active tectonic structures. 

The Lop Nor test site is almost. completely surrounded 
by areas with thickened crust.. The influence in varia- 
tion of crustal thickness on surface wave propagation is 
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Figure 2. Tectonic setting of the Tarira Basin. The Lop Nor and Semipalatinsk test sites are 
shoxw•. by triangles, and great, circles to stations are sho•vn by lines. 

therefore crucial in studying possible path effects on sur- 
face waves from Lop Nor. Ho•vever, the effect of crustal 
thickening upon coupling bet•veen Love and Rayleigh 
waves is not easily assessed. Numerical simulations are 
necessary to quantify these diffraction effects, but most 
si•.nulation methods that calculate surface •vave prop- 
a.ga, tion across laterally heterogeneous media take only 
smooth variations into account [e.g., Saleder, 1986; No- 
let, 1990]. Strong lateral variations across boundaries 
separating t•vo stratified half-spaces have also been con- 
.•id•'•d (fo•' • •'evi•,v, ,•½ •t,• • V,,ow•,v, [•98S] •,,d 
Ke. ili,s-Borok, 1989, arid references therein]. Using the 
indirect boundary element method (IBEM) as presented 
by Pedcrsen et al. [1996], it is possible to calculate 
the complete •vave field for surface •vaves incident on a 
st. rongly heterogeneous structure. IBEM is here used to 
estimate the Rayleigh-Love coupling across a thickened 
crust, using a simplified model of the Tien Shan. 

in this paper •ve first describe surface •vaves from Lop 
Nor and Semipalatinsk as recorded by stations FLN and 
OBN• We next quantif.y the high Love •vave amplitudes 
in the spectral domain and sho•v ho•v they vary •vhen 
oth_er stations located at varying azimuths fi'om Lop 

Nor are considered. We next provide strong evidence for 
sut"fa.ce wave conversions at. the Tornquist Zone. Finally, 
we present. numerical simulations of Rayleigh-Love •vave 
coupling across a simplified model of the Tien Shan, 
showing the influence of crustal thickening, the lo•ver 
crustal structure, and the propagation direction on the 
coupling of Rayleigh and Love waves. 

2. Observed Anomalies 

Figure 1 presents the t•vo test sites (Lop Nor and 
Semipalatinsk) and the seismic stations (long-period 
and broadband) used in this study. A large number 
of stations were located in France (the Laboratoire de 
Ddtection et de Gdophysi•lue (LDG) net•vork and some 
G EOSCOPE stations) and Germany (the German Re- 
gional Seismic Netsyork (GRSN)), supplemented by sta- 
tions covering different azimuths as compared to the 
two test sites (data through Incorporated Research In- 
stitutions for Seisinology (IRIS) and GEOSCOPE). The 
main focus in this study uses OBN and stations in 
northern Europe to estimate the location of the source 
of the observed anomalies. 
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Table 1. Coordinates and Magnitudes of the Events 
Used in This Study 

Date Origin time Latitude Longitude Mb 
yymmdd UT øN øE 

891019 09 49:57.3 49.90 78.97 5.9 
920521 04 59:57.4 41.53 88.81 6.5 

931005 01 59:56.7 41.63 88.69 5.9 
940610 06 25:58.0 41.54 88.74 5.8 

Three explosions (920521, 931005, and 940610) in 
Lop Nor and one in Semipalatinsk (891019) are used 
in the present study. Table 1 shows the characteristics 
of these four events. 

Figure 3 shows traces of the 891019 detonation in 
Semipalatinsk and the 920521 detonation in Lop Nor, as 

recorded by stations OBN (Russia) and FLN (France). 
The traces are filtered between 10 and 100 s and dis- 

played as a function of group velocity. This representa- 
t, ion is not, a common one, but, it, is an excellent means 
for comparing dispersive seismic waves at, stations lo- 
cated at, different, epicentral distances. Note that this 
representation introduces an apparent, dispersion of the 
waves, so the dispersion of the waves looks stronger than 
it, is in reality. The traces are normalized so the relative 
amplitudes between vert, ical (Z), radial (R) and trans- 
verse (T) components are respected for each event, and 
station, and so that, the maximum amplitude on the Z 
component, is the same in the four parts of the plot. 
The same type of normalisation is used for displaying 
the spectra and the frequency-time plots in the follow- 
ing subsections. 

It, is evident, from this representation that records 
from the t, wo events are significantly different,. The 
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Figure 3. Band-passed (10-100 s) seismic records from stations OBN and FLN (a,b) of an 
explosion in Semipalatinsk and (c,d) an explosion in Lop Nor. The three components of motion 
(Z, vertical; R, radial, iT, transverse) are shown as a function of group velocity. 
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Semipalatinsk event shows hardly any energy on the 
transverse component., while the Lop Nor event shows 
strong, well-dispersed waves on the transverse compo- 
nent. These waves have a higher amplitude than the 
waves recorded for the radial and vertical components, 
and they are present, both for stations OBN and FLN. 

Another interesting feature is an anomalously early 
wave train (shown by a dashed line in Figure 3) of the 
vertical and radial components of waves from the Lop 
Nor event, and recorded by FLN. This early wave train 
is not. present. on the records fi'om OBN. In the following 
two subsections we investigate these two anomalies in 
more detail using other explosions and stations. 

2.1. Anomalously Strong Love Waves From 
Lop Nor 

To determine whether Rayleigh waves as observed at 
stations OBN and FLN are particularly attenuated for 
the Lop Nor event, the spectra of the records shown in 
Figure 3 were corrected for geometrical spreading and 
divided by 10 • to correct. for differences in yield. Con- 
sidering the uncertainty of Mb as reported in the bul- 
letins, we cannot determine with certainty whether the 
Rayleigh waves are attenuated for the Lop Nor event., 
even though some attenuation seems to be present,. 
Oonsequently, we concentrate on relative amplitudes of 
the three components at, various locations. 

To systematically determine the amplitude anomaly 
of the transverse component as compared to the ra- 
dial and vertical components and as a function of fi'e- 
quency, •ve analyzed records from broadband and long- 
period stations located at, different, azimuths fi'om the 
Lop Nor test. site. The stations, sorted by increasing 
azimuth, are SEY, MAJO, TATO, CHTO, HYB, GAR, 
AAK, KIV, OBN, FLN, KONO, and KEV (see Fig- 
ure 1). Figure 4 shows the spectra of vertical (dotted 
lines), radial (dashed lines), and transverse (solid lines) 
components for these stations (time filtered between 2.5 
and 4.2 km/s group velocities). The observed data were 
corrected for offset and trend and a cosine taper was ap- 
plied prior to the calculation of the spectra. As we here 
focus on the relative amplitudes of the three compo- 
nents, the spectra were normalized independently for 
each station with respect to the maximum spectral an•- 
plit. ude of the vertical component. For some stations 
there were slight differences (due to a constant, ampli- 
tude factor) in station response for the three compo- 
nents. This was corrected for, but to avoid instabilities 
at. low frequencies, the signals were otherwise not de- 
convolved by the station response. For each of the st.a- 
tions, the azimuth, back azimuth, and the distance to 
Lop Nor are shown. The spectra are shown on a log-log 
scale to enhance the intermediate period range and to 
have sufficient. dynamics on the amplitude axis. 

Significant. energy is present. on the transverse com- 
ponent at all stations. One can separate the anomalies 
into three types. For 7 of the 12 stations ("type 1": 
SEY, TATO, HYB, AAK, KIV, OBN, and FLN), lo- 

cared at azimuths between 38 o and 310 ø, the transverse 
component, in a frequency interval between approxi- 
•nat, ely 0.015 and 0.045 Hz is of several times higher 
amplitude than the vertical component.. Above 0.045 
Hz, the scatter is somewhat higher, but. the transverse 
a•plitude is at least of the same order as that of the 
two other components. For three stations ("type 2": 
MAJO, GAI:I, and KONO), located at azimuths 81 ø, 
266 ø, and 320 ø, the amplitude of the transverse compo- 
nent between 0.015 and 0.045 Hz is equal to or slightly 
higher than that of the other components. Finally, for 
two stations ("type 3": CHTO and KEV), located at, 
azimuths 1560 and 333 ø, the amplitude of the transverse 
component is smaller than that of the other components 
up to approximately 0.035 Hz. The amplitudes are ap- 
proximately the same above this frequency. The data 
from station WMQ (azimuth 345 ø) are not. available al- 
though data from one Lop Nor explosion is published 
for this station (also referred to by Levshin and Ritz- 
wollc'•'. [199,5]). WMQ is located too close to Lop Nor 
for the intern:tediate to long-period surface waves to be 
well developed, but. it seems to be of type 3, that is, the 
same as its "neighbor", KEV. 

In Figure 4 it. is intriguing that stations located at, 
azimuths differing by approximately 1800 have compa- 
rable amplitude ratios between the transverse and the 
other components. This could indicate a source effect,. 
However, for this hypothesis to be valid the radiation 
pattern must be identified in the absolute amplitudes. 
We t. herefbre calculated absolute amplitudes (corrected 
for instrument response and geometrical spreading) for 
the 1:2 stations. Figure 5 shows the vertical (crosses) 
and transverse (circles) corrected amplitudes at, two dif- 
ferent periods (20 and 40 s) as a function of azimuth in 
polar plots. The absolute amplitudes vary highly as a 
function of azimuth. Even though some of this scatter 
can be attributed to the use of a single frequency, the 
spectra are sufficiently smooth (at, least, at, 40 s period; 
see Figure 4) for the scatter to be representative of the 
real scatter in amplitude as observed in data. If the 
amplitude anomalies are purely due to tectonic release, 
the transverse amplitudes should show a simple radia- 
t. io• pattern (dependent. on the sine of the azimuth or 
twice the azimuth). The station density towards the 
northwest is sufBcient fbr us to be confident, that there 

is no simple radiation pattern present in the amplitudes 
represented in Figure 5. 

Normalized spectra of three different, explosions in 
Lop Nor recorded at OBN are shown in Figure 6. The 
spectra are shown only in the intervals where the signal- 
to-noise ratio was good. For each event,, the amplitudes 
of the spectra were normalized by the average energy 
of the vertical component between 0.02 and 0.05 Hz. 
The shape of the spectra for each component, is very 
similar when different, events are compared, indicating 
t, hat the seismic sources are very similar. Whatever 
cause is suggested for the high Love wave amplitudes, 
it, must also account. for this similarity between sources. 
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Figure 4. Spectral amplitudes for stations located at different azimuths and distances from Lop 
Nor. In each plot the transverse component is shown by the solid line, the radial component by 
the dashed line, and the vertical component by the dotted line. The station name, the azimuth, 
back azimuth, and distance are annotated onto each plot. 

We performed a frequency-time analysis to verify 
whether the energy on the transverse components ob- 
served at OBN and FLN is mainly of Love waves. We 
used the multiple filtering analysis [Dziewonski et al., 

1969; see also I(eilis-Borok, 1989]. This type of analy- 
sis yields energy diagrams in the time-frequency domain 
(that we have transformed to group velocities and peri- 
ods) in which group velocity dispersion can be selected 
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Figure 5, Spectral amplitudes corrected for geometri- 
cal spreading as polar plot. (a) 20 s period and (b) 40 
s period. Vertical component, crosses; transverse com- 
ponent, circles. The unit is m a/2. 

as the curve through the amplitude maxima. The am- 
plitudes are again normalized with respect. to the verti- 
cal component.. In this type of filtering, it, is important 
to be aware of the trade-off between the time and fre- 

quency resolution, which introduces "smearing", and 

the amplitudes shown in the figures depend somewhat 
on the filters chosen in the analysis. 

An example of such an analysis (for event 920521, 
station FLN) is shown in Figure 7. To facilitate the 
estimation of the differences between the energy dia- 
grams of different components, we also show "theoret- 
ical group velocity curves" (Rayleigh waves, solid line; 
Love waves, dashed line) in Figure 7. The theoretical 
Rayleigh wave dispersion is the average dispersion curve 
on the vertical component between Semipalatinsk and 
several long-period and broadband stations in France. 
The Rayleigh wave group velocities between Lop Nor 
and France must lie close to this curve because most 

of the propagation path between Lop Nor and France 
is very close to the path between Semipalatinsk and 
France. The theoretical Love wave dispersion curve is 
obtained by first inverting for the average Ea.rth struc- 
ture that corresponds to the Rayleigh waxre dispersion 
curve and second calculating the Love wave dispersion 
curve for this Earth model. These curves are not inter- 
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Figure 6. Spectra of three different explosions in Lop Nor recorded at OBN. The three explosions 
are annotated by the year, month, and day of the event. For each event the amplitudes of the 
spectra are normalized by the average energy of the vertical component between 0.02 and 0.0,5 
Hz. 
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Figure 7. Result of multiple filter analysis on records from FLN. The plots are normalized 
so that the maximum amplitude is one for the vertical component,. The "theoretical dispersion 
curves" as discussed in the main text; are shown for the Love waves (dashed line) and the Rayleigh 
waves (solid line). The anoinalous early wave train is shown by arro•vs for the vertical and radial 
comt) onents. 

preted in this paper but are simply used to ease identi- 
fication of Love and Rayleigh waves in the energy dia- 
grams. The high amplitudes on the transverse compo- 
nent, can clearly be identified as Love waves (Figure 7). 
Furthermore, a strong coda is present on all components 
for periods shorter than 30 s. 

2.2. Anomalous Early Arrivals in France and 
Germany 

In the frequency-time diagram there seems to be 
anomalously high level of energy present, on the vert. ica! 
and radial components between 20 and 30 s period and 
for a group velocity of approximately 3.3 km/s (Figure 
7 at the arrow). This energy corresponds to a distinct 
wavelet on the seismic records of FLN at, a group veloc- 

ity of 3.3 km/s (Figure 3, at the dashed line). The early 
wave train is addressed in more detail in this subsection. 

Figure 8 shows the seismic broadband and long-period 
stations in France and Germany. Frequency-time anal- 
ysis shows that the early wave train is present with sig- 
nificant amplitude at the seven stations in France and 
at. four out. of the six stations in Germany (BUG, TNS, 
WET, and FUR.), while it, is absent, at, OBN and KONO. 
The exact, arrival time, frequency content, and ampli- 
tude of the wave train is difficult to estimate in the 

time-frequency plot,, but, the wave train clearly arrives 
earlier than expected for the Rayleigh waves. At HAM 
and CLZ there is some early energy in the frequency- 
time diagram, but the amplitude is very small. Out 
of the six GRSN stations, HAM and CLZ are the two 

northermnost ones (Figure 8). 
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Figure 8. Map of the long-period and broadband st•,tions from France and Germany used in 
this study. Triangles, seismic st;,t. ion; solid line, great circle from Lop Nor; dashed line, great 
circle from Semipalatinsk. 

Figure 9 shows the particle motion in the radial- 
vertical plane a,t. FLN in a time window delimited by 
the group velocities 3.2.5 and 3.35 km/s. This particle 
motion shows that the early wave train has the polar- 
ization of a Rayleigh wave. 

To estimate the azimuth of t. he early wave train, a 
simplified array analysis was performed on the records 
from France. For each station, the arrival time was es- 
timated by measuring the time of maximum envelope 
of the signal between 3.2 and 3.5 km/s after a nar- 
row band-pass filtering (corner frequencies 0.03 and 0.07 
Hz). We estimate the precision of this measuremen• to 
be approximately 1 s. We calculated the observed delay 
•o,, at each station k as the difference of the observed 
arrival times at the station and at ECH. 

Under the assumption that the incoming wave is 
plane, with a propagation direction • ("wave back az- 
imut. h") from the north and constant velocity V, the 
variance X of the difference between the theoretical and 
observed delays can be calculated as 

• i • (5o,• - St,u) • N- lu= 1 

where 5o,• is the observed delay for station k, 5t,u is the 
theoretical delay for station k (for a given V and •), N 
is the number of stations, and eru is the uncertainty of 

the estimation of the observed delay at station k. The 
•ncertainty of the time of the maximurn peak of the 
envelope is a, pproximately 1 s, so the uncertainty on the 
observed arrival time difference 5o,• can be estimated to 

Uz 0- 

-1- 

Ur 

I I 

Figure 9. Particle motion of the early wave train, as 
recorded at FLN after band pass filtering 10 to 100 s. 
The amplitudes are normalized so the maximum ampli- 
tude of the vertical component is 1. 
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2 s for all st. ations. Even though the amount of data is 
too small to perform a proper statistical analysis, at the 
first approximation solutions are acceptable for 
for which X is smaller than 1. Figure 10a shows log(it 
X) as a function of V and 0. Variable log(X) is used 
in the figure rather than X to increase the clarity and 
dynamics of the color coding. Acceptable values of V 
and 0 correspond to negative values (black color coding) 
in the plot. The values of 0 and V are acceptable only in 
a very narrow interval. X: is minimized with 0 - 630 and 
V-2.625 km/s. Using these two values, the fit between 
theoretical and observed time delays is very good, as 
can be seen in Figure 10b. Observed and theoretical 
time delays are plotted as a function of the distance of 
the station to ECH as projected on 63øN through ECH. 

A propagation direction of 63øN corresponds to the 
theoretical back azimuth of the explosions in Lop Nor as 
observed in France, and 2.63 km/s corresponds approx- 
imately to the Airy phase (at. 2.75 km/s) of Rayleigh 
waves in a simple crustal model of France [Perrier and 
Ruegg, 1973]. 

The velocity, direction of propagation, and polariza- 
tion of the early wave train are strong indications of 
a Rayleigh wave. The existence of a Rayleigh wave 
so early in the records points towards a partial Love 
to Rayleigh conversion somewhere northeast of the sta- 
tions in south and central Germany. A likely candidate 
for such a wave conversion is the Tornquist Zone, which 
is associated with changes in crustal thickness and up- 
per mantle anomalies [Gutetch et al., 1986; EUGENO- 
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Figure 10. Determination of arrival angle and velocity of the early wave train (a) Variable 
log((x) as a function of back azimuth and velocity. We refer to the main text for the deftnit, ion 
of X;. (b) Theoretical (open circles) and observed (solid circles) delay times of the early wave 
train between the different, stations in France and ECH. The theoretical delays are calculated by 
assuming a plane wave crossing the area with a velocity of 2.63 km/s and a wave back azimuth 
of 63 ø. The delays are shown as a function of the distance between the stations and ECH, as 
projected on a line striking 63øN. 
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S Working Group, 1988; Pealersen et al., 1994; Zielhuis 
and Nolct, 1994]. To estimate whether the location of 
the wave conversion at the Tornquist Zone is compat- 
ible with the observations in terms of travel time and 

propagation velocities, we performed a simple and ap- 
proximate analysis. Neglecting reft'action effects, the 
observed arrival time at station k of the early wave train 
to,k is 

+ 
where A l,k is the distance on the great circle (passing 
through Lop Nor and the station) between Lop Nor and 
the Tornquist Zone, and A2,u is the distance between 
the Tornquist Zone and the station, VL is the Love wave 
velocity (assumed to be constant) east of the Tornquist 
Zone, and VR is the Rayleigh wave velocity west of the 
Tornquist Zone (assumed to be constant at 2.63 kin/s). 
For each station, we can therefore estimate the Love 
wave velocity east of the Tornquist Zone. We obtain 
an average V/• of 3.53 4-0.02 km/s. On our theoretical 
Love wave dispersion curve (e.g., Figure 7), this velocity 
corresponds to approximately 29 s period, which is com- 
patible with the period of the observed early wave train. 
This analysis therefore indicates that a Love-Rayleigh 
wave conversion at the Tornquist Zone is compatible 
with the arrival times of the early wave train as ob- 
served in France. 

2.3. Summary of Observations and 
Interpretations 

The teleseismic records from the 920521 Lop Nor ex- 
plosion show a very consistent surface wave anomaly: 
Love waves that are of at least the same amplitude as 
the Rayleigh waves, and in most cases higher, for al- 
most all azimuths. This amplitude anomaly is strongest 
between 0.015 and 0.045 Hz. The same amplitude 
anomaly is not only present in records from the strong 
920521 explosion, it is present for other Lop Nor events 
as well. The similarity of spectra from Lop Nor explo- 
sions with different yield (Mb=5.8-6.5) is an indication 
of very similar source mechanisms and source time func- 
tions. 

The early wave train observed at stations in France 
is an indication that conversions between Love and 

Rayleigh waves can be strong in some cases. On that 
particular phase the Tornquist Zone was identified as 
the most likely location of wave conversion. The oppo- 
site effect, Rayleigh to Love wave coupling, may be a 
partial explanation for the observed Love wave anoma- 
lies associated with the Lop Nor explosions. The follow- 
ing section therefore focuses on numerical simulations 
of' path effects to investigate more closely the parame- 
ters which influence conversions between Rayleigh and 
Love waves. 

3. Numerical Simulations 

We intend to investigate to what extent path effects 
can account for the observed anomalies. Our main in- 

terest here is the partial conversion between Rayleigh 
and Love waves which takes place at lateral hetcro- 
geneities. To produce strong Rayleigh to Love wave cou- 
pling, the lateral heterogeneities must be strong, that 
is, with strong lateral contrasts in elastic parameters. 
The wave propagation must also be three-dimensional 
(3-D), that is, either the heterogeneities are of 3-D ge- 
ometry or they are of 2-D geometry with surface waves 
incident outside the 2-D plane. 

We use the indirect. boundary element method adapted 
to surface wave propagation in multilayered media [Ped- 
½rsen ½t al., 1996] to simulate plane surface waves 
obliquely incident upon a 2-D structure. This type 
of diffraction is sometimes named "2.5-D diffraction," 
which is somewhat misleading because the wave propa- 
gation is 3-D with coupling of all wave types. IBEM has 
the advantage to calculate the total wave field (with all 
wave conversions included) and to accommodate very 
strong lateral changes in elastic parameters. The sim- 
ulations are carried out in the frequency domain, con- 
sequently synthetic seismograms are obtained by multi- 
plication with a source function followed by an inverse 
Fourier transform. 

Ideally, we would simulate waveforms at the different 
station locations, taking into account all the known lat- 
eral heterogeneities located in a large region around the 
great circle path. This is unfortunately too demanding 
in terms of computer memory and CPU time due to the 
relatively high frequencies and the need to solve the full 
wave equation. We therefore instead aim at. a qualita- 
tive understanding of the influence of the type of lateral 
heterogeneities which are known to exist in proximity 
of the Lop Nor test site. 

3.1. Models 

In terms of its large-scale structure, the main char- 
acteristic of the Tarim Basin is that it is surrounded 

by areas with significant crustal thickening (Figure 2). 
The crust is probably up to 55 km thick beneath the 
Tien Shan mountains towards the north and west, and 
up to 70 km beneath Tibet towards the south. The sur- 
face waves emitted from Lop Nor must therefore crbss 
a thickened crust for almost all azimuths. We conse- 

quently study Rayleigh to Love wave conversions across 
a crustal thickening. 

We choose to simulate Rayleigh to Love wave con- 
versions across the Tien Shah for the following reasons. 
First, in spite of lateral variations [e.g., Roecker et al., 
1993], the Tien Shah can in most places locally be ap- 
proximated by a 2-D structure. This is not the case for 
Tibet, where the local structures and Moho depth vary 
significantly even within the plateau [e.g., Wittlinger et 
al., 1996] and are largely unknown. Second, the main 
part of our data set comes from stations for which the 
recorded Rayleigh waves have crossed the Tien Shah 
mountains. Finally, the structure along the great cir- 
cles between Lop Nor and the stations in Europe is sig- 
nificantly simpler than for waves that are recorded by 
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Figure 11. Model 1 of the Tien Shan (tenfold vertical exaggeration), as used in the numerical 
sinmlat. ions. Eacl• layer is homogeneous, but the depth o[' the interfaces vary across the model. 

stations located towards the south and east. If signifi- 
cant wave conversions occur across a Tien Shan model, 
it is likely that similar or even stronger wave conversions 
can occur towards the south and southeast, depending 
on the precise path of the surface waves, their angle of 
incidence upon the heterogeneities, etc. 

The main problem in the simulation is that Lop Nor is 
located very close to the Tien Shan mountains, so long- 
period wave diffraction occurs in the near field to the 
source, and the waves incident upon the Tien Shan are 
not. plane and these effects are not taken into account in 
the simulations. The effects of a near-field diffraction 

as compared to diffraction of plane Rayleigh waves is 
difiScult to assess. The simulations nevertheless make 
it possible to determine which parameters control the 
surface wave diffraction, whether wave conversions are 
likely to be significant., and in which frequency intervals 
such conversions occur. 

To be able to study the influence of different model 
parameters on the diffraction, we use a simple crustal 
model of the Tien Shan in the numerical simulations. 
This crustal model is based on Burov et al. [1990], 
Avouac et al. [19931, Kosarev et al. [1993] and Cot- 
ton and Avouac [1994]. 

In the first, model, shown in Figure 11, the crust. is as- 
sumed t.o be 42 km thick on each side of the range, and 
up to 49 km thick beneath it. The lower crust is 20 km 
thick across the whole model. The elastic parameters 
of the model are shown in Table 2. The range is located 
between 1100 km and 1800 km, that is, over a width of 
700 km. However, the area of significant, crustal thick- 
ening is only 300 km wide. We discuss the simulations 

Table 2. Elastic parameters used in the 
numerical simulations 

Unit Vp Vs (km/s) p 
km/s km/s g/cm a 

Upper crust 6.5 3.9 2.60 
Lower crust 7.0 4.0 2.75 

Mantle 7.9 4.9 3.35 

based on this model (model 1) in some detail as it is 
used as a reference in further simulations. 

A fundamental model Rayleigh wave is incident upon 
the structure with an azimuth qS. The azimuth is de- 
fined as the angle between the propagation direction of 
the incident Rayleigh waves and the direction perpen- 
dicular upon the structure. An azimuth o• 0 ø therefore 
corresponds to waves perpendicularly incident on the 
structure (and hence purely 2-D propagation with no 
Rayleigh-Love wave coupling), and an azimuth of 900 
corresponds to Rayleigh waves arriving parallel to the 
strike of the structure. 

3.2. Results of Numerical Simulations 

Figure 12 shows the synthetic seismograms for a plane 
fundamental mode Rayleigh wave incident, on the model 
with 300 azimuth. The ground displacement is simu- 
lated at. 101 points at, distances between 1000 and 3000 
km. These distances refer to the distances of the model 

as shown in Figure 11, that is, perpendicular to the 
structure. The lateral extension of the crustal thicken- 

ing is shown by a thick line on the distance scale. The 
source function is a Ricker wavelet with a 20 s central 

period. The displacements are shown in the vertical 
(Z), radial (R), and transverse (T) coordinate system. 

In the flat-layered parts of the model, the Love and 
Rayleigh waves propagate independently, and as the 
layer thicknesses are the same on each side of the range, 
the fundamental mode Rayleigh waves are purely in the 
radial-vertical plane. The transverse component far be- 
hind the range (for large distances) can therefore be 
identified mainly as Love waves, even though some of 
the Love wave energy is on the radial component. due to 
reft'action effects. However, even far behind the range, 
the amplitudes on the transverse components change 
somewhat. with distance. 

The shape and amplitude of the spectra change sig- 
nificantly across and on the far side of the range. It is 
not. possible here to show all the spectra, so the follow- 
ing figures are selected for illustration. 

Figure 13 shows the spectral amplitudes at, the dis- 
tances x=1000 km (i.e., on the side where the Rayleigh 
waves are incident.) and x-=2500 km. The Rayleigh to 
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Figure 12. Time plots of the numerical simulations of a fimdamental mode Rayleigh wave 
incident. on the Tien Shah. The source function is a Ricker wavelet. wit. h a central frequency of 
0.05 Hz. The thick line corresponds to the area with cr•mt, al thickening. 

Love wave conversions take place from frequencies of 
:zpproximat. ely 0.02 Hz, which coincide well with the 
observed anomalies (section 2.1). The Love wave spec- 
trum at 2500 km is rather smooth, while the Rayleigh 
wave spectrum shows a significant, trough above 0.05 Hz 
with a minimum at. 0.085 Hz. The existence of spectral 
peaks and troughs on the vertical and radial compo- 
nents is also qualitatively in agreement, with the obser- 
vations (see Figures 4 and 6). The trough is due to the 
interaction between the "primary" Rayleigh wave emit- 
ted from the source and several other waves. These 

other waves are "secondary" fundamental and higher 
mode Rayleigh and body waves which are created by 
wave diffraction across the structure. The relatively 
simple lithospheric structure of the model leads to the 
interference of only a limited number of direct, and con- 
verted waves. In reality, the lithosphere is of 3-D geome- 

try and •nore heterogeneous than assumed in t, he model, 
consequently other converted waves may be generated, 
and this may explain why observed surface waves have 
more complex spectra with many peaks and troughs. 

Due to the spectral troughs, the transverse/vertical 
spectral amplitude ratio can be high at selected fre- 
quencies. For example, the spectral ratio between the 
transverse and vertical component, at. 2500 km is 4.9 
at, 0.085 Hz due to the spectral trough on the vertical 
component,. Due to t, he interaction between different 

waves, the frequency locations of the spectral troughs 
vary as a function of distance and are very dependent, 
on the model. In observed data, the spectral troughs 
will never be as deep as shown here because real wave 
fields are more complex than the single-mode Rayleigh 
waves used here. To focus on the amplitude of the 
Love waves rather than on the spectral troughs in the 
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Figure 13. Spectral amplitudes of the vertica,1, ra, dia,1, 
and transverse component at distances .•-1000 krn and 
x---2500 km for incident Rayleigh waves on model I. 
The legend to the right identifies the spectra by the first 
letter (the component) and the, number (the distance). 

Rayleigh wa,ves, Love wave amplitudes are in the fol- 
lowing figures represented by the spectral ratio between 
the transverse component, at, 2500 km and the vertical 
component, at, 1000 kin. 

Note, however, that this spectral ratio will generally 
be lower than the ratio between the transverse and the 

vertical components (both measured at, 2500 km) which 
would be expected in observed data because the atten- 
uation of the Rayleigh wave across the crustal hetero- 
geneity is not, taken into account.. Also note that the 
Love waves propagate with an angle other than 300 to 
the structure because the Love wave propagation veloc- 
ity is different. to that, of the fundamental mode Rayleigh 
waves. This again leads to an underestimation of the 
Love wave amplitudes. These two effects can probably 
at, the most, lead to an underestimation by a factor of 2 
of the amplitudes of Love versus Rayleigh waves. 

Figure 14 shows the Love wave amplitudes for simu- 
lations with Rayleigh waves incident, on model 1 with 
azimuths ranging from 10 ø to 500 At, 0 ø azimuth the 
Love wave amplitude is 0. An azimuth increase gener- 
ally induces an increase in Love wave amplitudes. The 
amplitude increase for a 10 ø azimuth increase is higher 
for low than for high azimuths. The frequency for which 
the Love wave amplitudes is maximum is also somewhat, 
dependent, on the azimuth, but, the overall shape of the 
spectra remains the same for all azimuths. The increase 
of amplitude with azimuth shows that, Love waves ob- 
served on the far side of a thickened crust (relative to 
the seismic source) can have an apparent radiation pat- 
tern simply due to the azimuth dependence of the sur- 
face wave conversions. This result, could explain the 
decrease of the observed transverse/vertical ratio from 
stations KONO, FLN, and OBN to stations KEV and 

WM Q by the decrease of azimuth of the incoming waves 
upon the Tien Shan. 

A large number of simulations were carried out chang- 
ing a single parameter at a time. The main conclusions 
of this parametric study are the following: 

1. The surface topography alone only has a minor 
influence on the conversion of Love waves. The surface 

topography is too small to significantly influence the 
surface waves at the wavelengths considered here. 2. 
The precise geometry of the crust-mantle interface as 
well as the thickness of the lower crust has a minor in- 

fluence on the amount of converted Love waves. 3. The 

difference in crustal thickness between the range and 
the surrounding regions has a strong influence on the 
amount of converted Love waves: the greater the dif- 
ference in crustal thickness the stronger the Love wave 
generation. 4. Introduction of a low-velocity layer in 
the crustal root, enhances Love wave conversion. 

These results are not surprising, because greater Love 
wave amplitudes are expected with increasing lateral 
heterogeneity. For illustration, Figure 15 shows Love 
wave amplitudes for model 1 and for two other models. 
The main parameters of the three models are shown in 
Table 3. In model 2 the crustal thickening is increased 
to 18 km (assuming a crustal thickness of 37 km in the 
Tarim Basin and 55 km beneath the range). In model 3 
the crustal thickening is 18 km, and it is characterized 
by a, low-velocity layer in the crustal root. The top 
of the lo•v-velocity layer is fiat and located at 37 krn 
depth. The wave velocities are 6.5 km/s for P waves 
a, nd 3.5 km/s for S waves in the crustal root. In all 
three simulations, the azimuth of the incident Rayleigh 
waves is 300 . 

The maxirnum amplitudes of the transverse compo- 
nent are generally greater (by up to 25%) in model 3 
tha,rt in model 2. However, this is somewhat variable 
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Figure 14. Spectral ratios of the transverse component. 
at .•2500 km over the vertical component at x=1000 
km for five different azimuths: 10 ø, 20 ø, 30 ø, 40 ø, and 
50 ø, and for an incident Rayleigh wave on model 1. 
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Figure 15. Spectral ratios of the transverse component 
at z--2500 km over the vertical component at •1000 
km for models 1, 2, and 3, with an incident Rayleigh 
wave with an azimuth of 300 Model 1 (open circles) 
has a crustal thickening of 7 km, model 2 (pluses) has a 
crustal thickening of 18 km, and model 3 (solid circles) 
has a crustal thickening of 18 km and a low-velocity 
layer in the crustal root. 

0.3 I 

0.21 

0.1 I 

•o Rayleigh->Love 

0.0 -• 

0.0 0.02 0.04 0.06 0.08 

Frequency (Hz) 

Figure 16. Comparison of Rayleigh to Love and Love 
to Rayleigh conversion. The curve for Rayleigh to Love 
conversion (open circles)) is the same as model 2 in 
Figure 14. The Love to Rayleigh conversion (solid cir- 
cles) is calculated as the ratio of vertical displacement, 
(at, :•,--2500 kin) to transverse displacement, (at x=-1000 
km). In the case of Love to Rayleigh conversion, a fun- 
damental mode Love wave is incident on model 2 with 
an azimut, h of 300 

xvit. h distance due to the interference of different waves. 
The frequency interval in which wave conversion oc- 
curs is approximately the same for the three models. 
Simulations with intermediate characteristics in terms 
of crustal thickening and velocities in the crustal root 
show intermediate Love wave amplitudes. 

To show that the observed early wave train can be a 
Love to Rayleigh converted wave, we also simulated fun- 
damental mode Love waves incident upon a range struc- 
ture, using the models presented above. These models 
are not appropriate for the Tornquist Zone. However, 
they validate whether a range model is also efficient for 
generating Love to Rayleigh converted waves. Figure 
16 compares Rayleigh to Love conversion with Love to 
Rayleigh conversion, using model 2. In both cases, a 
surface wave is incident. on model 2 with an azimuth 

of 300 . In the case of Rayleigh to Love conversion, 
the transverse to vertical amplitude ratio is the same 
as the one in Figure 16 (model 2). In the case of the 
hove to Rayleigh conversion, the spectral ratio is calcu- 
lated between the vertical component at a:=2500 km and 
the transverse component at z--1000 kin. The Rayleigh 
to Love conversion is much stronger than the Love to 

Rayleigh conversion. In this particular case and dis- 
rance, the maximum amplitude ratio is approximately 
0.05, but at other distances it can be up to 0.1. 

The Tornquist Zone is related to a thinning of the 
cr•st h'om east to west and significant changes in the 
upper mantle [e.g., Gutetch et al., 1986; EUGENO-S 
14/orkin.q Group, 1988; Zielhuis and Nolet, 1994]. For 
t, he period range considered here, the surface waves are 
mostly influenced by the crustal structure. We there- 
fore considered a model with a crustal thinning across 
the Tornquist Zone h'om 45 km thickness east of it to 
35 km west of it, with a linear decrease in crustal thick- 
ness over a distance of 20 km. For incident Love waves 

(with an azimuth of 30 ø) the Rayleigh wave amplitudes 
which are created at the crustal thinning vary for sew 
eral hundred kilometers after which they stabilize as an 
Airy phase. From this point onwards they have an am- 
plitude of 10ø76 of the amplitude of the incoming Love 
waves (amplitude ratio of the incoming transverse and 
the converted vertical). Considering that this some- 
what underestimates the converted vertical/transverse 
ratio (see section 3.2), this seems to fit fairly well with 

Table 3. Main parameters of the three models used in the numerical simulations 

Model No Tarfin crustal thickness Tien Shan crustal thickness Low velocity layer 
km km 

1 42 49 No 
2 37 55 No 
3 37 55 Yes 
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the observed amplitude ratio. The Rayleigh wave has a 
peak spectral amplitude at, a period of 22 s, which lies 
within the fi'equency range for which the early wave 
train is observed. The distance dependent, amplitude 
of the converted wave shows why the early wave train 
is not, observed at, stations HAM and CLZ as these two 

stations are the ones located the closest, to the Tornquist 
Zone. 

4. Conclusions 

Most seismic records from explosions in Lop Nor 
show anomalously high Love wave amplitudes in the 
frequency interval between 0.015 and 0.045 Hz. The 
Love wave spectrum is observed to be rather smooth, 
while the Rayleigh wave spectrum contains peaks and 
troughs. Records from explosions in Semipalatinsk do 
not have such anomalies. This confines the origin of 
the high Love wave amplitudes to the source or to path 
effects close to the source. 

The numerical simulations show that significant Love 
wave amplitudes are created by conversion of Rayleigh 
waves in the Tien Shah model, approximately in the 
same frequency interval as the Love wave anomalies in 
the observed data. The Love wave amplitudes are up 
to 0.35 times the amplitude of the Rayleigh waves that 
are incident upon the structure. Conversion effects can 
therefore be expected to be found in observed data. 

The simulated Love wave Spectrum is smooth, with 
the maximum amplitude located between 0.04 and 0.05 
Hz. The simulated Rayleigh wave spectrum, on the 
contrary, contains peaks and troughs. This behavior 
is in qualitative agreement with the observed spectra 
which show a more complex pattern with peaks and 
troughs probably due to multiple interference between 
direct and converted waves. 

On the other hand, the simulated Love wave ampli- 
tudes are too small to match the observed ones. Even 

though the simulated transverse/vertical ratios some- 
what underestimate what would be observed in real 

data (see subsection 3.2), the transverse/vertical ratio 
of up to 10 as observed in the real seismic records are not 
explained by the simulations. However, this mismatch 
does not mean that path effects should be discarded. 
Indeed, our simulations show that variations of crustal 
thickness are expected to produce strong path effects in 
the frequency interval 0.02 and 0.1 Hz where anomalous 
surface waves are observed in this study. In addition, 
the similarity of anomalies created by explosions with 
different yield is consistent with path effects. Finally, 
towards the north, where the structures are compara- 
tively more simple than towards the south, one partic- 
ular aspect of the observed anomalies can be explained 
by path effects: the decrease of the transverse/vertical 
ratio with azimuth (KONO, FLN, and OBN as com- 
pared to KEV and WMQ) can then be attributed to 
the decrease of azimuth of the incoming waves upon 
the Tien Shan. Yet we do not deny the possible role of 
tectonic release in generating surface wave anomalies. 

The simulation of path effects could be improved in 
different. ways. First, the real Earth structure is three 
dimensional, while the model we used is two dimen- 
sional. Second, anisotropy in the upper mantle and/or 
lower crust was not considered. Finally, the simulations 
presented here do not take into account the near field 
of the seismic source. A knowledge of the precise ge- 
ometries and elastic properties of the crust. and upper 
mantle are also necessary to improve the modeling of 
anomalies observed at individual stations. 

Our numerical results nevertheless show that con- 

verted surface waves can play an important role in sur- 
face wave propagation anomalies. This point is con- 
firmed by the Love to Rayleigh converted wave observed 
in France and Germany. The observation of this wave 
is possible because of the anomalously high Love wave 
a•nplitudes from explosions in Lop Nor. Even with a 
Love to Rayleigh wave conversion of 5 to 10% ampli- 
tude, it is in this particular case sufficient to create a 
converted waxr with approximately the same amplitude 
as the "ordinary" Rayleigh waves. 

Significant. wave conversions can obscure the source 
effects and bias the surface wave tomography of the 
lithosphere. Note that these findings are particularly 
significant in the frequency domain used to estimate 
surface wave magnitude. On the other hand, system- 
atic mapping of such converted waves should make it 
possible to image lateral changes in the lithosphere us- 
ing surface waves observed at teleseismic distances. 
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