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SUMMARY

Recently, the S receiver function method has been successfully developed to identify upper
mantle interfaces. S receiver functions have the advantage of being free of S-wave multiple
reflections and can be more suitable than P receiver functions for studying mantle lithosphere.
However, because of specific ray geometry and interference of diverse phases, the S receiver
function method has some technical difficulties and limitations. We use synthetic seismograms
to demonstrate the feasibility and limitations of S receiver functions for studying mantle
structures. Full-wavefield seismograms were calculated using the reflectivity method and pro-
cessed to generate synthetic S receiver functions for S, SKS and ScS waves. Results show
that S receiver functions can be obtained from waveforms of S, SKS and ScS waves. The
synthetic S receiver functions for these incident waves show S-to-P converted phases at all
discontinuities in the crust and upper mantle. Useful ranges of epicentral distances for calcu-
lation of S receiver functions are: 55°-85° for S, >85° for SKS and 50°-75° for ScS waves.
We apply both the S and P receiver function methods to data recorded at broadband station
YKW3 in Northwest Canada. The study shows that there is significant agreement among dif-
ferent receiver function methods, and demonstrates the usefulness of S receiver functions for
imaging the mantle lithosphere.

Key words: reflectivity method, S receiver function, S wave, ScS wave, SKS wave, synthetic

seismogram.

INTRODUCTION

Mode conversions of teleseismic body waves provide an impor-
tant means to investigate the nature of seismic discontinuities in
the crust and mantle. Observations of the P-to-S and S-to-P con-
versions have been made for years (Bath & Stefannson 1966;
Phinney 1964). The P-to-S converted waves can be isolated from
the P wave by receiver function analysis (Langston 1977; Vinnik
1977). Over the last decade, the receiver function method has be-
come a standard tool to investigate crust and mantle structures (e.g.
Kind et al. 2002; Bostock et al. 2002). The receiver function algo-
rithm is composed of mainly two steps: first, a coordinate rotation
isolates the P-to-S converted waves from the P wave; and second,
deconvolution removes the source-site complications and the prop-
agation effects. Further processing steps like moveout correction,
common-conversion-point stack and migration enable us to con-
struct receiver function profiles for dense seismic arrays (Duecker
& Sheehan 1997; Yuan et al. 1997; Bostock et al. 2001; Kind et al.
2002).

While most previous studies have focussed on analysing P-to-S
conversions by the P receiver function method, the study of S-to-P
conversions is still at the experimental stage because of a series of

*Also at: Freie Universitit Berlin, Malteserstr. 74-100, 12249 Berlin,
Germany.

© 2006 The Authors
Journal compilation © 2006 RAS

technical challenges. Since S waves (S, SKS, ScS) are not the first
arrivals, they sometimes arrive within the P-wave coda. S waves
are characterized by lower frequencies than P waves, resulting in
a lower spatial resolution. The S-to-P converted waves cannot be
observed over all teleseismic distances as they sometimes occur
at critical incidence angles. Most previous studies have focussed
on the identification of S-to-P converted waves from long-period
seismograms. Polarity analysis was often used to distinguish the
S-to-P converted waves from the S waves. The objects of these stud-
ies include the crust-mantle boundary (Bath & Stefannson 1966;
Smith 1970; Jordan & Frazer 1975; Burdick & Langston 1977),
the base of the lithosphere (Sacks & Snoke 1977; Sacks et al.
1979; Snoke ef al. 1977; Bock 1991) and the discontinuities in
the mantle transition zone (Farber & Miiller 1980, 1984; Bock &
Kind 1991).

Recently, receiver function analysis (coordinate rotation and de-
convolution) was also applied to S waves to isolate the S-to-P con-
verted phases from the incident S phases (Farra & Vinnik 2000;
Vinnik & Farra 2002; Vinnik ef al. 2003, 2004). This initiated the
S receiver function method, which is closely related to the conven-
tional P receiver function. The method has been improved by in-
troducing stacks of individual S receiver functions by geographic
locations of the piercing points, with emphasis on mapping the
lithosphere—asthenosphere boundary (Li et al. 2004; Kumar et al.
2005a,b,c).
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Figure 1. Model of P-and S-wave velocities for calculation of synthetic
seismograms. Only the upper part of the model down to a depth of 1000 km
is shown here. It contains four discontinuities, Moho, LAB, the 410- and
660-km discontinuities. The lower part of the model is the same as the
TASP91 model. Compared with the IASP91 model, the crust has been sim-
plified to a single 35-km-thick layer.

The S receiver function method has the advantage of being free
of multiple reflections, making it suitable for studying seismic dis-
continuities at lithospheric and asthenospheric depths. However, be-
cause of the specific ray geometry of the S-to-P converted waves,
the use of S receiver function is limited to certain ranges of epicen-
tral distances. This problem can be clearly illustrated by synthetic
seismograms. Previous synthetic S-wave seismograms (Farber &
Miiller 1980, 1984; Bock 1994) were calculated at low frequency,
and consequently addressed the conversions at the 410- and 660-
km discontinuities. In this paper, we calculate high-frequency syn-
thetic seismograms of S, SKS and ScS waves at teleseismic dis-
tances and process them to create S receiver functions. As a data
example, we analysed and compared the P and S receiver func-
tions of station YKW3 located in southern Slave craton, northwest
Canada.

The Earth model used throughout the paper is a modified form
of IASPI1 (Kennett & Engdahl 1991). Fig. 1 shows the upper part
of the model to a depth of 1000 km. The crust has been simplified
to a single, 35-km-thick layer. A negative velocity jump of 5 per
cent was introduced at 120-km depth to represent the lithosphere—
asthenosphere boundary (LAB). We defined a first-order disconti-
nuity for the base of the lithosphere, although the boundary is more
likely a transition zone. The IASP91 model already includes the
410- and 660-km discontinuities in the mantle transition zone.

We follow the convention that P receiver function is for the re-
ceiver function dealing with P-to-S conversions and S receiver func-
tion for the receiver function dealing with S-to-P conversions from
S, SKS and ScS waves. When we distinguish the specific type of the
P and S receiver functions, we use PRF, SRF, SKSRF and ScSRF .
S-to-P conversions at the Moho, LAB, 410- and 660-km discontinu-
ities are denoted as Syp, Sip, S410p and See p for the SRF, SKS)p,
SKS;p, SKS410p and SKSeg p for the SKSRF and ScSyp, ScSip,
SCS41()p and SCS660p for the ScSRF.

Epicentral Distance (°) Epicentral Distance (°)
20 40 60 80 0 40 60 80

9 L 100 Q 100
ol A A A A A A A A A Moo }. A A AN NP AN AN
% = o A= AB % i
\ J T 1,
T
1000 F 1000
B B
= =
£ £
S 20001 F & 20004
a a
3000 F 3000
[ 70600 " oMB [ 70600
Epicentral Distance (°) Epicentral Distance (°)
9 20 40 60 80 | 100 [ 20 40 60 80 | 100
oo a a A A s A A A ol a A A A A A A A
\ il \ J 1/
\ [T T \
10001 r 10001 r
€ B3
= =
£ £
S 2000 & 2000 F
la} a
3000 F 3000 F
S410P SeeoP
[} 10800 [} 10800

Figure 2. Possible ray paths of teleseismic S-to-P converted waves for the
mantle S waves. The source is at the surface. Ray tracing was carried out
for the S waves over entire teleseismic distances. Only paths of S-to-P con-
versions are shown in each subfigure. The thick horizontal lines mark the
interfaces, where the S-to-P conversions occurred. Because of critical inci-
dence, some paths of S-to-P converted waves do not exist at small distances.

TELESEISMIC S-TO-P CONVERSIONS

The incidence angle of an S-to-P converted wave is usually larger
than that of the incident S wave. For the mantle S waves, critical
incidence angles are present for the S-to-P conversions so that there
are no conversions at certain epicentral distances. Fig. 2 shows all
the possible ray paths of Syp, Sip, Sa0p and Seeop, calculated
by a Gaussian beam ray tracing algorithm (Weber 1988; Davis &
Henson 1993). S-to-P conversions at greater depths do not exist at
short epicentral distances due to over-critical incidence. Only the
Sy p can be observed at all the distances. The S;p, S410p and Seeo p
can only be observed at distances larger than approximately 60°,
80° and 95°, respectively. Because of scattering effects in the real
Earth, these distance ranges are in practice slightly broader than the
ones given by ray theory. From Fig. 2, observation of the 410- and
660-km discontinuities is possible only within a narrow range of
epicentral distances with the mantle S waves. Other phases such as
SKS and ScS can be used to observe these deeper discontinuities, as
SKS and ScS waves travel more steeply to stations, so that critical
incidence is avoided.

Fig. 3 shows the S—P transmission coefficients of the S-to-P con-
versions for the above discontinuities (Aki & Richards 1980). S-P
transmission coefficients of Moho, and the 410- and 660-km dis-
continuities are negative, while the one for the LAB is positive.
The absolute value of the transmission coefficients increases with
increasing slowness (decreasing epicentral distance). The horizon-
tal axis of slowness and epicentral distance refers to the reference
S and SKS waves and may differ from those of the S-to-P con-
verted waves at near-critical incidence angles. S waves have a slow-
ness range of 8.3-13.4 s deg™!' with the distance range of 55°—
105°. The slowness range of SKS waves at distances 85°—115° is
3.8-6.4 s deg™'. Note that the transmission coefficients of the 410-
and 660-km discontinuities for the S waves only exist at small
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Figure 3. Conversion coefficients for S-to-P conversions at the Moho,
LAB, and the 410- and 660-km discontinuities (Aki & Richards 1980).
The model is shown in Fig. 1. Horizontal axis of slowness and epicentral
distance refer to the incident S and SKS waves and may differ from those of
the S-to-P converted waves at near-critical incidence angles. Shaded zones
are the slowness/distance ranges of S and SKS waves, respectively.
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slowness (large distances). S waves generally have larger transmis-
sion coefficients than SKS waves.

FULL-WAVEFIELD SYNTHETIC
SEISMOGRAMS

Full-wavefield seismograms were calculated using the reflectivity
method (Wang 1999). The algorithm solved the numerical diffi-
culty in the original Thomson—Haskell propagation by adopting a
numerical procedure that makes the fundamental displacement vec-
tor in situ orthonormal. The method is efficient and stable for a
wide range of applications from calculation of static deformation
to generating high-frequency seismograms (Wang 1999). The Earth
flattening approximation (Mueller 1977) is used to account for the
Earth’s curvature.

Fig. 4 shows the record sections of three-component synthetic
seismograms for a dislocation point source. The model is shown in
Fig. 1. A vertical dip-slip point source with strike perpendicular to
the azimuth between the source and receiver was placed close to the
surface (at a depth of 10 m). The source mechanism used here can
only generate P and SV waves, so there is no motion on the transverse
component. The synthetic seismograms have been calculated for a
range of epicentral distances from 40° to 120° with 1° station interval
and a time window of 2000 s for 4096 samples with time reduction
by a slowness of 10 s deg™!. Seismic waves whose turning points are
shallower than 400-km depth were excluded. This filtered out much
of the surface waves that would be otherwise the dominant phases
in the seismogram sections. Time-domain aliasing was suppressed
by the use of complex frequencies (Kind & Seidl 1982).
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Figure 4. Vertical (a) and radial (b) component full-response seismograms calculated by the reflectivity method for the model shown in Fig. 1. Time is reduced
by a slowness of 10 s deg™!. Main phases are labelled on the corresponding components.
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Figure 5. Vertical and radial component synthetic S-wave seismograms calculated by the reflectivity method. The main mantle P waves as well as the surface
reflections are removed from the wavefield by a partial solution approach. The amplitudes of the vertical component are amplified by a factor of 5. Time is
reduced by a slowness of 10 s deg™!. Main phases of the S, SKS and ScS are labelled on the R component. A series of S-to-P converted phases can be clearly

seen on the vertical component.

The vertical (Z) component seismograms are dominated by the
mantle P waves as well as the multiple surface reflections such as
PP, PPP and PPPP etc. The SV waves such as the S, ScS, SKS
and SKKS waves are more prominent on the radial (R) component.
The amplitude ratio between P and S waves depends on numerous
factors, for example, source orientation and frequency content.

The P-wave multiple surface reflections may appear with
significant amplitudes at times prior to S, causing interference
with the S-to-P converted waves (Sacks et al. 1979; Bock 1994).
This phenomenon can be important for the synthetic seismograms
calculated with a 1-D model. Because of the lateral homogeneity
and sharp interfaces in the model, there are many multiple reverber-
ations in the synthetic seismograms. The weak S-to-P conversions
could be masked by any types of multiple phases. In the real Earth,
most of these multiples can be destructively correlated owing to
lateral heterogeneity and, therefore, are sufficiently decayed. Here,
we used a special technique to filter out all the disturbing P waves.
The reflectivity code used here has an option for partial wavefield
solution. We used the option that the downgoing P waves do not
participate in the matrix propagation procedure and are, in this way,
filtered out from the wave field. To show the receiver side S-to-
P conversions, the upgoing P waves are untouched within the matrix
propagation procedure. At the end, only the upgoing S-to-P con-
verted waves along with the whole set of S waves will arrive at the
receivers.

Fig. 5 is the resultant Z- and R-component seismograms, that
is, with all the downgoing P waves filtered out. S, SKS and ScS
phases are clearly seen on both the Z and R components. A series
of converted waves from S, SKS and ScS waves at a number of
discontinuities appear on the Z component as precursors to each
corresponding reference phase. These converted phases are marked
and labelled in Fig. 6. They are converted at discontinuities of Moho,
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Figure 6. Vertical component synthetic S-wave seismograms with a time
reduction by a slowness of 10 s deg~!. The converted phases from S, SKS and
ScS waves at Moho, LAB, the 410- and 660-km discontinuities are marked
and labelled.

LAB, the 410- and 660-km discontinuities. Such conversions can
be seen for all the triggering phases (S, SKS and ScS). The sign of
the amplitudes depends on the sign of the velocity contrast of the
discontinuities and the polarities of the triggering phases. It should
be noted that the polarities of the precursors to S are different from
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Figure 7. S receiver functions of S waves before (a) and after (b) moveout Figure 8. S receiver functions of SKS waves before (a) and after (b) move-
correction. The individual receiver functions are sorted by epicentral dis- out correction. The individual receiver functions are sorted by epicentral
tances from 55° to 105°. The top panel is the summation trace. Converted distances from 85° to 120°. The top panel is the summation trace. Con-
phases are labelled in (a). The interfering phases from SKS waves are also verted phases are labelled in (a). The interfering phases from S waves are
marked in (a). also marked in (a).

SS waves, which is why these shorter distances are avoided in our

those of the precursors to SKS on the Z component, because the S calculation (Figs 4-6 and 9).
and SKS have different signs on the R component. (2) The Z and R components of the mantle S phases are rotated
into ray coordinate system L and Q components, where L and Q
point to the P and SV wave polarization directions, respectively.
S RECEIVER FUNCTIONS The inci(.ience angle for the rotation was detgrmined by minimi.zinfg
) the amplitudes of Q components at S arrival times. Because the inci-
We processed the synthetic data of S, SKS and ScS phases separately dence of SK'S waves is much steeper, we use the Z and R components

to generate S receiver functions for each phase. The processing steps for SKS without any rotation. We also use Z and R components for
are described as follows: the ScS phase.

(3) The synthetic seismograms were calculated with an impulsive
source time function. The source was placed at the surface to avoid a
complex source signature. Deconvolution is therefore not necessary.
The amplitudes of the SKSRF's are multiplied by —1 to account for
the reversed polarity of the SKS. The resulting S receiver functions
are plotted in Figs 7(a), 8(a) and 9(a). For field data, deconvolution is
used for source equalization and the amplitudes should be adjusted
relative to the reference phases.

(4) Moveout correction is applied to the S receiver functions to
correct for the time dependence with epicentral distance (Figs 7b,
8b and 9b). A reference slowness of 6.4 s deg~' and the IASP91
model are used for the moveout correction.

(1) Seismograms were aligned by the maximum amplitudes of
each reference phase on the radial components and were cut 100 s
before and 20 s after the corresponding reference phase. We reversed
the time axis so that the S-to-P conversions have positive arrival
times. For different reference phases (S, SKS and ScS), we selected
different ranges of epicentral distances. For S phase, we selected
seismograms corresponding to distances of 55°—105°. The diffracted
S wave, Sdiff, is used as the reference phase for distances over 95°.
Beyond 85° distance, SKS waves arrive before S. Fig. 7 shows a
zoom on the SRF’s at distances smaller than 105°. We later show
that only distances smaller than 85° are adequate for the S receiver
function analysis of the S phase. The distance ranges shown for SKS
(Fig. 8) and ScS (Fig. 9) are 85°—120° and 45°-80°, respectively. At The resulting S receiver functions are shown in Figs 7-9. In S
distances shorter than 50°, ScS strongly interferes with the mantle receiver functions, the primary S-to-P conversions are separated
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Figure 9. S receiver functions of ScS waves before (a) and after (b) move-
out correction. The individual receiver functions are sorted by epicentral
distances from 47° to 80°. The top panel is the summation trace. Converted
phases are labelled in (a). The interfering phases from S waves are also
marked in (a).

from the multiple reflections by the S arrivals. Crustal multiples can
be clearly seen at negative time. These multiples may be used to
give important constraint on the crustal thickness and the average
Poisson’s ratio (Owens & Zandt 1997). However, this subject is
beyond the scope of this paper. We focus here on the primary con-
versions in the positive time range.

The SRFs clearly contain the conversions at Moho, LAB, the
410- and 660-km discontinuities (Fig. 7a), but they are observed at
different epicentral distances. Moho is detected at almost all dis-
tances (55°-95°). The LAB can be seen at distances of 55°-80°
with maximum amplitudes at 60-70° distances. The 410-km dis-
continuity is observed only between 80° and 95°, and the 660-km
discontinuity between 95° and 100°. Strong SKS waves interfere
with the SRFs. At distances larger than 85°, the interpretation of
the S receiver functions becomes problematic, because SKS waves
arrive earlier than the mantle S waves. The useful distance range of §
waves to detect the Moho and LAB should consequently be limited
to 55-85°, estimated for a LAB depth of 120 km. The range varies
with the LAB depth. It can be extended to shorter distances for a
thinner lithosphere and should be limited to larger distances for a
thicker lithosphere. In this range, the 660-km discontinuity cannot

be observed. The chance for observing the 410-km discontinuity is
small.

Because of the effect of moveout, only Moho can be clearly seen
in the simple summation trace (Fig. 7a). A moveout correction is
therefore necessary to detect the LAB. We correct the arrival time
of each data sample with a reference slowness of 6.4 s deg™!. Af-
ter the moveout correction, the converted phases are almost aligned
and clearly have significant stacked amplitudes (Fig. 7b). We notice
that in Fig. 7(b), the moveout for the 410- and 660-km disconti-
nuities is not completely corrected, as both phases are inclined at
small distances. This is due to the plane wave assumption used in
the moveout correction, where the slowness of the converted wave
is assumed to be the same as that of the reference phase. This as-
sumption causes inaccuracy in the moveout correction. The problem
is more serious for the conversions at deep interfaces, for example,
the 410- and 660-km discontinuities, at near-critical incidence. It
is, however, negligible for the Moho and LAB, which constitute the
main targets of the S receiver functions.

Fig. 8 shows the SKSRFs before and after moveout correction. A
few per cent of SKS amplitudes is seen at 0 s, especially at shorter
distances, due to the use of the vertical rather than the L component.
Although the conversion coefficients for SKS are smaller than for S
(Fig. 3), the SKSyp, SKS410p and SKSe¢0 p are clear throughout the
whole section. The SKS; p is somewhat weaker. At shorter distances,
the SKSyp and SKS;p are masked by or interfered with a series of
strong S waves and converted waves. The weak SKS; p may, however,
not be a general characteristics of the SKSRF. The amplitude of
SKS conversions depends on the source mechanism. The influence
of the disturbing S waves is minimized for some sources that favour
SKS waves. The 410- and 660-km discontinuities can be reliably
identified with SKS receiver functions.

Similar as the SKSRFs (Fig. 8), the ScS receiver functions are also
computed on the vertical component (Fig. 9). The remaining energy
at 0 s can be removed if the vertical component is rotated to the
component of P wave propagation direction. The ScS receiver func-
tions are relatively noisy due to interference with S waves (Fig. 9).
At short distances, the ScS waves interfere with mantle SS waves
(see also Fig. 5). The useful range of epicentral distances is 50-75°,
within which the reference ScS waveform can be extracted for de-
convolution. The S-to-P conversions at shallower interfaces such as
the Moho are clearly separated from the S waves over full range of
useful distances. Deeper interfaces (the 410- and 660-km disconti-
nuities) are more visible at shorter distances (50—65°).

Fig. 10(a) shows the S and SKS receiver functions together. The
traces are sorted by slowness. The SKSRF' has a slowness smaller
than 6.5 s deg™! and the SRF has a slowness greater than 8.0 s deg ™.
For demonstration purpose, we also plotted the SRF's for distances
greater than 85° (slowness of 8~10 s deg™!). For field data, the slow-
ness range of 8—10 s deg™! is not useful because of the interference
of S and SKS phases. Only the Moho phase is visible in the sum-
mation trace before moveout correction. After moveout correction
(Fig. 10b), all the converted phases are aligned in the receiver func-
tion section and become clearly visible in the summation. Similarly
to the P receiver functions, the S receiver functions can also be dis-
played in depth section (Fig. 10c) by a simple back projection along
the S-wave paths. The SKSRF's sample an area closer to the station,
while the piercing points of the SRFs are farther away from the sta-
tion. The apparent dipping of the reconstructed interfaces with the
SRF data, especially the 660, is due to the plane wave assumption
that is invalid at large slownesses. The effect can be of course easily
corrected by a slowness correction.
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Figure 10. (a) Synthetic S receiver functions sorted by slowness. The slow-
ness of SKSRF is less than 6.5 s deg~! while the slowness of the SRF is larger
than 8.0 s deg™!. Major conversion phases are labelled. (b) same as (a) but
for moveout corrected S receiver functions. A slowness of 6.4 s deg™! and
the TASP91 model are used as reference. (c) Depth section of the S receiver
functions. The IASP91 model is used for the time-depth transformation.
The piercing points of the SKSRF's are closer to the stations than those of
the SRF’s.
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DATA EXAMPLE

To demonstrate the use of the S receiver functions with field data,
we analysed teleseismic earthquake records at the broadband station
YKW3 of the Yellowknife seismic array, located in southern Slave
province, northwest Canada. The station was installed in late 1989
and has collected a large amount of data. The Slave province is one
of the oldest Archaen cratons on Earth. Seismology has provided
detailed information about the crust and upper mantle structure (e.g.
Cook et al. 1999; Bostock 1998; Frederiksen ez al. 2001). P receiver
functions have revealed Moho and the 410- and 660-km disconti-
nuities along with a series of complicated upper mantle structures
underneath the station (Bostock 1998). The station is ideal to com-
pare the P and S receiver functions. We compiled waveform data
of P, S and SKS waves recorded at YKW3. We selected teleseis-
mic earthquakes with magnitudes larger than 5.9 and epicentral
distances of 35-95° for P, 55-85° for S and >85° for SKS. The
PRFs were analysed in the way described by Yuan ef al. (1997),
consisting of mainly coordinate rotation into the P-SV-SH system
and deconvolution of the SV and SH components by the P com-
ponent. The analysis of the SRF' and SKSRF is as described by Li
et al. (2004) and Kumar et al. (2005a,b,c), and is somewhat differ-
ent from the synthetic data processing. Here we briefly summarize
the processing steps for generating S receiver functions. The ZNE-
component seismograms of S and SKS waves are rotated firstly into
the ZRT system with the back azimuth determined by locations of
the receiver and earthquake. The ZRT components are further ro-
tated into the P-SV-SH system with the incidence angle determined
by minimizing the amplitudes at time of S/SKS arrival on the P
component. Waveforms are visually selected to avoid the confusing
of S and SKS phases. Data with strong interference of S and SKS
are excluded. A window of S/SKS waves on the SV component is
deconvolved from the P component for source equalization. For di-
rect comparison with the P receiver functions, we need to reverse the
time axis as well as the amplitudes of the S receiver functions. Move-
out correction is then applied for all the PRFs, SRFs and SKSRFs,
with a reference slowness of 6.4 s deg™! and the IASP91 model as
reference.

Fig. 11 shows the P and S receiver functions of station YK W3. The

individual receiver functions are moveout corrected and sorted by
the back azimuth. The summation trace is shown above each section.
The number of P receiver functions is significantly larger than that
of the S receiver functions, as the P receiver functions have a larger
range of valid epicentral distances. S waves are usually noisier, so
more S than P receiver functions are rejected owing to poor signal
to noise ratio.
In the section of PRFs (Fig. 11a), the direct conversions of the
Moho, and the 410- and 660-km discontinuities can be clearly fol-
lowed in the individual traces throughout the whole section. Their
arrival times are 4.2 s, 43.3 s and 67.3 s, respectively, very close
to values obtained by earlier studies (Bostock & Cassidy 1997;
Bostock 1998). At times 10-25 s, strong crustal multiple phases
appear, effectively masking the possible direct Ps conversions from
the mantle lithosphere at depth of 100250 km. At ~8 s, between
the direct Moho conversion and the Moho multiples, a phase with
polarity reversal as a function of back azimuth can be identified in
the individual traces. This phase was interpreted as an anisotropic
layer in the uppermost mantle by Bostock (1998) by analysing
the transverse component of P receiver functions. He also found
a series of interfaces at depths of approximately 130, 200 and
350 km.




562 X Yuan etal.

(a) PRF (b) SRF (c) SKSRF
M multiples 410 660 M 410 M L 410 660
T * T * T T * * T T + T T T T * T * T | T T T * T T T T
A v
S\ A A A A
555 359 358
356 312
312
355 302
308 345
208
302 310
203
301 310
- 300 274
306 269
208
304 255
293 300 249
240 295 038
157 291 034
141 1% 143
119
136 o 142
35 28 136
=

20 -10 0 10 20 30 40 50 60 70 80 9 -20 -10 O
Time (s)

Figure 11. PRFs, SRFs and SKSRFs of station YKW3. The receiver functions are corrected for moveout with a reference slowness of 6.4 s deg™
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reference model of the IASP91. The number of the PRF’s is more than 200, the numbers of the SRFs and SKSRF's are ~80 each. A three-pole low-pass filter
with corner frequency of 3 S is applied to all the data. Back azimuth values for some sample traces are labelled to the left of each trace. The summation trace
is plotted above each receiver function section. Main conversion phases are labelled on the summation traces.
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Figure 12. Summations of PRFs, SRFs and SKSRFs from Fig. 11 plotted
together for direct comparison. The converted phases are marked with ver-
tical lines. The crustal reverberation phases at time of 10-25 S in the PRF
effectively mask the possible conversions of the mantle lithosphere in the
PRF.

Because the SRF’s are calculated for epicentral distances shorter
than 85°, S-to-P conversions at the 660-km discontinuity are not
available. Therefore, the section is plotted to 50 s (Fig. 11b). The
SRF’s clearly exhibit direct S-to-P conversions at Moho. At 12.8 s,
a phase with negative amplitudes (L) can be identified. This phase

represents a relatively sharp boundary at a depth of ~120 km with a
lower shear-wave velocity below it. It could not simply be interpreted
as the base of the lithosphere, as a more than 200-km-thick litho-
spheric root underneath the Slave craton was found by seismic to-
mography (Mégnin & Romanowicz 2000; Frederiksen et al. 2001).
Earlier receiver function study also revealed a mantle interface at
similar depth beneath the station (Bostock 1998) and interpreted
it as compositional layering within the mantle lithosphere. The in-
terface might coincide with a high electrical conductivity layer at
the similar depth found in the central Slave craton by a magnetotel-
luric survey (Jones et al. 2003). The converted phase at the 410-km
discontinuity, although weak, can be clearly seen in the individual
traces.

All the discontinuities discussed above can be observed with S-to-
P conversions from SKS waves (Fig. 11c). Although the individual
traces have a relatively higher noise level, all the converted phases
show up in the summation trace.

The summation traces of the PRF's, SRF’s and SKSRF's are plotted
together in Fig. 12 for a direct comparison. There is a very good
agreement among different techniques. The Moho conversions ob-
served with PRF, SRF and SKSRF, appear at 4.2 s, corresponding
to a depth of 34 km using the IASP91 reference velocities. The 410-
and 660-km discontinuities are also located at the same times by PRF'
and SKSRF. The time delay of the S4;9p in the SRF is caused by an
insufficient moveout correction due to the plane wave assumption
for the moveout correction. The low-velocity lithospheric interface
(L) can be clearly identified in the SRF' and SKSRF'. Strong crustal
reverberations dominate the time window of 10-25 s in the PRF,
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precluding the PRF as a useful tool to detect the discontinuities at
depth of the lithospheric upper mantle.

CONCLUSION

The S receiver function method is an useful complementary tool
to the conventional P receiver function method. The S receiver
function analyses the S-to-P converted waves at seismic discon-
tinuities in the crust and mantle beneath the stations. The direct
S-to-P converted waves arrive at the station earlier than the incident
S wave, thus are naturally separated from the S-wave multiple re-
verberations that appear later than the S arrival, making the method
suitable for investigating the mantle structure at lithospheric and
asthenospheric depths. In the case that strong near-surface inter-
faces (e.g. the 2—3-km-thick ice sheet in central Greenland) exist
and produce significant reverberations strong enough to mask the
direct P-to-S conversions of the Moho in the P receiver functions,
the S receiver functions are useful to observe the Moho (Kumar
et al., 2005d). The S-to-P converted waves do not split along the
way to the station in an anisotropic medium, thus the complica-
tion of the shear-wave birefringence in the P receiver functions
caused by seismic anisotropy is avoided in the S receiver functions.
There are two more differences between the P and S receiver func-
tions. The S-to-P conversions arrive earlier than the incident S wave,
while the P-to-S conversions arrive later than the incident P wave.
The transmission coefficient of an S-to-P conversion has different
sign as that of a P-to-S conversion. It is convenient to reverse the
amplitude sign and to swap the time axis for the S receiver functions
for a comparison with the P receiver functions.

Theoretical calculation of seismograms show that the S receiver
functions can be obtained from waveforms of S, SKS and ScS waves
(Figs 7-9). The useful range of epicentral distances for the mantle
S waves is <85°. The lower distance limit depends on the depth
of the target of interest. For S-to-P conversions at discontinuities
within the mantle lithosphere, the range is limited to >55-60°. The
410 km discontinuity can be observed within 75-85°. Observation of
the S-to-P conversions at the 660-km discontinuity with the mantle
S waves is not possible. An adjustment in the moveout correction for
the S410 p is needed to correct for the plain wave assumption. The
SKS waves are useful for epicentral distances >85°. They can be
used for imaging all the crustal and upper mantle conversions. The
ScS waves are useful for epicentral distances about 50—75°. In this
range, the ScS waves arrive between the mantle S and SS arrivals.
Depending on the target discontinuities, the range must be adjusted.
For example, for targeting the 660-km discontinuity, ranges of 65—
70° should be removed because of the severe interference with the
mantle S waves. At epicentral distances of 80—90°, S, SKS, SKKS and
ScS waves all arrive at similar times (see Fig. 5). Care must be taken
while visually inspecting seismograms to avoid any contamination
among different phases.

P and S receiver functions are calculated for station YKW3,
located near Yellowknife in southern Slave province, northwest
Canada (Figs 11 and 12). There is a good agreement among differ-
ent techniques. The Moho conversions observed with PRF, SRF and
SKSRF, appear at the same time, 4.2 s, at a slowness of 6.4 s degfl,
corresponding to a depth of 34 km, estimated with the TASP91
model. The 410- and 660-km discontinuities are identical with both
PRF and SKSRF , arriving at times 0of 43.3 s and 67.3 s, respectively.
The time delay of the S419p is caused by an insufficient moveout
correction due to the plain wave assumption. A low-velocity layer
in the upper mantle at 120 km depth can be clearly identified in the
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SRF and SKSRF. Strong crustal reverberations dominate the time
window of 10-25 s in the PRF, masking the possible conversions at
lithospheric depths in the P receiver functions.
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