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ABSTRACT

Synthetic seismograms for seismic waves penetrating near the inner-
outer core boundary are implemented using the generalized ray method.
The model takes into account the detailed velocity jump near the inner-
outer core boundary and the possible depth dependent attenuation of the
inner core. The source-sidesurfacereflections, considered as the later phases
of the observed seismograms, are included in the model. The program de-
veloped in this study is suitable for the modeling of shallow.and intermedi- . -
ate deep events along the major seismic.zones and the mid-ocean ridges.

- These areas provide good global coverage of ray paths for studying the
structure of the earth’s core in. detail. Numerical modeling in this study

. shows that the source-side surface reflections. of the;core phases make.a-
significant contribution to determining the core velocity structure for the . .
_observations of the spatial-dense.array. with small aperture. Additionally, .
the possible depth dependent inner-core attenuation can be resolved from
regional array seismograms. The results of this study show that the newly
developed generalized ray code displays a high potential for further eluci-
dating the earth’s core structure using the available data. .

(Key words: Generalized ray method, Synthetic seismogram,
Inner-core boundary, Attenuation) '

1. INTRODUCTION

One of the major ob]ectlves in exammmg the ve1001ty structure of the i inner core is to
understand the evolution and dynamics of the earth’s core. The outer core is composed of an
iron alloy with nickel and light elements such as. sulfur and silicon. At the inner-outer.core
boundary (ICB) iron precipitates upon the'i inner- core, “thus- releasing. the. light elements to the
outer core. It is widely accepted that the’ chemical dlfferentlatlon prov1des alarge part of the
energy driving:the earth’s dynamo (Loper and Roberts 1981) In addltlon to the. velocity struc-
ture, the attenuation of seismic waves in the inner core ofter dlstmgulshes 1mportant con-
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straints on core dynamics and on the inner core freezing processes. It has been proposed (Loper
and Roberts, 1981) that the continuous solidification of iron from a liquid-core alloy may
result in a high attenuation mushy zone at the ICB. This mushy zone could be very thick, even
possibly extending into the center of the earth. To investigate the inner core, seismic observa-
tions can provide direct evidence of its properties. This is because both the velocity and attenu-
ation structure of the inner core could be responsible for the propagation of seismic waves
which penetrate into the inner core. In the past, the first arrival times and amplitudes of the
core phases were frequently used to estimate the earth’s core structure (Hage, 1983; Johnson
and Lee, 1985) based on geometrical ray methods (Julian and Anderson, 1968; Buland and
Chapman, 1983; Huang 1996a). However, due to the limitations of global seismicity and of
the station distribution of the World-Wide Seismic System Network (WWSSN); the ray cov-
erage through the inner core was ill-constrained to invert them. Presently, the global digital
seismic network (GDSN) is installed with the broadband instruments to monitor global seis-
micity and to provide high quality seismic waveform data for the study of the deep interior of
the earth. The inner core structure is probably improved by studying multiple core phases,
which penetrate different parts of the core, through waveform modeling in one station (Figure
1). Furthermore, some regional seismic arrays, such as the German Regional Seismic Network
(GRSN}, the Canadian National Seismograph Network (CNSN) and the TERRAscope array
in southern California, also include high quality digital array waveforms for the earth core
study. These data are easily retrieved via the Internet.

Several methods have previously been proposed to synthesize seismic waveforms for
core structures. These include the reflectivity method (Muller, 1985), the WKBJ method
(Chapman, 1978), the full-wave method (Cormier and Richards, 1977) and the generalized ray
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Fig. 1. Ray paths of seismic waves near the ICB. The path AB goes through the
top of the outer core, BC goes through the bottom of the outer core (OC)
and DF refracts from the inner core (IC).
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method (GRT) (Helmberger, 1983). The synthetic seismograms from these different methods
have been confirmed as being quite similar (Burdick and Orcuut, 1979). Even so, one particu-
lar advantage of the GRT is its ability to isolate contributions associated with specific paths
which are important to core structures (Song and Helmberger, 1992). However, the GRT used
by Song and Helmberger (1992) was simplified for explosions or deep events only. With their
approach, the source-side reflections were excluded from the model. Using deep earthquake
data alone to study the earth’s core, the global coverage was ill-constrained because of the
exclusion of shallow events from mid-ocean ridges and major seismic zones. Furthermore,
Song (1994) took the inner-core attenuation as a constant quality factor (Q-value) or constant
t* (travel time/ average Q). However, recent studies for the inner-core attenuation (Niazi and
Johnson, 1992; Bhattacharyya et al., 1993; Souriau and Roudil, 1995) have shown the com-
plex Q structure near the ICB. Clearly, it is unlikely that a uniform Q model can reliably
explain observations of present inner-core Q studies. Thus, it is necessary to explain inner-
core attenuation by its lateral variations.

In this study, the above limitations of Song (1994) were overcome. The new extension
included both the extra rays from the source side boundary reflections to model the core phases,
and the depth dependent Q structures. The modeling results of this study showed that the
pPKP and sPKP (surface reflected PKP waves by the P- and S-waves from source, respec-
tively) made a significant contribution in determining the velocity gradient near the ICB. The
newly developed GRT program offered greater flexibility in selecting data, especially those
from a spatial-dense array with small aperture with which to study the core structure and its
anelastic properties. The waveform model also verified the suitable resolution from which the
depth dependent inner-core Q structure could be determined.

2. THEORY

Synthetic seismograms based on the generalized ray and the Cagniard-de Hoop method
has been used in previous modeling of effects at the core-mantle boundary (CMB) and the ICB
and has been found to be quite useful (Lay and Helmberger, 1983; Song and Helmberger,
1992). The response of the earth models at ranges beyond the shadow zone can be obtained by
simply summing primary rays. That is:

G(t)= \f } Sm A J(r) ¢

where

J(1) = 21 (\f[ j T (R, T) 4t )] @)

and p is the ray parameter; r is the radius of the earth; 1 is (1/v? - p2); v is the velocity of layer
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medium; A is the epicentral distance in degrees; 2. is the summation of contributing rays; A
is the attenuation operator (Ruff and Helmberger, 1982); and II is the product of the transmis-
sion and reflection coefficients. The primary rays refer to those that undergo one reflection
only. The A/sin A factor is a correction for spherical spreading (Gilbert and Helmberger,
1972). Since the ray summation omitted multiples, it appears necessary to document these
responses by comparing them with those of other methods. This was done by Song and
Helmberger (1992) who compared the GRT and the full-wave (Cormier and Richards, 1977)
methods with similar waveforms. In the work by Song (1994) it was assumed that the attenu-
ation factor was nearly the same as for the reflection depth range of k=2 to n of Equation (2).
There, A(?) was taken outside the sum, while the attenuation operator with a single value for r*
was convolved with the total elastic response (J(z)) of Equation (2) and excluded A(¢). How-
ever, if the attenuation varies significantly over the depth range of interest, it is necessary to
convolve a different * operator with each individual generalized ray. This is the same as in
Equation (2) above. The theory and implementation for the layered Q modeling for studying
the Q structure near the core-mantle boundary region was discussed in detail by Ruff and
Helmberger (1982). In this study, their approach was extended to model the seismic rays pen-
etrating into the earth’s core to study the Q structure near the ICB. Following their representa-
tion, the vertical response of the core phases under consideration for a dislocation source could
be generated as:

W O= g ] ) 240316l | ®

where

* is the convolution operator; 4; (9,8,7&) is the radiation pattemn; D(¢) is the source time

function; and

Gu(t) = CP (o) Rez(Po)Gpxp(t) + Cf (Po)Rypz (o) Gppip(t) +
(SVF)(Po)Rspz(Po)Geprp(t)

is Green’s function which includes the response of the PKP phase (G,,,) and its surface P- and
S-wave reflections (G oxp and G ,,,), respectively. C, CP and SVV are the vertical radiation of
P, pP and sP, respectively. R,, indicates the appropriate receiver function for either PKP (N=P),
PPKP (N=pP) or sPKP (N=SP) waves arriving at the station, respectively. In modeling the
waveforms of an explosion or deep events, only GPPKP of G_(t) were considered by Song (1994),
and CP was assigned as the unit. In this study, to accurately obtain the core phases near caustic,
Green’s function of each core phase in the same epicentral distance was computed individu-
ally, and the vertical radiations were estimated according to ray parameters. The synthetic
seismograms of the core phases were finally obtained by the summation of the individual core
phase responses.
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3. MODELING RESULTS

A, Comparison with other resuits:

To check the accuracy of the programming, in this study, a test with other verified results
was necessary. The comparison of the synthetics from this study with the computations by
Song (1994) showed a good agreement. A simple comparison is given in Figure 2. Both seis-
mograms were computed using the PREM model (Dziewonski and Anderson, 1981) with a
source depth of 600 km and an epicentral distance of 159°. To smooth out high-frequency
numerical noise, both seismograms have been convolved with a one second triangular source
time function (Song, 1994). Both travel time and amplitude were found to consistent. The

slight difference in the tail of the PKP(DF) phase may have been due to the truncation errors
from Cagniard-de Hoop contour integration.

PREM, Depth= 600 km Dist.= 159 degrees

T T L I 3 T T T | ! T

PKP(AB

PKP(BC) ) This study
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Song (1994)
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Fig. 2. Comparison of the seismic waveforms computed in this study with those
by Song (1994) from individually developed generalized ray codes. Both
seismograms were computed for a station on epicentral distance of 159°
from the PREM model with source depth 600 km. The zero time of both
‘traces was set as 1114 seconds after earthquake initial time.
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B. Modeling waveforms for standard earth models:

The amplitudes and waveforms of core phases are sensitive to the ICB structure. In this
study, the synthetic seismograms of the four often used earth-models, namely, the PREM,
TASP91 (Kennett and Engdahl, 1991), SP6 (Morelli and Dziewonski, 1993) and the AK135
(Kennett et al., 1995), were modeled to show the sensitivity of the waveform variations. Near
the ICB, the P-wave velocny structures of these models were shghtIy different, as shown in
Figure 3. ‘The synthetlc waveforms computed by the GRT are shown in Figure 4. It can be seen
that the relative amplitudes and travel times of core phases from drfferent branches did in fact
vary. The detailed analysis for these phases and comparlson with the standard earth models

and a newly developed earth core model, PREM?2 (Song and Helmberger 1995) will pro-
v1ded useful 1nformat10n for determlnmg the lateral vanatron of the ICB structure

C. Test for the source side reflections of the PKP'phases-:

The source-side reflections of core phases contribute more information to:the study of
core structures. In this study, the option to. compute the seismograms, including the pPKP and
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. Fig. 3. P-wave velocity models near the ICB. These models were used to com-
pute seismograms in Figure 4 and are described in more detail in the text.
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Depth= 600 km Dist.= 153 degrees
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F :g 4. Synthetic seismograms of the core phases using the earth models in Fig-
“ure 3. The numbers on the right of the seismograms are the relative am-
- plitudes and are the same as those in other figures. Those seismograms
" with epicentral distance 159° were computed from a explosion source
with a depth of 600 km.

sPKP phases, was provided as shown in Figure 5. The amplitudes of both surface reflections
were dependent on the source mechanism. In some cases, the amplitude of the pPKP or sPKP
phases could have been greater than that of the PKP phase for suitable radiation patterns.
Hence, the stable waveforms of the latter phases yielded the same information on the primary
phases of an explosion or deep events for studying the core structure. However, these later
phases were not analyzed in terms of the core structure by previous studies because further
implementation was required to synthesize the waveforms. The computed dense-seismic pro-
file based on the PREM model for the core phases which included the surface reflections, is
shown in-Figure 6. An explosion source with a depth of 250 km was assumed in this computa-
tion. These ray paths were similar in the receiver side mantle and source side lower mantle.
However, as can be seen in Figure 6, the slightly different ray paths in the earth’s core near the
ICB produced great waveform and amplitude variations in the epicentral distances near the B-
cusp. This indicated that the dense-seismic observations for the primary and surface reflected

core phases may provide opportunities for studying the fine structures (the vertical velocity
gradient and its lateral variation) of the ICB.
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Depth= 150 km Dist.= 159 degrees .
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F zg 5. Synthetic seismograms for individual coﬁé phases and their suinmation.
The final synthetic seismogram is based on the source mechanism of
52°,30° and -50° for the strike, dip and rake angles, respectively.

D. Test for the earth core Q structure:

The waveforms of seismic waves traveling inside the earth’s core are sensitive to the
attenuation structure of the earth’s deep interior. In this study, the option to compute the depth
dependent earth Q-structures was made available. One example is shown in Figure 7. Both
synthetic seismograms were computed based on the elastic media or the Q-structure proposed
by the PREM model. It was found that attenuation for the PKP(DF) and PKP(AB) were differ-
ent. Because the inner-core is one of the major attenuation zones of the earth (Niazi and Johnson,
1992) and the outer-core is the high Q region for the P-wave, the high frequency contents of
the PKP(DF) are more attenuated than those of the PKP(AB). A test of the inner-core Q struc-
ture with short-period waveform modeling is shown in Figure 8. It was found that in the short-
period frequency band the seismogram had clearly changed its amplitude and phase in both
the DF and AB phases. Thus, as shown in this study, the attenuation effects of the inner core
could be analyzed not only by spectrum ratios (Niazi and Johnson, 1992; Bhattacharyya et al.,

1993; Souriau and Roudil, 1995), but also by waveform modeling. Further testing found that
the waveforms were sensitive to the depth dependent Q models.
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PKP + pPKP + sPKP Phases (Depth =250 km)
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Fig. 6. Seismic profiles of the core phase PKP and its surface reflections (pPKP
and sPKP). The characteristics of A, B, C, D and F define the branch -
ends of the core phases as shown in Figure 1.

E. Example for waveform model:

To demonstrate the flexibility of this GRT extension, the waveform model including the
surface reflection phases was computed using the newly developed GRT code. An event from
the Fiji Islands, with stable core phases, is selected. The source parameters of this Fiji Islands
event have been reported by the U.S. Geological Survey (USGS) Preliminary Determination
of Epicenters (PDE) as: origin time = 1996 August 5th 22hr 6 min 22.07 sec, latitude = 20.614°,
longitude = 178.541°, depth = 530 km, and mb= 6.5. The best double couple solution from the
USGS moment tensor solution are NP1: strike = 222°, dip = 29°, slip = -89°; and NP2: strike
=41°, dip = 61°, slip = -91°. The above source parameters are employed in this study. The
waveform model for a broadband seismogram from a GDSN station ESK (Eskdalemuir, Scot-
land, UK) with epicentral distance 145.1° is shown as an example of the usefulness of later
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Depth= 600 km Dist.= 160 degrees

PREM 3.07

PREM(Q) - 1.34

. 1 . 1 4 1 . 1 . 1 - 13 . 1 . 1 . ] .
0 20 40 60 80 100 120 140 160 180 200
(+1070 sec) TIME (sec)

Fig. 7. Synthetic seismograms of the core phases using the PREM model. The
seismogram on the top is for the elastic case and that on the bottom is for
the Q model of Dziewonski and Anderson (1981).

phases for studying the earth’s core structure (Figure 9a). The Green’s functions are computed
by the GRT using the PREM model and the source time function is selected from a P-wave
seismogram of station ADK (Adak, Aleutians, Alaska) at a distance 72.2°, where the direct
arrival is undisturbed by other phases. The later phases (pPKP and sPKP) are well-simulated,
as shown in Figure 9a. The simulated seismic profile from epicentral distance 140° to 160°,
according to the source parameters of this Fiji Islands event, is shown in Figure 9b. For the
suitable source mechanism, the later phases of this event have larger amplitudes than those
from an explosion source (Figure 6). Moreover, the later phases near 150° have amplitudes
larger than the direct PKP phases. Of course, modeling from a single seismogram does not
provide significant information about the earth’s core structure. However, as demonstrated by
Figure 9b, the modeling of the later phases from a dense-array with small aperture will provide
significant contribution to the inner-core model of the earth.

4. DISCUSSION AND CONCLUSIONS

The waveform modeling of the earth’s core structure has some limitations in the real case
due to the geographic distribution of earthquakes. Deep events and nuclear explosions based
on the GDSN records do not provide sufficient global coverage to study. the earth’s core in
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Fig. 8. Comparison of the short-period seismograms from the elastic and Q mod-
els near the ICB. Both traces were generated by inserting the short-pe-
riod Wood-Anderson instrument response into the synthetic seismograms
of Figure 7.

detail. In previous studies, shallow events from the mid-ocean ridges and the major seismic
zones were usually excluded because of the surface interaction of seismic energy in the source
area. One advantage of the present study is that it provides the opportunity to study the earth’s
core using shallow events. Based on the methodology of this study, shallow and intermediate
deep events along the major seismic zones and the mid-ocean ridges can be considered as
candidates for waveform modeling. Using these events would greatly improve the global cov-
erage of the ray paths across the earth’s core. Hence, the developments tested in this study
reveal the opportunity to study the earth’s core in more detail.

The seismic attenuation beneath the ICB is recognized as being very complex (Niazi and
Johnson, 1992; Bhattacharyya et al., 1993; Souriau and Roudil, 1995), though the details of
the Q-structure are not known. The attenuation structure of this region is important for under-
standing the evolution and dynamics of the earth’s core. The mushy zone induced by inner-
core solidification may show lateral heterogeneity with a scale of a few thousand kilometers
(Loper and Roberts, 1981). The presented depth dependent variations from different areas can
be resolved by waveform modeling of the recorded seismograms in different regions of the
world. The data recorded by Taiwan Seismic Network (TSN) have sampled large areas of the
ICB beneath the Pacific Ocean. Besides this, the Broadband Array in Taiwan for Seismology
(BATS, Kao et al., 1994) also records high quality waveform data for studying the detailed
structure of the ICB. Using both the spatial-dense sampled short-period travel times and the
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Fig. 9. (a) Observed and synthetlc seis-
mograms for station ESK from
a Fiji Islands event. Phase codes
of core phase were referred to
Figure 1 and PP was defined as
surface reflection phase of P-
wave which had pure mantle ray
path. (b} The simulated seismic
profile with epicentral distances
from 140 °to 160° degrees ac-
cording to the source parameters
of the Fiji Islands event used by
this study and the same azimuth
as station ESK.
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high quality broadband waveforms, the ICB structure in a spot can be easily resolved. The
proposed GRT can be used to model the waveform to infer the ICB structure beneath the
Pacific Ocean based on TSN data. Furthermore, other regional seismic arrays may play impor-
tant roles in the study of the ICB structure. For example, the GRSN has recorded high quality
core phases from the Fiji Isiand deep events, while the Warramunga seismic array in northern
Australia has recorded core phase seismograms from earthquake sources in central America
(Wang et al., 1985). Both sets of data have provided two patches of the dense-sample of the
ICB, which are different from the TSN data. Finally, the core phases from the GDSN can
provide the necessary global coverage for this purpose when shallow and intermediate deep
events are considered. From this point of view, with the available seismic data from focal,
regional and global networks, the global plcture of the ICB structure can be effectively en-
hanced.

The program developed in this study is a general purpose tool to study the earth’s core.
Both traveltime and waveform can be modeled using the developed GRT code. The method
developed will be used to analyze real data to determine the lateral variation of the earth’s core
in the near future. In fact, many core phases from southern America events have been received
by the TSN. The recorded array data provide unique opportunities to study in detail both the

-ICB and the inner-core structure under the Pacific-Ocean. One example (Huang, 1996b) is the
verification of the ICB structure beneath. offshore North America deviating from the standard

-earth models.from the PREM and IASP91. The next step is to attempt to determine the lateral
variations of the ICB structure and its depth-dependent anelastic properties. -
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