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Abstract. The interpretation of observed waveform characteristics identified in refraction and wide-angle reflection data
increases confidence in the crustal structure model obtained.When calculating traveltimes and raypaths, wavefront methods
ona regular gridbasedongraph theory are robust evenwith complicated structures, but basically compute onlyfirst arrivals. In
this paper, we develop new algorithms to compute traveltimes and raypaths not only forfirst arrivals, but also for fast and later
reflection arrivals, later refraction arrivals, and convertedwaves betweenP andS, using themodifiedwavefrontmethod based
on slowness network nodes mapped on a multi-layer model. Using the new algorithm, we can interpret reflected arrivals, Pg-
later arrivals, strong arrivals appearing behind Pn, triplicatedMoho reflected arrivals (PmP) to obtain the shape of theMoho,
and phases involving conversion between P and S. Using two models of an ocean-continent transition zone and an oceanic
ridge or seamount,we show theusefulness of this algorithm,which is confirmedby synthetic seismogramsusing the 2DFinite
DifferenceMethod (2D-FDM). Characteristics of arrivals and raypaths of the twomodels differ from each other in that using
only first-arrival traveltime data for crustal structure analysis involves risk of erroneous interpretation in the ocean-continent
transition zone, or the region around a ridge or seamount.
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Introduction

In recent years, the Japan Coast Guard and JAMSTEC have
conducted extensive refraction andwide-angle reflection surveys
in the ocean region using Ocean Bottom Seismometer (OBS)
arrays and large tuned air-gun arrays. The datasets obtained by
the continental shelf survey project in Japan provide a large
volume of high-quality multi-component seismic data, which
enable us to analyse small-scale heterogeneous crustal structures.
With such large volumes of seismic datasets, many characteristic
waveforms have been recognised (Kasahara et al., 2007; Tsuruga
et al., 2008). These characteristic arrivals are: 1) fastest PmP
(ordinary reflected arrivals from the Moho) and 2) later arrivals
forming triplicated arrivals (we call them cusps) of PmP;
3) reflected arrivals from the crustal reflectors; 4) Pg (refracted
arrivals through the crust) as first arrivals and 5) Pg later
arrivals behind Pn (refracted arrivals through the crust);
6) phases converted between P and S; 7) fastest Pn, 8) mixing
phase of Pg and Pn as later Pn arrivals; and, 9) decaying arrivals
caused by the presence of a low-velocity layer (LVL) (shadow
zone effect).

A crustal structure study using OBS and air guns should
interpret most of the above characteristic waveforms. Although
seismic tomography has been used frequently to interpret crustal
seismic refraction-reflection data, it is not sufficient to evaluate
the above characteristic arrivals, especially such later arrivals as
decaying arrivals due to a LVL, and P-S converted waves.
However, forward modelling with the shooting algorithm is
popular and useful for examining later phases, P-SV converted
phases, and initial model dependence for inversion
(e.g. �Chervený et al., 1977; Langan et al., 1985; Zelt and Ellis,

1988). The shooting algorithm, however, is not the following
eikonal solver.

Recent efforts in ray-tracing development have mainly
focused on wavefront methods using a regular grid, which
include finite difference approximation of the eikonal-equation
solution (Vidale, 1988; Rawlinson and Sambridge, 2005), the
analytical ray method (Vinje et al., 1993), and the graph method
(Saito, 1989; Moser, 1991; Zhang and Toksöz, 1998). The
wavefront method determines raypaths of global minimum
traveltimes by expanding a wavefront in the entire model, and
can find raypaths for refracted and reflected waves and raypaths
for seismic waves through shadow zones the shooting algorithm
cannot hit (Zhang et al., 1998; Fujie et al., 2000, 2003).

The graph method, also known as the ray-tracing method
based onminimum traveltime path, was developed from network
theory (Dijkstra, 1959). It can calculate the shortest connections
from an origin-node to all other nodes in a network that represents
the Earth’s velocity (or slowness) structure (Moser, 1991). The
calculation of later arrivals such as reflection arrivals can be
formulated as a two-step application of the graphmethod, and has
been used in refraction and reflection tomography (Zhang et al.,
1998; Korenaga et al., 2000; Fujie et al., 2000, 2003). Rawlinson
andSambridge (2005)presented aneffectivemethod (FMM: fast-
marching method) to calculate raypaths of refraction and
reflection in complex layered media using the finite difference
solution of the eikonal equation. The FMM, however, can
evaluate only the first arrivals and the fastest reflections of
continuous media and is not sufficient for the above
interpretation. In this study, we propose a ray-tracing
algorithm based on the modified graph method for a multi-
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Fig. 1. Slowness network nodesmapped onmulti-layer interfaces. Two slowness values Sa and
Sb, which are for the bottomof layer ‘a’ above the layer interface ‘A’ and the top of layer ‘b’ below
the layer interface ‘A,’ are assigned at a node on the interface ‘A’ intersected by a vertical line. dx
anddzare intervalsofnodes in thedirectionsof thex (horizontal) and z (vertical) axes, respectively.
Dx is the spacing of the vertical lines (Dx =Ndx).

Fig. 2. Reflection computation scheme using slowness network nodes mapped on multi-layer
boundaries. (a) Flow of the calculation for reflection arrivals with the graph method.
(b) Modification of velocity structures within the layer below the reflector rearranged by
extrapolating from the velocity field and their gradients in the layer upon the reflector.
(c) Schematic view of flow adopting a direct reflection raypath. Details are shown in the text.
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layered Earth model whose layers are represented by irregular
grids.

Basic setup of the graph method calculation for raypaths
and traveltimes

Sparse-node model

Ray-tracing algorithms are most strongly characterised by their
velocity model parameterisation. The velocity model presented
here can be described as a stack of multiple layers and two-
dimensional parameterisation. No layer interface intersects
another one. Each interface is defined by a network of nodes
with a constant horizontal interval, as illustrated in Figure 1.
Nodes on vertical lines are needed to calculate the bend of a
raypath within a layer.

P-wave slowness-values (inverse of velocities) are only
assigned at nodes (intersection-nodes) of the intersection
between a vertical line and the layer interface (Figure 1). For
the (I,J )-th intersection node, the slowness SaI,J above the
layer interface can be defined with a different value from one
SbI,J below the interface. The slowness can also be defined by
different values along the layer interface. Slowness values Sak
and Sbk at the k-th node between the (I,J)-th and (I�1,J)-th
intersection-nodes are calculated by linear interpolation as
follows:

Sak ¼
�
lk�ðI �1ÞSaI ; J þ lI�kSaI�1; J

�
=
�
lk�ðI�1Þ þ lI�k

�

and

Sbk ¼
�
lk�ðI �1ÞSbI ; J þ lI�kSbI�1; J

�
=
�
lk�ðI�1Þ þ lI�k

�
;

where lk�(I�1) and lI�k are distances between k-th node and
(I�1,J)-th and (I,J)-th intersection nodes, respectively. The
slowness Sm of the m-th node on a vertical line is also given
by the linear interpolation of SbI,J and SaI,J+1. The raypaths and
their traveltimes Tmn between the m-th and n-th nodes are

calculated assuming straight rays and their mean slowness
as follows:

Tmn ¼ lmnðSm þ SanÞ=2;
where lmn is the distance between the m-th and n-th nodes.

Computation of ordinary reflection arrivals

Because the graph method basically computes only first arrivals,
somemodifications to the flow of the conventional graphmethod
are necessary to calculate the required later phase as a first arrival.
One such modification is a two-step traveltime computation for
reflected waves. One step is from the source to a reflector (down-
going waves in Figure 1), and the other step is from reflector to
receiver (up-going waves). This two-step calculation is applied
not only to reflections, but also to later arrival phases such as
refraction and converted phases.

The flow of the calculation for reflections is shown in
Figure 2a. Some temporal modifications to the local velocity
structure are also necessary to replace direct arrivals of the down-
goingwavewith thefirst arrivals of the headwave or divingwave.
Therefore, the velocity structureswithin layers below the reflector
are rearranged by extrapolating from velocity and gradients in the
layer above the reflector (Figure 2b).

Using the down-going expansion step (step 1), traveltimes
such as first arrivals and minimum traveltimes from source to
nodes on a given reflector are determined. Next, we save a record
of the calculated traveltimes and raypaths, and assign all the
network nodes with infinite traveltime except those nodes on
the reflector. Then, we continue to expand a wave front upward
from reflector to receiver (step 2). During this process, points on
the reflector,whose traveltimes are updatedbyanyother points on
the reflector or in the underlying layer, are not adopted as

(a)

(b)

Fig. 3. Calculated travel times of (a) PmP and (b) raypaths using the graph
method for the transition zone of an oceanic crust and a semi-continental crust.
There is a blind zone with no reflected points along the Moho although
arrivals to the ocean surface and arrivals to the receivers are continuous
seen in (b).

(a)

(b)

(c)

Fig. 4. (a) Vertical component of synthetic waveforms for the oceanic-
continental transition zone model. The linear move-out velocity is 8 km/s.
Blue dots showPmP arrivals. The arrivals of the later part included in the PmP
cusp are closed up. Red dots show Pg first and later arrivals, and Pn arrivals.
(b) Raypaths and travel times for Pg and Pn calculated by shooting method
(Zelt and Ellis, 1988). (c) Raypaths of PmP.
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reflection points (Figure 2c). Using the up-going expansion step,
the minimum traveltimes from nodes on reflector to receiving
zones are calculated.

Modification of conventional graph method
for interpreting waveform characteristics

Evaluation of the PmP later arrivals forming the PmP cusp

We modify the original graph method to calculate the reflected
arrivals, but this is not enough for interpretation of complicated
arrivals of PmP.When a reflector or theMoho is curved, the graph
method does not generate reflections at all points over the Moho
(Figure 3). We call the region with no PmP reflections a ‘blind
zone’. We examine how to treat this blind zone.

The shooting method (e.g. Zelt and Ellis, 1988) radiates rays
with continuous ray parameters (take-off angles) from the source
(Figure 4b). This continuous variation of take-off angles
generates arrivals reaching the blind zone seen in the graph
method (Figure 3b). Figure 4 shows an example of raypaths
calculated using the shootingmethod and traveltimes superposed
on synthetic waveforms calculated by the Finite Difference
Method (FDM) (Larsen, 2000). The rays obtained by the
shooting method and synthetic waveforms build a later part of
the cusp of the reflected phase. When we treat the Moho as a
reflector, we call this later part in the PmP cusp ‘PmP2’ in this
paper. It is important to evaluate the arrivals included in the PmP
cusp to determine the shape of the Moho, although previous
crustal structure analyses did not pay much attention to the later
PmP cusp arrivals.

To overcome the blind zone problem for reflected arrivals in
the graph method, we apply a hybrid method, using a shooting
techniquewith themodified graphmethod. The up-going raypath
from the reflector to the receiver is calculated by the shooting
technique after obtaining the down-going raypath from the source
to the reflector by the modified graph method, as shown in
Figure 5b. The incident angle a at the node p on the reflector
is calculated from the local dipof the reflector and the down-going
ray segment connected to the node. The direction of shooting is
determined by the incident angle. The local dip of the reflector at
the node p is given by the central difference of coordinates of
nodes, p�1 and p+1. The travel time from the node p to the
intersectionpointcon thevertical line is calculatedby thedistance
and the average slowness between those points. This enables us to
rapidly estimate the shape of a cusp existing in reflections
typically seen as PmP2.

Calculation of later Pg refraction arrivals and Pg and Pn
mixing arrivals

Asshown inFigure6a, there are several cases inwhichobservable
Pg later arrivals and Pg-Pn mixing arrivals may appear in the
transition zone between an oceanic crust and a semi-continental
crust. We explain two later arrivals: Pg later arrivals and mixing
arrivals of Pg and Pn. In Case 1 seismic waves travel as refracted
waves through the thick semi-continental lower crust (Pg later
arrivals), and in Case 2 they travel as Pg through the thick
semi-continental crust, and as Pn when Pg meets the thin
oceanic crust. We call the later phases the mixing arrivals of
Pg and Pn. They appear only on the transition zone of a thick-thin
crust such as an ocean-continent boundary or the foot of a
seamount or ridge.

Fig. 5. Explanation of later reflection arrivals from the blind zone.
(a) Schematic concept of later reflection arrivals. (b) The shooting
technique for the up-going raypath after the down-going step by the graph
method.

Fig. 6. Schematic explanation of later refraction arrivals. (a) In Case 1, later
arrivals travel as refractedwaves through the semi-continental lower crust, and
in Case 2 later arrivals travel through part of the lower crust in the semi-
continental region and part of the oceanic upper mantle. The ordinary Pn is
shown by a broken line. (b) Case 2, the velocity structure of the oceanic crust
remains as the original. The upper mantle velocities of the semi-continental
part are modified as shown in Figure 2a. After raypath calculations for the
modified structure, all raypaths are drawn on the original structure, and any
raypaths across the boundary under the layer are not adopted. The ordinary Pn
is shown by a broken line.
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Case 1

We calculate the later part of refracted waves in the crust (Pg
later arrivals). The refraction traveltimes propagating in the lower
crust are obtained in the same manner as the first arrivals, by
extending the original velocity of the lower crust to semi-infinite
depths and replacing the uppermantle velocitieswith those for the
crust (Figure 2b). After performing raypath calculations for the
modified structure, all raypaths are drawn on the original
structure. Raypaths across the boundary under the layer are
not adopted.

Case 2

The velocity structure of the oceanic crust remains like the
original; however, the upper mantle velocities of the semi-
continental region are modified by lowering the original Moho
(original interface shown by dotted line) to a much deeper Moho
(rearranged interface shown by solid line), as shown in Figure 6b.
Final raypaths are adopted under the same conditions as for
Case 1. An example is given in the next section.

Converted waves between P and S arrivals

TheP-SV convertedwaves are ordinarily generated at a boundary
between an unlithified sediment layer and a hard rock layer
(Tsuruga et al., 2007). We give five examples of raypaths of
the P-SV converted waves in Figure 7. The names of these
raypaths are defined here for convenience, and the first and
last symbol in each name, P or S, describes the ray types in
the (unlithified) sediment layer.

The calculation of traveltimes for P-SV converted refraction
and reflection waves is simple, and is achieved by replacing the
velocity structure before and after conversion. In the cases of
PSnS, PSgS, and PSmSS, the velocity structure is given by
P-wave velocity for the layers before the P to SV conversion,
and S-wave velocity after the P to SV conversion for down-going
rays. For up-going rays, S-wave velocities are used for the

Fig. 7. Five examples of P-SV converted waves. The names of raypaths are
defined here for convenience, and the first and the end of each name, P and/or
S,mean ray types in sediments. Sg andSn are refractions of anS-wave passing
through crust and mantle, respectively. SmS is a reflection of an S-wave from
the Moho discontinuity. Pg is a refraction of a P-wave passing through
the crust.

Fig. 8. Crustal models for explaining the present algorithms through
comparisons with synthetic seismograms obtained by 2D-FDM. (a) An
oceanic crust to a semi-continental crust transition zone model (Model 1).
(b)Anoceanic crust–oceanic ridgemodel (Model 2).OBSare located at offset
distances of (a) 175 kmand (b) 210 km from the left side, respectively. (c) The
velocity column for both models.
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velocity structure (except in the water layer). The S-wave
velocities are estimated by appropriate Vp/Vs ratios. The Vp/Vs

ratios for ordinary crustal layers and themantle are approximately
~1.73–1.78. The Vp/Vs ratio for unlithified oceanic sediment is
extremely large, namely 5–20.

Numerical examination with synthetic seismograms

Example of a model of the transition zone between oceanic
crust and semi-continental crust

To show the advantages of the proposedmethod,wefirst compute
slowness fields and raypaths in an oceanic crust for the semi-
continental crust transition zone model (Model 1) shown in
Figure 8a, and compare the solutions with those obtained by
the vertical component of the synthetic velocity seismograms
derived by the 2D-FDM by Larsen (2000). An OBS is located at
an offset distance of 175 km from the left side of the model, and
explosion-type P seismic sources are located at 30m below the
ocean surface. The traveltime fields and raypaths are obtained as
common-receiver gather profiles. Both dx and dz, node intervals,
are 0.1 km, and DX is 2 km in the graph method for this model. In
the 2D-FDM calculations, the velocity structure model is given
with a grid spacing of 0.03 kmand the time interval is 0.002 s. The
source time function is a zero-phase Ricker wavelet having a
dominant frequency of 4Hz, and the source is located at the
position of the OBS to obtain common-receiver velocity
seismograms, using to the reciprocity between source and

receiver for a controlled seismic source (Moghaddam and
Kasahara, 2003).

Theoretical traveltimes of first and later refractions compared
with synthetic seismograms are shown in Figure 9a. It is obvious
that later refraction arrivals following the first Pg travel through
the semi-continental lower crust (Case 1, Figure 9b). The later
refraction raypaths are delayed, but are parallel to Pn arrivals
appearing in the area of oceanic crust passing through part of the
steeplydippingMoho (Case2,Figure9c). The traveltimesofPmP
and later reflections from the secondary-reflection zone (blind
zone) are shown in Figure 10a, and each reflection raypath is
shown inFigures10b and10c, respectively.Combining faster and
later reflected arrivalsmake a cusp at a distance of around100 km.
The tangled cusp can be unbound using continuous variations for
ray parameters p (full coverage of take-off angles) from the source
(Kasahara, 1993), although this is not the conventional p-t
method because it depends on a 2D heterogeneous structure.
The reflected zone for later arrivals is recognised at the steeply
dipping portion of the Moho discontinuity. Here, we define such
later arrivals of the reflection from the Moho discontinuity to be
PmP2. It is clear that each phase provides a good explanationwith
the synthetic seismograms obtained by the 2D-FDM.

Example of a model of oceanic ridge (seamount) region

Traveltime fields and raypaths are computed for an oceanic
crust–oceanic ridge model (Model 2) as shown in Figure 8b,
and compared to the result of the 2D-FDM carried out under the
same conditions forModel 1. AnOBS is located on the boundary
between the oceanic ridge and the oceanic crust at an offset
distance of 210 km from the left side.

Fig. 9. First and later refraction traveltimes and their raypaths compared to
synthetic seismograms for Model 1. (a) Vertical component of synthetic
seismogramsbyFDM(Larsen, 2000) and traveltimes computedby thepresent
method. The linearmove-out velocity is 8 km/s. Red and green lines showfirst
arrivals and later refraction arrivals, respectively. Case 1 and Case 2 indicate
later arrivals that travel as refractedwaves through the semi-continental lower
crust and throughpart of the lower crust in the semi-continental region andpart
of the oceanic uppermantle, respectively. (b) Raypaths for first (red lines) and
later refraction arrivals (green lines) (Case 1). (c) Raypaths for later refraction
arrivals (green lines) (Case 2).

Fig. 10. PmP reflection traveltimes and their raypaths compared to synthetic
seismograms for Model 1. (a) Synthetic seismograms and traveltimes. The
linear move-out velocity is 8 km/s. Blue and green dots show PmP and later
reflection arrivals (PmP2), respectively. Left insert: a blow-up of synthetic
seismograms with offset distances between –80 km and –120 km and move-
out traveltimes between 5.5 s and 7.5 s. (b) PmP raypaths obtained by our
graphmethod. (c) PmP2 raypaths reflected from the steeply dipping portion of
the Moho discontinuity.
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Theoretical traveltimes of first and later refractions compared
to synthetic seismograms are shown in Figure 11a. It is evident
that later refraction arrivals following the first Pg phase travel
through the oceanic and oceanic ridge lower crusts (Case 1:
Figure 11b). On the synthetic velocity seismograms, the strong
later refraction arrivals, which are delayed and are parallel to Pn
arrivals propagating through the oceanic crust across the ridge,
pass throughpart of the steeply dippingMohodiscontinuity (Case
2: Figure 11c). Reflection arrivals in the Model 2 are different
from those in the Model 1 as shown in Figure 12. In the ridge
region, it is revealed that reflection points for PmP are confined to
a small area, and most reflections from the Moho discontinuity
travel to receivers as later reflection arrivals, as shown in
Figure 12c.

Example for P-SV converted waves

In the 2D-FDMcalculations to examine P-S convertedwaves, we
used the velocity structure model for distances between 0 and
50 km of Model 1, with a grid spacing of 0.01 km and a time
interval of 0.000625 s. As a source time function we used the
zero-phase Ricker wavelet with a dominant frequency of 4Hz,
and anOBS located at an offset distance of 0 km from the left side
of the model.

Figure 13a shows the radial component of the synthetic
velocity seismograms, and theoretical traveltimes of significant
refractions and reflections of P-SV converted waves, and their
raypaths are indicated in Figure 13b and 13c, respectively. These
converted waves correspond to raypaths of refractions of PSgP
and PSnP, and reflections of PSmSP, as shown in Figures 7a and

7b.We can interpret themeaning of PSgP, identifying very strong
PSmSP and weak PSnP. We can also compute traveltimes and
raypaths of PSgS, PSmSS, and PSnS and use them for
interpretation (Tsuruga et al., 2007).

Discussion

We modified the original graph method algorithm to compute
some of the other major characteristics in crustal structure
seismograms. The later part of PmP in the cusp (PmP2) is
interpreted well by the new algorithm, and can explain
traveltimes in synthetic seismograms. Such waveforms are
frequently observed in the actual datasets (unpublished data).
The shootingmethod, however,may fail if the applied structure is
extremely complicated. We will improve this by using the
shooting method less for up-going rays.

One of the characteristic phases is the mixing phase of Pg
and Pn, seen as the later Pn arrival appearing parallel to the Pn
(Case 2 shown by the green line in Figure 9a). This is also
observed in the actual OBS and air-gun refraction andwide-angle
reflection datasets (Kasahara et al., 2007). The apparent velocity
is nearly the same as Pn, but the arrivals are from several hundred
milliseconds to a few seconds slower than Pn. Because the
apparent velocity is similar to Pn, parts of raypaths are thought
to travel through the mantle. The presence of a delay suggests
much longer Pg paths than first-arrival Pn. This is explained well
by the rays shown in Figure 9c and synthetics in Figure 9a. If the
amplitudes offirst arrivals are not large and are not clear enough to
be identified as first arrivals, later arrivals with much larger
amplitudes are taken as first arrivals, and this leads to an
incorrect crustal structure. Because the Pn phase usually does

Fig. 11. First and later refraction traveltimes and their raypaths compared to
synthetic seismograms for Model 2. (a) Synthetic seismograms and
traveltimes. The linear move-out velocity is 8 km/s. Red and green lines
show first arrivals and later refraction arrivals, respectively. Cases 1 and
2 indicate later arrivals that travel as refracted waves through the lower crust
and through part of the lower crust in the ocean ridge region and part of the
oceanic upper mantle, respectively. (b) Raypaths for first (red lines) and later
refraction arrivals (green lines) (Case 1). (c) Raypaths for later refraction
arrivals (Case 2).

Fig. 12. PmP reflection traveltimes and their raypaths compared to synthetic
seismograms for Model 2. (a) Synthetic seismograms and traveltimes. The
linear move-out velocity is 8 km/s. Blue and green dots show PmP and later
reflection arrivals (PmP2), respectively. Left insert: a blow-up of the synthetic
seismogramswith offset distances between –70 km and –110 km and reduced
traveltimes between 5.5 s and 7.5 s. (b) The PmP raypaths obtained by our
graph method. (c) The PmP2 raypaths reflected from reflectors except (b).
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not show large amplitudes due to the small velocity gradient in the
uppermost mantle travelling as a head wave, it is often difficult to
identify true Pn arrivals. For such cases, we can confirm the
confidence of the structure by evaluating Pg and Pn mixing
arrivals.

The LVL effect is discussed in a separate paper (Tsuruga et al.,
2007). The P-SV converted waves such as PSgS, PSnS, PSmSS,
and PPgS shown in Figure 7 have been recorded frequently on
horizontal components of OBSs (Tsuruga et al., 2008). The
estimation of the Vp/Vs ratio gives information on fractures,
anisotropy, and physical properties of crust and the mantle.
The present algorithm can treat the P-SV converted waves
well. A detailed discussion will be given in a separate paper.
Thenewalgorithmhasbeen applied to actualfield data to interpret
important ray types (e.g. Pg and Pn phase) observed in an
experiment on the ocean-island arc transition at the mid-Izu-
Ogasawara (Bonin) arc margin (Nishizawa et al., 2006).

Conclusions

In calculating traveltimes and raypaths, wavefront methods on a
regular grid based on graph theory are robust even with
complicated structures, but basically compute only first
arrivals. To overcome this weakness of the graph method, we
developed a modified graph method to interpret several
characteristic phases appearing in the crustal structure study
obtained by OBS-air-gun refraction and wide-angle reflection
surveys. Among several waveform characteristics, four phases
are critical for determining the crustal structure at complicated
crustal zones.

By the use of the new algorithm, we can interpret a Pg later
phase, a Pg and Pn mixing phase observed as strong arrivals

appearing behindPn, the triplicatedMoho reflected arrivals (PmP
cusp), and converted phases between P and S. The interpretation
of the above later arrivals improves the confidence of the crustal
structure model. In particular, the PmP cusp interpretation can be
used to obtain the shape of the Moho.

Using models for an oceanic crust-semi-continental crust
transition model and oceanic crust -oceanic ridge model, we
showed the usefulness of this algorithm, confirmed by synthetic
seismograms using the 2D-FDM. The characteristics of arrivals
and raypaths for the twomodels differ fromeach other in that only
using traveltime data for the crustal structure analysis involves the
risk ofmisinterpretation of reflected arrivals around a ridge and/or
seamount region.

Full waveforms obtained by OBS arrays potentially involve
abundant information about crustal structure.Ourdevelopmentof
a technique for analysing beyond first arrivals will contribute to
more reliable interpretations.
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