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Identification and usage of multiples
in crustal seismics — An application in
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Multiple seismic phases associated with deeper hori-
zons have been observed in long-range seismic re-
fraction sections. These have been successfully
distinguished from the primary events and utilized
to build crustal velocity—depth section along Gopali-
Port Canning profile, Bengal Basin.

PHASE identification is the basic component of seismic
data processing. The phase may correspond to primary
events like refraction, reflection, diffraction and con-
verted wave. In addition, multiples of various kinds are
observed in some cases depending on the geological
setting of the region. These phases in favourable cir-
cumstances can be identified and distinguished from the
primary using the difference in their arrival times.
These multiples (conventionally viewed as ‘noise’) have
been utilized as ‘seismic signals’ to build up velocity—
depth models' 2.

Crustal velocity—depth ~section® was built along a
profile in West Bengal Basin (Figure 1; first arrival
refracion and later arrival wide-angle reflections) using
only primary phases. Crustal section along this profile,
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viz. Gopali-Port  Canning  provided  velocity—depth
details of the sedimentary column, basement and sub-
basement crust. Subsequently, an additional layer has
been introduced® at the lower crustal level utilizing only
primary phases. As the record sections of Gopali—Port
Canning contain  significantly high amplitude multiples,
2D velocity—depth sections down to the basement have
been buil™® by using free surface multiple diving waves
and multiple reflections. These velocity—depth sections,
generated by using multiples were better constrained to
claim higher accuracy. These sections have brought into
focus the finer variations in the velocity gradients in
different shallower layers, which otherwise could not
have been obtained from the processing of primary
phases alone.

The multiples associated with deeper layers have
neither been identified nor utilized earlier. Refraction
seismograms of Gopali-Port Canning profile are seen to
have several strong phases even at a distance of 80 to
130km away from the source. These phases are seen
intermixing with the primary phases. Seismograms of
all the shot points contain the phases that are identified
as pegleg multiples®® and reflected refractions’®*.
These are the multiple events reflected from deeper
boundaries (basement, sub-basement and the Moho). In
the subsequent exercise, modelling of primary events
along with the multiples has been carried out. These
newly identified phases have thus been utilized to test
and modify the crustal velocity model derived earlier’.
In the process nearly all the prominent phases, which
were present in the observed seismograms but remained
unexplained have been synthetically reproduced, for
increasing confidence in the constructed model.

Multiples are reflections that have undergone more
than one bounce. It means that the wave gets reflected
by the same or another reflector one or more times and

returns to the surface to be recorded by the geophones'.
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Figure 1. Location map of Gopali-Port Canning profile in West
Bengal Basin on the geological map of the region.
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receive signals more than once
reflector. The first multiple
path is approximately twice the length of the
primary ray path. If the travel time for the first
multiple is ¢ the travel time for the second multiple
will  be multiple  will
thus appear on the seismic section as a reflection at a
time ¢ below the primary event'' (as shown in the Figure
2a); the second multiple will appear at a time 2f and so
on.

Multiples are classified into free surface multiples'
(multiple  diving and multiple reflections), long- and
short-path  multiples and  ghosts''.  Multiple  diving
waves are generated when the diving waves get
reflected at the free surface of the earth one or more

The geophones thus
from the same seismic

approximately 2z The first

times. These arrivals appear in arcuate shapes on a
travel time plot with their curvature concave down-
wards. The multiple diving waves are produced with

strong amplitude character, if high velocity gradients
are present in the sedimentary layers. The curvature of
the multiple reflection travel is concave upwards. Peg-
leg multiples are caused by an extra bounce between
two reflectors. Long-path multiples appear as separate
reflections because the travel path is large compared to
the primary reflections. In a condition as like in Figure
2b, the short-path multiples arrive at the surface
slightly after the primary reflection because the bed is
very thin. They interfere with the primary reflections.
The short-path multiples appear as separate events if the
layer is dipping or thick. Ghosts are short-path multi-
ples, common to both land and marine seismic sections.
These occur when seismic energy that initially travelled
upward from the source, is reflected downward from the
surface or base of the weathering zone. They closely
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Figure 2. Schematic diagram of (a) primary reflection and simple
multiple; and (b) common types of multiple reflection (courtesy:
Badley'").
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follow the same travel path of the main pulse in the
downward direction (Figure 25). They reach the surface
almost as close as the primary reflection.

Two-dimensional forward ray-tracing technique
Rayamp-PC (ref. 12) is an effective algorithm for com-
puting synthetic seismograms in laterally inhomogene-
ous media. The method based on zero-order asymptotic
ray theory (ART), which has high frequency approxima-
tion, corresponds to the geometrical optics solution. It is
primarily intended for wuse in refraction and reflection
studies, and provides an economical means of seismic
modelling. A 2D velocity—depth model is divided into a
number of boundaries. Each has a velocity and a gradi-

ent assigned to it. FEach boundary contains constant
seismic  parameters.  First-order interfaces are repre-
sented by an arbitrary number of dipping linear seg-
ments.  Amplitudes are  determined by  generating
spreading  of  spherical wave fronts and energy-
partitioning at interfaces.

To generate primary refractions, reflections, and

multiple events and the corresponding seismograms, we
used Rayamp-PC (ref. 12) program. The ray paths of
multiple phases used are shown in Figure 3. This pro-
gram offers the possibility of investigating the individ-
ual elementary waves. This has proven to be very useful
in the interpretation of the peg-leg multiples originating
from the deeper horizons. Since the final model largely
depends on a correct treatment of amplitudes2 during
modelling, this aspect has been taken into consideration
both in identification, generation and usage of peg-leg
multiples and reflected refractions. In processing the
data care has been taken in adjusting interfaces and the
velocity contrasts until we amrived at satisfactory
matches between the observed and synthetic record
sections for all shot points. As seen from Figures 4 and
5, the ray method, though approximate in modelling,
has produced synthetic record sections well matched
with the observed ones.

The record sections observed for different shot points
and the corresponding synthetic seismograms for the
final model developed are strikingly similar. SP 7 sec-
tions (Figure 4a) are shown as an example. Travel-time
curves of SP 7 (Figure 4a, b) for various phases are
marked by P-refraction and reflection phases, long-path
multiples P78, ete), short-path  (peg-leg) multiples
(P'P7 and PP, etc) and reflected refractions
(Ps.oP>7, etc). The primary wide angle reflection phases
from LVL (velocity of 5.7km/s), upper (velocity
64 km/s), middle (velocity 6.8km/s), and lower crust
(velocity 7.5km/s), and the Moho (velocity 8.1km/s)
are present in the seismogram. A close observation of

the primary and multiple events (observed) and the
generated  synthetic  seismograms  clearly  indicates a
one-to-one  correspondence, which  obviously  justifies
the adopted methodology.
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Figure 3. Schematic ray diagram showing rays for reflected refrac-

tions (a—c), long-path multiples (d) and short-path (peg-leg) multi-
ples (e), where v and u correspond to the velocity (km/s) of the
layers. S and R are the source and receiver positions, respectively. P,
represents a refraction through the final layer with velocity v, P7, P*
represent reflections from the top of the layer with velocity v and u,
respectively.
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Figure 4. Record sections of (a) observed and (b) synthetic seis-

mograms for SP 7. Travel-time curve phases, are marked by P refrac-
tions and wide-angle reflection phases from upper crust, mid crust,
lower crust and the Moho (indicated with the numbers as 5 (P** or
P51 (P%% or P°%), 2 (P7%) and 9 (P*"), respectively), boundaries
and long -path multiples from mid-crust (4 (P*7P°*®)), the Moho (14
(P*7P*")), short-path (peg-leg) multiples from upéper crust (7
PP 7)) mid-crust (6 (P**P°7), 8 (P**P* 77) 11 (P**P*®), lower
crust (19 (P7 *P**)) and the Moho (13 (P*'P*7) and 17(138‘132 N, 16
(PY'P*%) and reflected refractions from basement (3 (P*7Psy), 10
(PsoP?7), 12 (PsoP>?), 15 (Ps.oP®°) and 18 (P oP"?) of the primary
phases for the model in Figure 6. For naming the phases the norm
explained in case of Figure 3 has been followed.

As  detailed above, multiples are generated when
specific compositional and structural environments are
present in the sub-surface geological formations. In the
Bengal Basin, favourable geological conditions exist for
the generation of pegleg multiples and reflected
refractions. These multiples can be identified and
segregated from the primary events mainly due to
differences in the amrival time (at a certain
receiver distance). An example is cited below to give a
clear picture. Figure 4a and b contains both the primary
and multiple events. When these are critically studied,
is noticed that the primary event belonging to mid-
crustal layer is different in character from the multiple
event in the following way:

Source—

Figure 4a and b contains both the primary and multiple
events. The primary reflection (P?%) fom the mid-
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crustal layer is indicated by the numeral 1. This is seen
to have amived at a time of 3.05s to 2.65s in the
reduced travel time'’. Normally the pegleg multiples
from deeper layers depend on the wvelocity, thickness,
dip and structure of the shallow layers. If the thickness
of top layer, which is near the surface is very thin, then
the multiples will amive soon after the primary
reflections. But in the case of a 2D structure, the long-
path and  short-path  (peg-leg) multiples that are
generated from deeper layers will have different travel
paths compared to the primary. The long-path and
short-path  (peg-leg) multiples, which are  generated
from the horizontal layers have identical travel distance
curves and appear as one event although they follow
different ray-paths.

The present model which is utilized to produce
multiples has a complex structure. The generated long-
path and short-path (peg-leg) multiples have different
travel time because of the dipping effect. The long-path
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Figure 5. Record sections of (a) observed and (b) synthetic seis-

mograms for SP 2. Travel-time curve phases are marked by P refrac-
tions (4 (Ps.0)) and wide-angle reflections phases from LVL, upper
crust, mid crust, lower crust and the Moho (indicated with the num-
bers as 5 (P*%), 7 (P** or P®*), 2 (P%® or P**%) and 3 (P*® or P*%),
1 (P"%)and 8 (P*") resépectively), boundaries and long-path multiples
from LVL (15 (P*7P*%)), upper crust (14 (P*7P**)) and mid-crust (6
(P*"P*%)) and short-path (peg-leg) multiples from upper crust (9
PSPy, mid crust (10 (PS°P*7), 16 (P**P°®)), lower crust (13
(P"°P*7), 17 (P7°P**)) and the Moho (18 (P*'P*®)) and reflected
refractions from basement (11 (Ps.oP”"), 12 (P*"Ps)) of the primary
phases for the model Figure 6.
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multiple  generated from the mid-crustal layer s
indicated by numeral 4 (P"P*®). The time of its arrival
is clearly different from the primary event arrival (time
431s at 8 km and 338s at 115km distance from SP 7
compared to time 3.68s at 85km and 2.81s at 115km
for the primary event). This is vividly depicted as a
separate  event. The  short-path  (peg-leg) multiple,
indicated by numeral 8 (P8P*7), has tavelled in a
different path. It appears as a separate event, but near
the primary event (for time 3.10s at 110km and 293s
at 123 km distance compared to time 2.96s at 110km
and 2.75s at 123km for the primary event), because the
thickness of the particular layer is less.

Similar analysis has been done for all primary events
and corresponding multiples generated from basement,
LVL, lower, middle and upper crust; and the Moho, as

shown in the Figures 4 and 5 for SP7 and SP2,
respectively.
This paper mainly deals with the multiple events,

which appeared at a long range ~80-130km from the
shot-point. The identified multiple events are generated
from deeper layers. The multiple reflections from the
shallow layers appear near distances from the
So in the record sections these events are not present.
Multiple reflections are also generated along with the
primary events and long and short-path multiples.
Normally the time taken by multiple reflections from
deeper layers to reach the surface is more than 8s
(reduced time). But the available data are up to 8s
(reduced time) only, the source of these multiple
reflections is missing (Figures 4a and 5a). To produce
ghost reflections, the source should have some depth. In
this field study, the source is located very near the
surface, so the ghost reflections are not generated.

SOource.

A priori information helps in constraining a better
model. As the objective of the present study is identify-
ing, distinguishing and utilizing the multiples from

g o
g Pt 5 « H
>
3 3 : 3 gz 2 £ S
5 z £z 33 & z E
& & S = oI = o i
SIPI SP2 20 SIP3 SIP4 DISTANCE (ki) P5 ‘ : :
Worl vy 73 it P 1suo. 80 SP3 100SP6  i20SP7  SP uog
55002) 3803 SouLs —
ok 60 10
57
6-5 64
E 20 ~20 ’_é
£ E
& 68 685 a
Qa30r 3o
75 75
40 o Ta0
Velocity = 2.7km/s
Grodient = (0-6)km/s/km
50 L -50

Figure 6. Crustal velocity—depth model along Gopali—Port Canning
profile as constrained from use of multiple phases.
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deeper horizons we have made use of the velocity—
depth models®® as initial inputs for the shallower part
and the model’ for the deeper section. The first step led
to generation of the multiples using the initial model.
After this was carried out through trial and error process
we have refined the model in such a way that forward
modelling technique has helped in producing both the
primary and multiple events that are similar to the ob-
served events on the seismograms of all the shot-points
of Gopali-Port Canning profile. Both observed and
synthetic seismograms corresponding to the shot-point,
SP7 and SP2 are shown (Figures 4 and 5) as they cover
both the ends of the Gopali-Port Canning profile and
more or less have been used to a major extent in the
present study, being long-range mutual shot-points. The
wide-angle primary reflections from upper, middle, and
lower crust, and the Moho and their long-path and
short-path  (peg-leg) multiples are visible on the
observed seismograms of all shot-points. In addition,
we derived the velocity—depth section by using different
types of multiples as detailed above (Figure 6), for a
better projection of the use of multiples.

This model differs from the earlie’ model. There is
variation in the velocity contrast. The later arrivals that
were not considered in the earlier model have also been
considered in the present case, with the usage of multi-
ples. This in turn has increased the confidence level of
the present model, as the present model has taken into
consideration subtle variations in the velocity gradient
in the different subsurface layers. There is a slight
variation in the thickness (around 500m) of the LVL
compared to the earlier model, with the velocity in the
LVL remaining 5.6km/s. The velocity from the top of
the granitic layer to the top of the LVL varies from 5.65
to 6.00km/s. In the upper crust the velocity varies from
6.35 to 6.6km/s. The mid-crustal layer (velocity 6.8 to
6.85km/s) becomes shallower by about 1km compared
to the earlier model. The lower crust having velocity
7.5km/s is more or less horizontal. The Moho boundary
is at 39-40km depth. The velocity-depth model (Figure
6) explains well, the main features of the observed

record sections. The synthetic seismograms could repli-
cate the observed seismograms in a better way here than
those obtained earlier’ as multiples are also explained in

addition to primary refraction and wide-angle reflec-
tions.

It is relevant to state that our processing exercise is
significant, as  identification ~of multiples associated
with deeper horizons (from long-range refraction seis-
mogram), segregating them from primary events and
utilizing them to build up velocity-depth models have

been camied out, utilizing seismic refraction data gener-
ated in India.

The study of different types of multiple events helps
in deducing the thickness and wvelocity of the layers. It
has been proved that to construct a better crustal veloc-
ity-depth section, one should model not only the pri-
mary phases but also their multiples. The use of
multiples will provide an opportunity for a re-valuation
of existing models of crustal structure.
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