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Abstract

Internal multiples, if not properly identified, are a significant impediment to seismic reflection data analysis. As
researchers engage with the full multidimensional
internal multiple prediction and removal problem, it has
been suggested that some of the obstacles this presents,
especially on land, can be addressed by applying 1D
prediction algorithms to near offset or post-stack data. We
examine this possibility by carrying out 1D predictions on
a zero-offset physical modelling data set and a post-stack
land data set, both of which are likely to contain significant multiple energy. Our results confirm the kinematic
accuracy of the predictions by comparing them against
synthetic traces, and flesh out the problem of optimally
choosing the integration limit parameter e in the algorithm. The results also bear out the idea of using predictions alone as a quick interpretation tool. The prediction
output in any given case may potentially be too noisy to
permit effective subtraction. However, it may yet constitute a sort of “multiple probability map”, useful for identifying both multiples themselves, and primaries whose
amplitudes are likely to have experienced interference
from them.

Introduction

Internal multiples are reflected seismic events which have
undergone one or more downward reflections in the subsurface
and which have not reflected at the surface (e.g., Weglein and
Dragoset, 2005). These events are usually considered to be
coherent noise, of a type particularly damaging to amplitudevariation-with-offset analysis (Foster and Mosher, 1992),
although the independent subsurface information they contain
is increasingly invoked (e.g., Youn and Zhou, 2001; Malcolm
and de Hoop, 2005; Ong et al., 2013). Whether we regard them
as signal or noise, the ability to identify internal multiples
amongst primaries is a key technological need.

Algorithms for the prediction and removal of internal multiples
without subsurface information first appeared nearly 20 years
ago (Araujo et al., 1994; Weglein et al., 1997; Weglein et al.,
2003). Since that time the original theoretical framework has
been progressed (e.g., Matson, 1997; Weglein and Matson, 1998;
Ramırez and Weglein, 2005; Zou and Weglein, 2013), and alternative prediction-based methods have also emerged (e.g.,
Jakubowicz, 1998; Berkhout, 1999; Verschuur and Berkhout,

2001). In marine environments, field application is now well
documented (Otnes et al., 2004; Griffiths et al., 2011), though the
computational burden imposed by multidimensional versions
of the algorithms remains an issue. Inverse scattering internal
multiple prediction on land data, meanwhile, is far less well
advanced (Luo et al., 2011); noise being a particularly important
problem. A noisy trace, densely populated with events of
varying order, and a similarly noisy prediction, are difficult to
subtract from one another without damaging primaries (Abma
et al., 2005).

The purpose of this paper is to examine the ability of internal
multiple prediction methods to add interpretive value under such
circumstances, especially in land application. We seek an
approach which does not involve burdensome computation,
takes into account the difficulties of subtraction on land data,
supports interpretation, and which takes no stand on the question
of whether to remove multiples or use them.

Reshef et al. (2003) have suggested that the problems associated with subtraction can be avoided by allowing the prediction itself to be the final output, an interpretation tool for
identifying multiples. In its capacity as a tool for identification
only, much can potentially be done with 1D versions of the
algorithm, applied to zero-offset or even post-stack data. 1D
versions of internal multiple prediction algorithms are not
computationally intensive.

We have employed a staged approach to developing prediction
as an identification tool: we begin with a physical modelling
study, and then we progress to a field study. Physical modelling
provides real data in controlled environments, and has in the
past shed light on a range of seismic issues, for example tuning
(Cooper et al., 2008), elastic converted waves and imaging
(Purnell, 1992), orthorhombic anisotropy (Cheadle et al., 1991),
and shear wave analysis (Tatham et al., 1983). The Consortium
for Research in Elastic Wave Exploration Seismology
(CREWES) physical modelling facility has recently been
involved in experiments to characterize amplitude-variationwith-azimuth (AVAZ) over anisotropic targets (Mahmoudian et
al., 2012), and nonlinear AVO (Innanen and Mahmoudian,
2013). A further experiment has now been carried out to acquire
zero-offset reflection data above layers with impedances chosen
to generate strong internal multiples (see also Hernandez, 2012;
Hernandez et al., 2012). This provides an opportunity to
analyze zero-offset predictions using real measurements with
well-characterized internal multiples, whose arrival times are
known a priori.
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With some insight having been derived from the physical
modelling data analysis, we next considered a land data set
acquired in north-eastern British Columbia (hereafter referred to
as the NEBC data set). In both the physical modelling and field
cases, we compared the data and the internal multiple predictions to synthetic traces. In the case of the physical modelling
data set these were based on the known impedances. In the case
of the NEBC field data these were based on well log data.

Finally, we discuss the prediction output in its capacity as a
map detailing the relative probability of interference from
multiply-reflected noise.

1D internal multiple prediction and synthetic
modeling

The formula for 1D internal multiple prediction (Weglein and
Matson, 1998) is
(1)
where b3IM is the output prediction and b1 is the input data in
the pseudo-depth domain. An input trace b1(t) is transformed
to b1(z) by scaling the time axis to pseudo-depth, via z = c0t/2.
With b1(z) in hand, the right hand side of equation (1) can be
calculated. In 1D, the wavenumber kz is related to temporal
angular frequency ω by kz = 2ω/c0, where c0 is a reference
medium velocity. After computing b3IM( kz), we change variables from kz to ω, and inverse Fourier transform b3IM(ω) to
produce the time-domain 1D prediction. The pseudo-depths
and wavenumbers in equation (1) allow the algorithm to be
straightforwardly extended to 1.5D, 2D and 3D cases, and are
not strictly necessary for these 1D normal incidence examples.
We will use them in this paper nevertheless, to maintain
consistency with the literature. Equation (1) has two parameters which must be fixed using externally-derived information.
The first, the velocity c0 is, theoretically, the velocity of the
medium in which the sources and receivers are embedded, and
in inverse scattering methods this is usually assumed to be
known. However, in 1D internal multiple prediction, the
results are not very sensitive to the c0 value used. We used the
speed of sound in water, 1500m/s, in all of our examples. The
second, the parameter ε, affects the integration limits in the
prediction, and ensures the correct incorporation of sub-events
(Weglein and Coates, 1996). It is related to the wavelet length,
and must be determined optimally. If ε is too small, the prediction will generate spurious energy at primary reflection arrival
times, and if it is too large, it will begin to miss multiples. In the
computationally non-intensive 1D case, an ε value can be
determined by trial. Beginning with an ε similar to the wavelet
length (found, for instance, by calculating the distance between
the first two lobes of the autocorrelation of the trace, as
discussed by Hernandez, 2012), the parameter is increased
until artifacts nearby the arrival times of known primaries are
optimally reduced.

In several instances in our study we compare predictions
against synthetically generated seismic traces. The physical
modelling data we investigated are in the form of a zero-offset

section, and the field data are analyzed after stack, and our
comparisons are almost exclusively based on kinematics.
Consequently, we have employed a very simplified approach to
synthetic modelling of traces. We assume the Earth to be a
sequence of layers with given interface depths and P-wave
velocities. We model a trace assuming a plane wave with the
spectrum of a zero-phase Ricker wavelet to be normally incident on the layer sequence. We model all primaries, and include
any free-surface and/or internal multiples judged to be significant. The amplitudes of these events include reflection and
transmission coefficients, but neglect geometrical spreading, on
the argument that we would only have to correct for this effect
in our data analysis.

Multiple prediction on physical modeling data

A 1:10000 scale seismic physical modelling experiment was
conducted to acquire vertical- component zero offset reflection
data over a multi-layer acoustic and elastic model (see Wong et
al., 2009, for details on the modeling facility design). The materials used were water, plexiglas, aluminum, and polyvinyl chloride (PVC). The sources and receivers were 1.33mm piezoelectric
CA 1136 pin transducers, acting as vertical component
geophones. These were fixed at a depth of 2mm below the water
surface. The approximately coincident source-receiver transducer pair was marched above the physical model, which is
illustrated in Figure 1 along with its scaled dimensions and
elastic properties. The slab of aluminum (with a scaled thickness
of 145m) was expected to be a significant multiple generator on
account of its high impedance.

The data, which in raw form had a scaled dominant frequency
of 50Hz, are plotted after deconvolution in Figure 2.
Diffractions from the corners of the aluminum slab are faintly
visible, but the zero offset traces are generally consistent with
1D modelling, and are classifiable as being “off aluminum” (left
and right edges) and “on aluminum” (centre). The high velocity
of the aluminum has pulled the primary reflection from the top
of the PVC layer up from approximately 1.9s to about 1.7s, just
beneath the reflection from the top of the aluminum layer. The

Figure 1. Schematic diagram of the physical modelling experiment,
profile view. All lengths are in scaled units (i.e., physical modelling units
multiplied by 10000). The transducers are set just below the surface of the
water (top of diagram), and are marched together in a nearly zero-offset
configuration across the model.
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two events at approximately 2.2s and 2.4s are first order freesurface multiples originating from the top and bottom of the
770m plexiglas layer (see Figure 1).

We compare synthetically generated traces against two representative traces from the physical modelling data, one off (Figure 3)
and one on (Figure 4) the aluminum slab. In Figure 3a-c the

synthetic primaries, free-surface multiples, and internal multiples are respectively plotted for the off-aluminum case. These are
added together to produce the full modelled trace in Figure 3d,
alongside which in Figure 3e the physical modelling data trace is
plotted. Figure 4 is assembled similarly. At later times in both
figures, some phase and amplitude differences between the
measured and modelled traces emerge. These are expected, as we
have modelled with scalar wave physics, neglected spherical
spreading, and not accounted for non-welded contact between
the various slabs. The kinematics, which are our focus in this
paper, match well.

The synthetic internal multiples in the on-aluminum case are replotted on the right hand side of Figure 5, with the five dominant internal multiples labelled M1 through M5. On the left the
ray paths for M1 through M5 are illustrated. Note that the pegleg multiples M4 and M5 each actually consist of two superposed events with different paths but the same arrival times.

The prediction process (equation 1) is then carried out on each
trace in the physical modelling data set. For comparison
purposes, the output has been multiplied by -1 prior to plotting. The inverse scattering theory prescribes that the output of
the prediction is to be added to the data to remove the multiples, and so the negative of the multiple, rather than the
multiple itself, emerges from the processing. We will continue
with this cosmetic polarity change for the remainder of the
physical modelling examples. The two parameters c0 and ε are
Figure 2. The zero offset section acquired over the physical model illustrated in Figure 1. The data are plotted after deconvolution. The time axis
set at 1500m/s and 100 sample points (i.e., 100 ms in scaled
is in scaled units (i.e., physical modelling units multiplied by 10000).
time units, and 75m in scaled
pseudo-depth z = c0 t/2 units) respectively. In Figure 6a the input data are
plotted in comparison to the prediction output in Figure 6b. A representative trace from this output is
examined in detail in Figure 7. In
Figure 7a the input trace is plotted,
and the prediction is plotted in
Figure 7b, with the synthetic internal
multiples plotted for comparison in
Figure 7c. The synthetic multiples
and the prediction are in qualitatively
good agreement, though with some
non-negligible noise below 2s, whose
provenance is not completely understood (for a discussion of additional
sources of multiple prediction artifacts, see Liang et al., 2013). The
multiple at approximately 2.2s is the
superposition of a free-surface
multiple and an internal multiple,
whose phases are such (referring
back to Figure 4) that the combined
event has an anomalous dipole
appearance. Notice that the internal
multiple prediction predicts the
correct shape of the multiple as well
as its arrival time, in spite of the interference it suffers in the input data.
Figure 3. Synthetic data v. physical modelling data, “off aluminum” case (i.e., for source/receiver to the left

of the aluminum slab illustrated in Figure 1). From left to right, we have (a) the synthetic primary reflections; (b) the synthetic free-surface multiples; (c) the synthetic internal multiples; (d) the full synthetic trace,
i.e., the sum of a-c; and (e) the physical modelling trace.

CJEG 39 June 2014

Melissa J. Hernandez and Kristopher A. Innanen
The prediction correlates well with
the modelled multiples, but even in
this “clean” laboratory example some
noise is visible, especially between
1.8s and 2.0s. Internal multiple
prediction relies on events being
separated in time by at least an
amount ε, and a noisy prediction
results from inevitable violations of
this assumption. Let us pursue this
further by examining the consequences of choosing an erroneously
low or erroneously high ε value. The
same synthetic multiple trace as in
Figure 7a is replotted in Figure 8a.
Adjacent are three prediction results:
in Figure 8b an erroneously low ε
value of 10 sample points (i.e., 10ms
in time, 7.5m in pseudo-depth) has
been used, in Figure 8c the optimum ε
value of 100 sample points (i.e.,
100ms in time, 75m in pseudo-depth)
has been used, and in Figure 8d an
erroneously high ε value of 200
sample points (i.e., 200ms in time,
150m in pseudo- depth) has been
used. Artifacts due to an erroneously
low ε value are evident in Figure 8b Figure 4. Synthetic data v. physical modelling data, “on aluminum” case (i.e., for source/receiver over top
above 1.4s, and a missing prediction of the aluminum slab illustrated in Figure 1). From left to right, we have (a) the synthetic primary reflecdue to an erroneously high ε value is tions; (b) the synthetic free-surface multiples; (c) the synthetic internal multiples; (d) the full synthetic trace,
i.e., the sum of a-c; and (e) the physical modelling trace.
visible in Figure 8d at 1.4s. The
optimum choice, while imperfect,
limits artifacts and predicts all expected multiples. The problem
of minimizing and then understanding predictions and potential artifacts will figure significantly in the land example we
discuss next.

Land data and predictions

A 2D 3-component land seismic survey was carried out in
North Eastern British Columbia (NEBC), Canada, in preparation for a much larger 3D-3C survey. The data set has undergone reflection and refraction analysis, and VP/VS estimates
and statics corrections have been calculated (Zuleta, 2012). We
make use of one line of this data set, processed to stack, in our
study. Well log data is available also, though we have made
cautious use of it as the well was offset from the line by several
kilometres.

In Figure 9 the data are plotted after stack, with an early time
mute to remove incoherent noise. The full line is plotted in Figure
9a, and a selection of traces is plotted in detail in Figure 9b. The
tops of four important geological markers are included, corresponding to the Banff, Exshaw, Jean Marie, and Otter Park
Formations. The surface of this region of northeastern British
Columbia is mainly tills, rich in clay and sediments of glaciolacustrine origin, in some areas presenting thick organic deposits in
poorly-drained areas (Levson et al., 2005). The Banff formation
belongs to the Fort St. John Group (Lower to Mid Cretaceous),
the shallower part of which is a sequence of interbedded sandstones, siltstones and shales (Glass, 1997). The Exshaw formation,

Figure 5. The ray paths of the five dominant internal multiples expected
from the physical model in the “on aluminum” case. Note that M4 and
M5 actually involve contributions from two peg-leg paths each, whose
arrival times are identical.

which is unconformably overlain by the Banff formation, consists
of siltstone and limestone above black shale. The Jean Marie
formation is an argillaceous, silty and dolomitic fossiliferous
limestone, and the Otter Park formation is a medium to dark grey
calcareous shale presenting radioactive siliceous black shale beds
(Macphail et al., 2008).
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Figure 6. Selection of internal multiple prediction output traces, plotted against scaled time. (a) Input data, with “off aluminum”
traces visible at the left end, and “on aluminum” traces visible on the right; (b) prediction output.

Figure 7. Detail of internal multiple prediction. (a) Input trace; (b)
prediction output; (c) synthetically modelled internal multiples.

Figure 8. Influence of the parameter ε on prediction. (a) Synthetically modelled
multiples; (b) prediction with an erroneously low ε value of 10 sample points
(10ms); (c) prediction with an optimal ε of 100 sample points (100ms); (d) prediction with an erroneously large ε value of 200 sample points (200ms).

In Figure 10 we adapt the NEBC well log data discussed by
Zuleta (2012), displaying the VP log only, in order to analyze
and model the arrival times of the events, including the multiples, in the seismic data. This well is several kilometers from the
seismic line, so it can act as a rough guide only; we have
neglected some important geological markers in the log which
do not present as significant events in the data. The four
markers discussed above, which are correlated with events in
the data, are included in the log plot.

The well data are used to devise a blocked VP profile involving
these four markers, which are assumed to be planar reflecting
boundaries. The layer model is illustrated in Figure 11, with the
interface depths and layer velocities included. Several ray paths
are also illustrated, corresponding to the four primaries,

labelled P1 through P4, and the significant internal multiples,
labelled M1 through M6. As in the physical modelling data set,
two of these multiples, M5 and M6, are in fact each the superposition of two peg-leg multiples with different paths but identical arrival times. The associated primaries are illustrated on
the right, as are the multiples. We note that M5 (which is
already a superposition of two multiples) should be expected to
interfere with M2, and that M1 should be expected to interfere
with the primary P3 reflecting from the top of the Jean Marie
Formation.
The synthetic traces are plotted in a more complete form in
Figure 12. The traces are repeated to resemble a post-stack
section. In Figure 12a the full section is plotted, opposite the
modelled internal multiples alone (Figure 12b). Most of these
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Figure 10. VP log with geological
markers indicated. The well is
situated several kilometres from
the line illustrated in Figure 9,
and so it is used as an approximate means for modelling the
zero-offset traces.
Figure 9. Poststack section from NEBC land data set. (a) Full section; (b) 10 traces in detail, with the four major
geological markers responsible for the primary reflections labelled on the right. Data are muted at early times
to remove incoherent noise.

multiples are difficult to detect by eye in the full section, but if
the multiples alone are compared against a clipped version of
Figure 12a, the events appear (Figure 12b-c).

As a preliminary test before we apply the prediction processing
to the field data, we predict the internal multiples using the
synthetic traces as input. The results are illustrated in Figure 13.
In Figure 13a the input data are plotted, and in Figure 13b we
plot the output of the prediction algorithm (in equation 1). The
modelled multiples in isolation (Figure 13c) are also compared
against the prediction (Figure 13d). The kinematics appear to be
essentially correct. The amplitudes are also essentially as
expected, with an overall sign difference (i.e., such that
summing the prediction and the input data acts to attenuate the
multiples), and with amplitude discrepancies which increase
with the number of trans- mission interactions the event has
experienced, as expected (Weglein and Matson, 1998).
Discrepancies are also visible in the wavelet phase, arising from
the convolution and correlation aspects of the prediction, but
the output events maintain the symmetrical character of the
input events.

In Figure 14 we plot the input data (Figure 14a) alongside the
prediction output (Figure 14b), with ε chosen to be 13 sample
points. In Figure 15a we plot the prediction again, with selected
portions plotted in detail in Figure 15b-c.

Figure 11.A four interface blocked model of the subsurface beneath the
NEBC line, with geological markers indicated on the left. Primary and
selected internal multiple ray paths are included, including several pegleg multiples which arrive at the same time. On the right the synthetically modelled primary reflections and internal multiples are plotted at
their expected relative arrival times. We note in particular that the
primary P3 and the multiple M1 should be expected to interfere, as
should the multiples M2 and M5.
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Figure 12. Synthetic traces constructed from the blocked model in Figure 11. (a) Full data, normal
clipping; (b) internal multiples alone; (c) full data, clipped to highlight the lower amplitude multiples, against the internal multiples alone (d).

Figure 13. The prediction algorithm carried out on the synthetic data. (a) Input data; (b) prediction
output; (c) synthetic multiples alone, plotted versus (d) the prediction.
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Figure 14. Land data example. (a) Input NEBC poststack seismic data; (b) prediction output.

Figure 15. Prediction output. (a) Full zero-offset prediction section; (b)-(c) details extracted from (a).
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One of the detailed sections is plotted in Figure 16, with the
synthetic model of the multiples in Figure 16a and the output
in Figure 16b. The same modelled multiples and the prediction
are plotted opposite the input data in Figures 17a, c, and b
respectively.

The balance between artifacts and missed predictions we investigated with the physical modelling data evidently arises here
on land data also. This will impact any plans to subtract the
predictions from the input data, i.e., to engage the full prediction-subtraction processing flow.

Discussion

Figure 16. Comparison of detailed extraction from (a)
the synthetic internal multiple traces and (b) field
prediction output.

A key question effectively posed by the land results in the
previous section is: should we, or should we not, feel confident
enough to subtract Figure 14b from Figure 14a? The concern is
that, given a prediction with energy distributed throughout, it
is not certain that subsequent interpretation would be
improved, unchanged, or damaged by doing so. The interfering
primary from the Jean Marie Formation and the multiple at 1.0s
suggest that in this case an attempt to subtract could be
harmful. The assumptions underlying adaptive subtraction are
violated in the case of such interference (e.g., Abma et al., 2005),
and the risk of damaging the Jean Marie primary would appear
to be high. On the other hand, a reasonable argument could be
made that the presence of the internal multiple at 1.0s, as
predicted in Figure 14b, already damages the primary.
There is little doubt that some regions of the prediction section
indicate a high probability of the presence of internal multiples,
and some regions a relatively low probability. The large amplitude predictions correlate well with expectations, and are bona
fide multiples to a very high degree of certainty. Our physical
modelling data experiences indicate that artifacts when they
arise are lower in amplitude than the validated multiple predictions. Hence, an instance of small but nonzero prediction
energy, as we see in many regions of the prediction section,
could indicate bona fide internal multiples, or artifacts. The two
possibilities have roughly the same order of probability.

Figure 17. (a) Synthetically modelled internal multiple trace plotted
versus (b) input NEBC zero offset section, and (c) prediction output.

We are naturally led into the use of probabilistic language. This
suggests to us that we view the prediction as an interpretive
guide—an “internal multiple probability map”, with high
values at 1.0s, but non-zero values distributed across many
time and CMP number values. High values on the map translate to one of two possible cautions: first, that the event at this
CMP number and time is a multiple, or second, that a primary
at this CMP number and time has been interfered with by a
multiple. From this point on, the best approach might be to
proceed with a subtraction effort (or indeed to use the multiple
for inversion), or to avoid such as step as potentially damaging
to important signal energy. This is an interpretive judgment.
We concur with the suggestion of Reshef et al. (2003) that the
prediction part of this type of multiple removal algorithm can
assist in such interpretation without imposing one or other
approach on the geophysicist.
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Conclusions

Internal multiple removal from reflection seismic data is
possible with the use of an elegant and increasingly complete
theoretical framework based on inverse scattering. Continuing
research challenges include the computational burden of the
multidimensional forms of the algorithm, its application to data
sets involving densely populated traces with significant
amounts of coherent and incoherent noise, and ongoing fundamental theoretical development towards elimination and
management of the creation of artifacts by leading order prediction (Weglein, 2013; 2014; Liang et al., 2013; Ma and Weglein,
2014; Wu and Weglein, 2014). Land data are a prime example. It
is possible that the prediction component of the removal algorithm, in its 1D form, has interpretive value.

Using 1D prediction as an interpretation tool serves as a provisional response to the computational and noise challenges. But,
in investigating its value, and whether after prediction we do or
do not subtract, a cautious and staged approach is called for. We
initiated study of 1D prediction on land by first considering
physical modelling data. The physical modelling data and
predictions confirm the kinematic accuracy of the prediction
algorithm, and importantly allow us to examine the trade-off
associated with the prediction algorithm parameter ε.
Optimum values of this parameter mitigate prediction artifacts,
while ensuring that all important internal multiples are
correctly predicted, however, on real data (even coming from
the controlled environment of the laboratory), some low-amplitude artifacts are unavoidable.

Multiple prediction on a land data set from North Eastern
British Columbia bears out these findings. A post-stack 2D
prediction, when compared against the input data and synthetically generated traces (from a blocked VP log), contains high
values at expected times, but also contains lower values scattered elsewhere. In the latter areas the probability that the
prediction corresponds to a multiple or an artifact may be of
roughly the same order, and the question of whether or not to
subtract becomes a difficult judgment call. However, the fact
that, by using prediction methods, we now have a well-defined
judgment call to make, where previously we did not, should not
be overlooked. We conclude that the value of a prediction output
remains high even in these challenging land applications.
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