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Summary
Mode-converted PS-waves can provide critically important information for velocity analysis in transversely
isotropic (TI) media.
Here we demonstrate, with
physical-modeling data, that the combination of longspread reﬂection traveltimes of PP- and PS-waves can be
inverted for the parameters of a horizontal TI layer with a
tilted symmetry axis. The 2D multicomponent reﬂection
data are acquired over a phenolic sample manufactured
to simulate the eﬀective medium formed by a system of
steeply dipping, penny-shaped cracks.
The reﬂection moveout of PS-waves in this model is asymmetric, and the moveout-asymmetry attributes play a
crucial role in constraining the TI parameters. Applying the modiﬁed PP+PS=SS method to the PP and PS
traveltimes recorded in the symmetry-axis plane, we compute the time and oﬀset asymmetry attributes of the PSwaves along with the traveltimes of the pure SS reﬂections. Then the moveout attributes of the PP-, SS-, and
PS-waves are inverted for the medium parameters.
Our estimates of the tilt of the symmetry axis and layer
thickness almost coincide with the actual values. The
inverted model is also validated by reproducing the results of transmission experiments with both P- and Swave sources. In particular, the transmitted SV waveﬁeld exhibits a prominent cusp (triplication) accurately
predicted by the parameter-estimation results.

Introduction
Tilted transversely isotropic (TTI) models are typical for
the Canadian Foothills where they cause signiﬁcant mispositioning of imaged reﬂectors. An eﬀective TTI medium
also describes a system of parallel, dipping, penny-shaped
cracks embedded in isotropic host rock (Angerer et al.,
2002), as well as progradational sequences.
Critically important information for velocity analysis in
TTI media is provided by mode-converted PS (PSV) data.
Because of the deviation of the symmetry axis from both
the vertical and horizontal directions, the moveout of PSwaves from horizontal reﬂectors becomes asymmetric (i.e.,
the PS-wave traveltime does not stay the same if the
source and receiver are interchanged). As demonstrated
by Dewangan and Tsvankin (2004; hereafter referred to
as Paper I), moveout-asymmetry attributes of PS-waves
can help to constrain all parameters of a TTI layer using
solely reﬂection data. Their algorithm, based on a modiﬁcation of the so-called “PP+PS=SS” method (Grechka
and Tsvankin, 2002; Grechka and Dewangan, 2003), op-
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erates with long-oﬀset PP and PS reﬂections acquired in
the vertical plane that contains the symmetry axis (the
symmetry-axis plane).
Here, we process 2D multicomponent reﬂection data acquired over a phenolic sample and follow the methodology
of Paper I in estimating the symmetry-axis orientation
and Thomsen parameters of the eﬀective medium.

Experimental Setup
To simulate a TTI layer, we used XX-paper-based phenolic composed of thin layers of paper bonded with phenolic
resin (Figure 1). The experiments were conducted in
the Center for Rock Abuse and Physical Acoustics
Laboratory at CSM. The measurements were made
only in the vertical symmetry plane of the sample,
where the velocities and polarizations are described
by TI equations (even if the medium as a whole has
orthorhombic symmetry). One reﬂection survey was
acquired using ﬂat-faced piezoelectric ultrasonic contact
transducers. Another data set was generated by the
source transducer and recorded by a scanning laser
vibrometer that measures the absolute particle velocity
on the surface of the sample. Assuming a dominant
frequency of 100 kHz, the units of time and distance used
in our experiment should be multiplied by 5000 to obtain
the corresponding values for seismic ﬁeld data with a
frequency of 20 Hz; the equivalent thickness of the layer
would be 540 m.

Seismic reﬂection experiment
The inversion algorithm of Paper I operates with PPand PS-waves recorded in split-spread geometry and
requires the oﬀset-to-depth ratio to reach at least two.
We acquired PP- and PS-wave shot gathers by ﬁxing
the source transducer at one end of the model and
moving the receiver until the oﬀset reached 30 cm, which
corresponds to an oﬀset-to-depth ratio of 2.8 (Figure 1).
(Since the sample is laterally homogeneous, shot gathers
can be interpreted as CMP gathers.) Then the source
was placed at the other end of the model to acquire
negative oﬀsets and form a split-spread gather. The
same procedure was used to record reﬂection data with
the laser vibrometer.
PP-waves (vertical component)
The data in Figure 2 were obtained by applying F-K dip
ﬁltering to the raw records with the goal of suppressing
the ground roll. Evidently, there is close similarity
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Fig. 1: Physical model representing a horizontal TTI layer.
To simulate a reﬂection survey, the sources and receivers were
placed on top of the sample in the symmetry-axis plane.
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Fig. 3: Waveﬁelds recorded with: (a) the P-wave source transducer and S-wave receiver transducer; (b) the S-wave source
transducer and the laser vibrometer as the receiver. The solid
lines are the picked traveltimes of the PP, PS(SP), and SS
arrivals. Note the asymmetry of the converted-wave moveout.
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Fig. 2: Vertical component of the waveﬁeld. (a) Data recorded
with the P-wave contact transducers; (b) densely sampled data
recorded with the laser vibrometer. The solid line is the picked
traveltime of the P-wave primary reﬂection.

between the two data sets (Figures 2a,b) acquired using
diﬀerent experimental setups. The ﬁrst arrival is the
direct P-wave traveling with the horizontal velocity
close to 2620 m/s. The P-wave primary reﬂection from
the bottom of the block and the ﬁrst multiple can be
identiﬁed at zero-oﬀset times of 0.064 ms and 0.128 ms,
respectively. Since the laser dataset (Figure 2b) is more
densely sampled and has better coherency, it was used
for picking the traveltimes of the PP reﬂection.
To estimate the P-wave normal moveout (NMO) velocity, we applied conventional hyperbolic velocity analysis after muting out long oﬀsets. The best-ﬁt velocity Vnmo,P , which ﬂattens the near-oﬀset primary and
multiple reﬂections, is 2350 m/s. At large oﬀsets, the
NMO-corrected gather is not ﬂat, which indicates that
the medium is anisotropic, and the anisotropy is not elliptical (e.g., Tsvankin, 2001).
Converted PS- and SP-waves
To clearly identify mode-converted PS(PSV)-waves and
pick their traveltimes, we oriented the receiver transducer
horizontally in the symmetry-axis plane (Figure 3a).
Since the laser vibrometer system could not be used
to measure the horizontal waveﬁeld component, we
recorded mode-converted SP-waves with the shear-wave
source transducer and laser vibrometer and treated the
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SP traveltimes (according to reciprocity) as those of the
corresponding PS-waves (Figure 3b). There was almost
no energy on the crossline (transverse) component,
which indicates that the data were indeed acquired in
a symmetry plane of the medium. Also, we found the
shear-wave splitting along the symmetry axis to be
negligible, suggesting that the model is either TI or a
special case of orthorhombic media (Tsvankin, 2001).
The moveout of the mode-converted waves is strongly
asymmetric, with a substantial diﬀerence between the
traveltimes for positive and negative oﬀsets. Since the
model is laterally homogeneous, this moveout asymmetry
is caused entirely by the oblique orientation of the symmetry axis. The minimum PS-wave traveltime is recorded
at an oﬀset of x=6 cm where the wavelet reverses its polarity. To facilitate visual correlation of PS traveltimes,
we removed this polarity reversal from the sections in Figure 3.
Data processing
First, we used the PP+PS=SS method (Grechka and
Tsvankin, 2002; Grechka and Dewangan, 2003) to compute the traveltimes of the pure SS (SVSV) reﬂections
from the PP and PS data. The traveltimes of both the
PP-wave (on the vertical component) and the converted
wave (on the horizontal component) were manually
picked from the laser vibrometer dataset and smoothed
with a sixth-order polynomial using the least-squares
method. Then, hyperbolic velocity analysis was applied
to the constructed SS arrivals to estimate their stacking
velocity (Vnmo,S = 1780 m/s) and zero-oﬀset traveltime
(tS0 = 0.149 ms).
Next, we followed the methodology of Paper I in computing the time (∆tP S ) and oﬀset (∆xP S ) asymmetry
attributes of the PS-wave expressed as a function of the
SS-wave oﬀset xSS . The factor ∆tP S is determined from
the modiﬁed PP+PS=SS method as the diﬀerences between the traveltimes of the “reciprocal” PS-waves that
have the same reﬂection (conversion) point but opposite
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Fig. 4: Moveout-asymmetry attributes of the PS-wave computed from the PP+PS=SS method. (a) The time asymmetry
∆tP S normalized by the zero-oﬀset PS-wave time; (b) the corresponding oﬀset asymmetry ∆xP S normalized by the layer
thickness.

signs of the horizontal slowness component. Similarly,
∆xP S is deﬁned as the sum of the oﬀsets (taking the sign
of xP S into account) computed for the reciprocal PS arrivals (Paper I).
The time asymmetry factor ∆tP S (Figure 4a) rapidly increases with oﬀset and reaches about 20% of the zerooﬀset time. In contrast, the depth-normalized oﬀset
asymmetry ∆xP S reaches its maximum (by absolute
value) at small SS-wave oﬀsets (Figure 4b), as predicted
by the analytic results of Paper I.
Parameter estimation
The vector d of input data for the inversion procedure
includes the NMO velocities and zero-oﬀset times of the
PP- and SS-waves and the asymmetry attributes of the
PS-wave:
d

≡



Vnmo,P , tP 0 , Vnmo,S , tS0 , ∆tP S (xSS ) ,
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Fig. 5: Thomsen parameters of the sample estimated from 2D
PP and PS data in the symmetry-axis plane (the velocities
are in km/s). The mean values are VP 0 = 2.6 km/s, VS0 =
1.38 km/s,  = 0.46, and δ = 0.11. The estimated tilt of the
symmetry axis and layer thickness (not shown) are ν = 70◦
and z = 10.9 cm. The error bars correspond to the following
standard deviations in each parameter: 2% for VP 0 , VS0 , and
z, 0.03 for  and δ, and 1◦ for ν.

 and δ limited to 0.03, and the standard deviation in ν
close to 1◦ .
Note that the sample is strongly anisotropic, with the
value of  approaching 0.5. The PP- and PS-wave traveltimes computed for the estimated model are practically
indistinguishable from the picked traveltimes at all oﬀsets
(Figures 2 and 3). Another indication of the high accuracy of the inversion procedure is that the errors in the
known values of ν and z are almost negligible.

Transmission experiment



VP 0 , VS0 ,  , δ , ν, z ,

(2)

where VP 0 and VS0 are the velocities of P- and S-waves
(respectively) in the symmetry direction,  and δ are
Thomsen anisotropy parameters, and ν (tilt) is the angle between the symmetry axis and the vertical.
To estimate the elements of m, we applied the nonlinear
inversion algorithm discussed in Paper I. Although both
the tilt ν and thickness z were known, they were obtained
from the data to simulate a ﬁeld experiment. To assess the
stability of the inversion, the algorithm was applied to 200
realizations of the input PP and PS traveltimes contaminated by random Gaussian noise with zero mean and the
standard deviation equal to 1/8 of the dominant period
of the signals (Figure 5). All model parameters are wellconstrained by the data, with the standard deviations in
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2

(1)

The model vector m contains the ﬁve relevant TTI parameters and the layer thickness z:
m≡
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To verify the inversion results using an independent data
set, we conducted a transmission experiment by attaching
the source transducer to the bottom of the model and
recording the waveﬁeld with the laser vibrometer for the
full range of angles (0◦ − 90◦ ) with the symmetry axis.
For the direct P-wave, the ﬁrst breaks practically coincide
with the traveltimes computed for the inverted model.
The waveﬁeld excited by the S-wave transducer is more
complicated and exhibits a cusp at oblique angles with the
symmetry axis (Figure 6). For comparison, we employed
the spectral-element method (Komatitsch et al., 2002) to
compute the waveﬁeld from a horizontal force using the
inverted TTI parameters. Although the spectral-element
code is 2D, the agreement between the modeled and measured waveﬁelds in Figure 6 is excellent.
The spatial extent of the cusp in Figure 6 is signiﬁcantly
larger than that predicted by the group-velocity surface
(i.e., by ray tracing). This is consistent with the observation by Martynov and Mikhailenko (1984) that ray theory underestimates the size of the SV-wave cusp in TI
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Fig. 6: Cusp (triplication) in the transmitted waveﬁeld excited by a shear-wave source. The waveﬁeld recorded by the laser
vibrometer (left) is simulated with the spectral-element method (right). The receiver moves from the direction approximately
perpendicular to the symmetry axis (zero coordinate) to that parallel to the symmetry axis. The solid line is the direct
shear-wave traveltime computed from the SV-wave group-velocity surface for the inverted model in Figure 5.

media. The deviation of the ray-theoretical S-wave traveltimes (solid line) from the ﬁrst breaks at oﬀsets larger
than 10 cm is explained by the interference of the direct
S-wave with the refracted P-wave.

Conclusions
We presented a physical-modeling study of the joint 2D
velocity analysis of PP and PS reﬂections recorded over
a TI layer with a tilted symmetry axis. The results
conﬁrm the conclusion of Dewangan and Tsvankin (2004)
that the combination of the PS-wave time and oﬀset
asymmetry attributes with the NMO velocities and
zero-oﬀset times of the pure modes makes it possible to
estimate all relevant medium parameters. The sample
proved to be strongly anisotropic, with the magnitude of
P-wave velocity variations approaching 50% ( = 0.46,
δ = 0.11).
The PP- and PS-wave traveltimes computed for the estimated model almost coincide with the picked traveltimes
at all oﬀsets. Also, the inversion algorithm gave accurate
estimates of the known values of the tilt of the symmetry axis and the layer thickness. An independent veriﬁcation of the inversion results was provided by transmission experiments, which allowed us to record a shear-wave
cusp at oblique angles with the symmetry axis. Although
the observed cusp is noticeably wider than that on the
group-velocity surface calculated for the estimated model,
this discrepancy is caused by the inadequacy of ray theory. Full-waveform modeling using the spectral-element
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method accurately reproduces the cusp and all other major features of the transmitted waveﬁeld.
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