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Special section: Characterizing the subsurface with multiples and surface waves

Ray-map migration of transmitted surface waves
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Abstract
Near-surface normal faults can sometimes separate two distinct zones of velocity heterogeneity, where the
medium on one side of the fault has a faster velocity than on the other side. Therefore, the slope of surface-wave
arrivals in a common-shot gather should abruptly change near the surface projection of the fault. We present
ray-map imaging method that migrates transmitted surface waves to the fault plane, and therefore it roughly
estimates the orientation, depth, and location of the near-surface fault. The main benefits of this method are that
it is computationally inexpensive and robust in the presence of noise.

Introduction
Geophysicists and engineers often require the accurate detection and location of geologic anomalies at
shallow depths below the free surface. Unfortunately,
the near-surface environment is often characterized
by high noise levels, strong scattering, and significant
spatial variations in rock properties. These impediments often prevent successful imaging of the nearsurface reflectivity or velocity by reflection-imaging
methods. As an alternative, surface-wave imaging methods can be used to assess the subsurface geology for
geotechnical applications (Socco et al., 2010; Dal Moro
et al., 2015), crustal seismology (Campman et al., 2004;
Shapiro et al., 2005), and fault identification associated
with earthquake hazard assessment (Ivanov et al., 2006;
Yu et al., 2014; AlTheyab et al., 2016). In addition, surface waves in the form of Stoneley waves are used to
assess the rock properties around a well bore in the kilohertz range with sonic logs (Stevens and Day, 1986) as
well as high-frequency vertical seismic profile data
(Tang and Cheng, 1996) and crosswell data (Worthington, 1991).
The most common surface-wave imaging method is
to invert the dispersion curves for either phase-velocity
or S-velocity tomograms (Yamanaka and Ishida, 1996;
Xia et al., 1999; Parolai et al., 2005; Dal Moro and Pipan,
2007; Lin et al., 2008; Li and Schuster, forthcoming).
This inversion procedure is robust and can be used
to assess the smoothly varying phase-velocity variations
down to a depth of approximately λ∕3 (Stokoe et al.,
1994; Park et al., 1999), where λ is the longest effective
wavelength associated with the surface-wave data.
One of the problems with inverting dispersion curves
is that the resulting tomograms only give an estimate of

the smoothly varying velocity in the subsurface. In
these tomograms, it is difficult to identify sharp variations of velocity that might correspond to a fault. As an
example, the S- and P-wave velocity tomograms in Figure 1a and 1b suggest localized velocity anomalies but
do not unambiguously delineate fault structures. In contrast, the rapid time shifts in the common-offset gather
(COG) events in Figure 1c suggest the presence of nearsurface faults (or low-velocity zones), but their dip angles and depths are unknown. Therefore, subsurface
images with much higher wavenumbers than Figure 1a
and 1b are required to reveal the depth and orientation
of the faults.
To generate detailed images of fault zones, geophysicists proposed the migration of back-scattered surface
waves (Snieder, 1986; Campman et al., 2004, 2005;
Brandsberg-Dahl et al., 2007; Sinha et al., 2009; Hanafy
et al., 2014; Sloan et al., 2015; AlTheyab et al., 2016).
The migration procedure can be either a reverse time
migration method (Almuhaidib and Toksöz, 2015), a
Kirchhoff-like migration (Hyslop and Stewart, 2014;
Yu et al., 2014), or a seismic scanning tunneling
macroscope method (AlTheyab et al., 2016). However,
back-scattered surface waves are not always easy to
identify and extract from the records because their signal-to-noise ratio can be weak compared with the transmitted surface waves. Thus, imaging faults with noisy
backscattered surface waves are often not possible.
To overcome the problem with weak backscattering,
we propose ray-map migration of transmitted surface
waves. This takes advantage of the fact that transmitted
surface waves typically are an order-of-magnitude
stronger than any other arrivals in the record, such
as the much weaker reflections or backscattered sur-
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point ðx; zÞ between the source’s direct rays and the reflection rays. For surface waves, we map the amplitude
of the early arrival surface wave recorded at the crossover trace to the deepest portion ðx − L; λ∕3Þ of the
fault, in which the surface wave could be significantly
influenced. Equivalently, the crossover events at A are
mapped to their place of origin, namely, the lower left
corner of the dashed red box at ðx − L; λ∕3Þ that intersects the fault in Figure 2. We choose the depth z ¼ λ∕3
because surface waves are primarily influenced by the
medium properties to a depth of λ∕3 (Stokoe et al.,
1994; Park et al., 1999). Consequently, events at lower
frequencies map to deeper portions of the fault as illustrated in the bottom illustration of Figure 2. The imaging
condition is that the surface-wave arrivals at crossover
points are migrated to the depth λ∕3 along the fault
plane with a strong velocity contrast. Migrating transmitted surface waves is similar to migrating transmitted
PS arrivals to their conversion points (Sheley and
Schuster, 2003) along the interface of a strong velocity
contrast, in which the PS conversion point plays the
role of the migrated crossover point.
The next section describes the algorithmic details for
ray-map migration of surface waves in the COG domain.
A workflow is described, and its effectiveness is then
illustrated with numerical examples. Synthetic data
tests and field data examples show the benefits and limitations of ray-map migration of surface waves. The last
section presents our conclusions.

VS (m/s)
650

0

550
10

450
350

20
0

Depth (m)

b)

500

1000

1500
2000
Distance (m)

2500

3000

3500

250

VP (m/s)

P-wave velocity wave tomogram

0

1100

5
1000

10

900

15
20
0

c)
Time (s)

Downloaded 12/28/16 to 109.171.137.50. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

face waves. The imaging condition for migrating transmitted surface waves is that there is an abrupt change in
the slope of the transmitted surface waves because they
cross a fault with a strong velocity contrast.
The abrupt slope change of surface-wave arrivals is
most easily seen in the COGs in Figure 1c and illustrated in Figure 2 for the vertical fault-plane model.
Note the change in the slopes and arrival times at
location A, as the surface waves propagate from one
side of the dashed red box to the other side. In this example, the COG traces with midpoints x > L only feel
the influence of the v2 medium, so the corresponding
surface waves only propagate at that velocity. Here,
L is the half-offset between the source-receiver pair
in the COG.
The crossover points (e.g., A) are delineated by the
dark brown lines in Figure 2 and depend on the half-offset L of the COG and the midpoint coordinate x of the
source-receiver pair in the COG. This crossover location is the midpoint at which the dashed black box, with
width 2L, is just to the right of the fault, so a surface
wave propagating from one side to the other only travels through the v2 medium. The surface waves are only
influenced by the media on both sides of the fault for
source-receiver pairs with midpoints within the region
of influence (ROI) in Figure 2, denoted by the brown
triangular area between the crossover lines.
Traditional ray-map migration of reflections (Yilmaz,
2001) maps the reflection amplitude to the intersection
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Ray-map migration of transmitted
surface waves
We now present the algorithm for migrating surface waves to the fault boundary delineated by the dashed black
lines in Figure 2. For convenience, the
left side of the vertical fault has the
homogeneous velocity v1 ¼ 1∕s1 and
the right side has the velocity v2 ¼
1∕s2 . The COG traveltime tðxÞ for a narrow-band surface wave with the COG
midpoint at x is given as
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Figure 1. (a) The S-velocity tomogram obtained by inverting the dispersion
curves in an East Africa data set, (b) P-velocity tomogram by wave-equation traveltime inversion of first arrivals, and (c) COGs at source-receiver offset of 100 m
for data recorded in the East Africa survey. Dashed lines delineate sharp jumps
in the velocity and the traveltimes seen, respectively, in the S-velocity tomogram
and the COG.
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where 2L is the offset between the
source and receiver, L is the half-offset
at the midpoint location x, s1 is the slowness to the left of the fault, and s2 is the
slowness to the right of the fault. Here, it
is assumed that the traveltime tðxÞ has
been time shifted to account for a constant time delay. As illustrated in Figure 2, equation 1 says that the slope
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of the traveltime curve tðxÞ should be zero for x < −L
and x ≥ L, otherwise the slope is linearly proportional
to the midpoint coordinate. The proportionality constant is the slowness change s2 − s1 across the fault.
Traveltimes and a dipping-fault model
The traveltime formula for the COG trace associated
with the dipping fault in Figure 3 is now derived in this
section. Here, we assume a narrow-band arrival that
propagates with a weighted average S-velocity to the
depth of λ∕3. The average slowness s̄ðxÞ below the midpoint x is approximated by
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The traveltime tðxÞ of the narrow-band surface wave
for the dipping-fault model in Figure 3 with midpoint
coordinate x is therefore given by
− L < x < L; tðxÞ
Z xþL
s̄ðx 0 Þdx 0
¼
x−L
Z M
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0
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which agrees with equation 1 for a vertical fault.
Case 1: M ¼ λ∕3 tan ϕ: For a sufficiently small
dip angle ϕ and large enough x þ L, such that M ¼
minðλ∕3 tan ϕ; x þ LÞ ¼ λ∕3 tan ϕ, equation 3 becomes
tðxÞ ¼ ðL − xÞs1 þ

s2 − s1
λ tan ϕ þ s1 λ∕3 tan ϕ
6


¼ ðL − xÞs1 þ ðx þ LÞs2 − λ

λ/3

s2 dx 0

where M ¼ minðλ∕3 tan ϕ; x þ LÞ. In the limit of small
ϕ, the above formula reduces to

þ s2 xjxþL
λ∕3 tan ϕ
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(2)
where average slowness s̄ðxÞ is only a rough approximation to the phase velocity at the specified frequency,
but it is sufficient for the rough estimation of the fault’s
dip angle by ray-map migration.

xþL


s2 − s1
tan ϕ:
6

(5)

Thus, tðxÞ is a linear function of the midpoint coordinate, and its slope is equal to s2 − s1 . Knowing s1
and s2 from the data, the value of tan ϕ can be determined by plotting values of tðxÞ against the midpoint
coordinate x and finding the intercept value tð0Þ to give
ϕ ¼ tan−1 fð6½tð0Þ − Lðs1 þ s2 ÞÞ∕λðs1 − s2 Þg.
A more practical means to determine dip angle is to
define the ROI, as the area in the x − L domain where
the slopes of surface-wave events are nonzero. The
edge of the ROI is where the slope abruptly changes,
i.e., the crossover points denoted by the dark brown
lines in Figure 2 or 4. For the vertical fault in Figure 2,
2L
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Figure 2. (a) The COG in a time-midpoint-offset volume,
where the midpoint coordinate is x and the half-offset coordinate is L. The crossover arrival (i.e., the red event at A) is
mapped to the migration image point at (x − L, λ∕3); only
crossover events along the edge of the brown ROI are migrated to their points of origin along the fault. (b) Same as
top illustration except the data have been low-pass filtered,
so that the dashed red box and the image point are deeper.

λ/3
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fault
Figure 3. Dipping-fault model in which the surface wave is
not sensitive to velocities deeper than λ∕3 and the COG midpoint has the coordinate value x. The offset value of the COG
trace is 2L.
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ROIs for dipping fault model
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½3ðxc − LÞ∕λ, where xc is the crossover point for the
specified value of L.
Case 2: M ¼ x þ L: For a sufficiently large
wavelength λ, such that M ¼ minðλ∕3 tan ϕ; x þ LÞ ¼
x þ L, equation 3 becomes
s2 − s1
x2 jxþL þ s1 xjxþL
0
2λ∕3 tan ϕ 0
s2 − s1
ðx þ LÞ2 ;
¼ 2Ls1 þ
2λ∕3 tan ϕ

tðxÞ ¼ ðL − xÞs1 þ

Workflow for ray-map migration
The following ray-map procedure
is proposed for imaging near-surface
faults, as long as the average velocity
on one side of the fault is significantly
different than on the other side:
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Figure 5. The COGs for different values of offset L in a dipping-fault model. As
expected, the ROI increases in width as L becomes larger. The nonzero amplitudes of the surface-wave events are denoted as reddish colors.
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and

xA − λ∕2 ≤ x ≤ xA þ λ∕2: (7)
0

d)

1) Bandpass the COG data into N narrow frequency bands, so that the
ith bandpassed COG has a dominant
frequency f i related to the dominant
wavelength λi ¼ ci ∕f i .
2) Pick the early arrival surface waves
at the crossover points A ¼ ðxA ; 0Þ in
Figure 2 for each value of the offset
L. Map the arrival to the fault plane
at ðxA − L; zi Þ ¼ ðxA − L; λi ∕3Þ, i.e.
mðx − L; zi ; LÞ
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which is a quadratic function of the midpoint coordinate x and offset value L. In theory, the value of
tan ϕ can be computed by determining
the curvature ½d2 tðxÞ∕dx2 of the traveltime curve, if s1 and s2 are known. With
the two cases, we will introduce the basic workflow for ray-map migration.

Figure 4. Dipping-fault model and ROIs at two different offset values of L and a
fixed wavelength λ. Unlike the vertical fault, the ROI for a dipping fault does not
form a symmetrical region in x − L space. The fault is dipping to the right, if
β > ξ, where the angles β and ξ of the brown crossover lines are measured
to the vertical.
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the ROI is in the shape of a symmetrical triangle, with
the vertical symmetry plane at the fault. In this case, the
amplitude of the surface-wave event A is mapped to the
fault at the image point ðx − L; λ∕3Þ. To account for a
finite-wavelength resolution, the wavelet can be laterally smeared onto a wavelength-sized area around this
image point.
In contrast, if the fault is dipping as shown in
Figure 4, the ROI is asymmetrical. If the wavelength
is selected, such that x þ L > tan ϕλ∕3, then the crossover events along the edge of the ROIs in Figure 4 are
mapped to the fault at ðx − L; λ∕3Þ. The dip angle of the
fault can be estimated from the formula ϕ ¼ tan−1

The width of this image is one wavelength and centered at ðxA − L; λi ∕3Þ,
where the phase velocity ci is estimated from the data. The offset
value L should meet the condition
λ∕3 tan ϕ < xA þ L at the crossover
point xA .
3) Repeat step (3) for i ¼ ½1; 2; 3; : : : ; N
to form the final-migration image:
X
Mðx; zi Þ ¼
mðx; zi ; LÞ;
(8)
L

where the summation is over a small
range of offset values L that satisfy
the condition jL − xj > λi ∕3 at the

mðx − L; z ¼ λi ∕3Þ ¼ tðx; L; λi Þ:

The above procedure is denoted as ray-map migration because it maps the surface-wave arrival at the
crossover point to the average depth at which that
arrival is sensitive to S-velocity variations.
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Dip fault-velocity model
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Synthetic data
Finite-difference solutions to the 2D elastic-wave
equation are used to generate the COGs for the Figure 6a and 6c models. We use equation 9 to migrate the
COGs, so that all early arrival surface waves in the
COGs are mapped to depth, including noncrossover
events (Figure 6b and 6d). In both cases, the “migration
images” roughly estimate the location of the fault planes
by identifying the interfaces (dashed black lines in Figures 6b and 6d) that define sharp jumps in color.
KAUST data
Seismic data were collected next to the KAUST campus along a 1.2 km line. The COG with an offset value of
2L ¼ 20 m is shown in Figure 7a, and the associated migration image is shown in Figure 7b. As in the synthetic
examples, equation 9 is used to map the traveltimes of
the early arrival surface waves in the COGs regardless if
the events are at a crossover point. As a consistency
check, the COG with 2L ¼ 50 m is also migrated to give
the image in Figure 7c.
The migration images in Figure 7b and 7c with offset
values 2L ¼ 20 and 50 m show a steeply dipping fault
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Numerical results
Solutions to the 2D elastic-wave equation are computed for a dipping-fault model. The windowed COGs
are generated from the synthetic shot gathers and are
shown in Figure 5a–5d. The traveltimes of the COGs increase with increasing values of L and the slope varies
linearly with x in the ROI, just as predicted in equation 5.

(9)

The fault plane is located by identifying the strong
change in traveltimes in mðx − L; z ¼ λi ∕3Þ. Another
possibility is to apply a Laplacian operation to
mðx − L; z ¼ λi ∕3Þ followed by a smoothing filter,
or by applying d∕dx and smoothing to tðx; L; λi Þ
and migrating the result.

Depth (m)
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crossover midpoint value x. As a sanity test, the migration images at different offset values L are compared for their similarity. This is similar to checking
for flat events in a common image gather (CIG), except the CIG for the migrated surface waves can be
used to correct for incorrect estimates of fault dip
and location. Here, care must be taken to properly
choose the offset value 2L of the COG. If it is too large,
then the spatial resolution of the migration image becomes worse as many geologic features can influence
the first arrival. If 2L is too small, then the surface
wave might not have a chance to develop, and there
is more uncertainty in estimating the values of the
slope in the ROI. Hence, we recommend L > 2λ.
4) An alternative to the above procedure is to simply
map the traveltimes tðx; L; λi Þ of the early arrival surface waves to depth using
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Figure 6. (a) Simple- and (c) layered-fault models, with S-velocity “migration images” to the right. Hotter colors in the migration
images correspond to longer traveltimes and suggest low-velocity sediments on the upthrown side of the dashed normal fault.
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(dashed white lines) that is consistent from one COG to
the other. This is the expected location of the Qademah
fault based on evidence from other geophysical methods (Hanafy et al., 2015; Li and Hanafy, 2016).
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Figure 7. (a) The KAUST COG and migration images computed from COGs with
offsets of (b) 2L ¼ 20 and (c) 50 m. Hotter colors in the migration images correspond to longer traveltimes and suggest low-velocity sediments on the downthrown side of the dashed normal fault.
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a)

East Africa data
Seismic profiles were recorded over a 3.2 km long
line in East Africa, and the COG at 2L ¼ 100 m is shown
in Figure 8b. The COGs were band-pass filtered, and the
resulting first-arrival surface-wave traveltimes were used in equation 5 to determine the migration image in Figure 8a.
The interpreted faults are denoted by
dashed white lines and compare well
with those shown in the Figure 1a
tomogram inverted from the dispersion
curves. This basin is under extension, so
most of the faults are normal faults, as
indicated by the low velocities in the
1000
graben zones.
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Summary and discussion
An efficient algorithm for ray-map migration of transmitted surface waves is
presented for imaging a near-surface
fault boundary. The assumptions are
(1) the simple fault model is characterized by a strong velocity contrast across
the fault plane, (2) the crossover arrivals
should be mapped to the bottom left corner of the dashed black boxes in Figure 1
for a fault dipping to the right, and
(3) here, the thickness of the box is
crudely estimated to be λ∕3. If the ROI
is asymmetrical and tilts to the right,
then the fault is dipping to the right. Otherwise, it is a left-dipping fault. The
crossover line is picked in the COG profile, so that ray-map migration avoids
the complexity and expense of surface-wave inversion methods. Ray-map
migration should robustly provide a
qualitative model of the fault geometry,
even in the presence of strong noise.
The main problem with ray-map migration of surface waves is that it only
provides a rough approximation to the
actual dip and location of the fault
plane. However, combining the interpretation of the velocity tomogram with the
ray-map migration image can significantly reduce the uncertainty in identifying the location and dip angle of hidden
faults.
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Figure 8. (a) Migration image and (b) COG estimated from seismic data collected in East Africa. The dashed white lines were drawn only if the migration
image suggested a fault-like structure.
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