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ABSTRACT
Seismic interferometry is a relatively new technique to estimate the Green’s function
between receivers. Spurious energy, not part of the true Green’s function, is produced
because assumptions are commonly violated when applying seismic interferometry
to field data. Instead of attempting to suppress all spurious energy, we show how
spurious energy associated with refractions contains information about the subsurface in field data collected at the Boise Hydrogeophysical Research Site. By forming
a virtual shot record we suppress uncorrelated noise and produce a virtual refraction
that intercepts zero offset at zero time. These two features make the virtual refraction easy to pick, providing an estimate of refractor velocity. To obtain the physical
parameters of the layer above the refractor we analyse the cross-correlation of wavefields recorded at two receivers for all sources. A stationary-phase point associated
with the correlation between the reflected wave and refracted wave from the interface
identifies the critical offset. By combining information from the virtual shot record,
the correlation gather and the real shot record we determine the seismic velocities
of the unsaturated and saturated sands, as well as the variable relative depth to the
water-table. Finally, we discuss how this method can be extended to more complex
geologic models.
Key words: Interferometry, Near-surface, Refraction, Seismics, Water-table.

INTRODUCTION
Summing the cross-correlations of wavefields recorded at two
receivers over many seismic sources can yield an estimate of
the Green’s function between the two receivers. This method
is commonly called seismic interferometry. In one application,
Shapiro and Campillo (2004) used waveforms estimated from
correlations of ambient ocean noise for surface-wave inversion. In another application, the impulse response between
downhole receivers is estimated from active seismic sources to
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circumvent near-surface heterogeneity (Bakulin and Calvert
2006). Spurious energy in these estimated Green’s functions
results from violating assumptions made in the application
of the seismic interferometry theory (Snieder, Wapenaar and
Larner 2006; Dong, Sheng and Schuster 2006; Tatanova et al.
2008; Halliday and Curtis 2008, Ferber, Valesco and West
2009).
Mikesell et al. (2009) showed that spurious energy related to
refractions (the virtual refraction) contains useful information
about the subsurface. This virtual refraction has the moveout
of the faster layer and intersects the origin. We can determine
the critical offset by examining the cross-correlation of wavefields between two receivers for each source. Then we use the
critical offset and refractor velocity to determine the slower
velocity and relative depth to the interface without the use of
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the direct wave, which can be difficult to observe on vertical component data. Here, we present the first application to
field data. The method is introduced by working through an
example using numerical data and then applying it to a wellcharacterized field site located near Boise, Idaho, USA. After
determining the velocities and depth to an interface in a twolayered system we investigate other observed spurious energy
resulting from correlations between different arrivals. We also
present the advantages and limitations to this method, as well
as how the virtual refraction method can be used for more
complex geologic models.

METHODS
The far-field acoustic Green’s function can be represented by
equation (31) in Wapenaar and Fokkema (2006):

2
(1)
Ĝ∗ (xA, x, ω)Ĝ(xB , x, ω)d2 x,
2R{Ĝ(xA, xB , ω)} ≈
ρc S
where Ĝ(xA , xB , ω) is the frequency-domain Green’s function
at xA from an impulsive source at xB and ∗ stands for the
complex conjugate. R denotes the real part, c is the acoustic velocity, ρ is the density and ω is the angular frequency.
Impulsive sources at x lie on the closed integration surface, S, surrounding the receivers. In the time domain, equation (1) states that the sum of the causal and anticausal Green’s
function equals the cross-correlation of recordings at the two
receivers summed over sources on S. The following assumptions are made in equation (1):
r The distance from the source to the receivers is large relative
to the wavelength (far-field approximation);
r Rays take off approximately normal from the integration
surface S;
r The medium outside of the integration surface S is homogeneous, thus no outgoing energy is scattered back into the
system;
r The medium around the sources is locally smooth (highfrequency approximation) and the distance to medium heterogeneity or scatterers is large relative to the wavelength.
In practice, equation (1) is often applied even though the above
assumptions are commonly violated and lead to spurious energy in the Green’s function estimates.
Mikesell et al. (2009) used numerical data to illustrate the
origin and potential use of spurious energy called the virtual refraction. Consider a two-layer acoustic model where
v0 = 1250 m/s and v1 = 1750 m/s (Fig. 1). The density is
1000 kg/m3 for both layers. In this example, 110 explosive sources were placed every 5 m, in-line and to the right
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Figure 1 Cartoon showing paths for refracted waves travelling from
sources S21 and S100 to receivers R1 and R101, where: H is the depth
to the interface, xc is the critical offset, θ c is the critical angle and v0
and v1 are the velocities of the upper and lower layer, respectively. The
difference in distance the refracted waves travel along the interface is
dr.

of the receivers. This geometry is similar to common 2D
seismic acquisition; however, here the sources and receivers
are buried, eliminating correlations with surface-waves and
surface-related multiples. Using the spectral-element method
(Komatitsch and Vilotte 1998; Komatitsch and Tromp 2002)
we modelled the wavefield from an explosive source located
at R1. Figure 2(a) shows the modelled wavefield for 0.8 s
recorded on 101 receivers 4 m apart and 52 m above the
interface. The three coherent events are the direct wave, the
reflected wave and at large offsets, the refracted wave.
Following equation (1), the wavefield at R1 is crosscorrelated with the wavefields at all other receivers for each
source position. The virtual shot record is created by summing
the cross-correlations over all sources (Fig. 2b). We observe
the direct wave and the reflected wave. Additionally, there is
a spurious event with linear moveout (v1 = 1750 m/s) passing through the origin: the virtual refraction (Mikesell et al.
2009). The other linear event not intersecting the origin is a
truncation artefact, resultant from sources on a line instead of
a closed surface (Snieder et al. 2008). Because the intercept of
the virtual refraction is the origin, it is relatively straightforward to pick in the virtual shot record (Fig. 2b).
To better understand why we call this spurious event the
virtual refraction, we consider the cross-correlation gather between R1 and R101 for all sources (Fig. 3). Each column is
the causal cross-correlation of the wavefields at R1 and R101
for each source. For example, the first column of Fig. 3 is the
cross-correlation of recordings at R1 and R101 for a source
located at R1. The offset between the source and R1 increases
from left to right. We observe the refracted wave at R101
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Figure 3 Correlation gather for R1 and R101. Note the constant
phase for the correlation of the refracted waves at R1 and R101.
The stationary-phase point is located at the critical offset (106 m)
(Mikesell et al. 2009).

Figure 2 Adapted from Mikesell et al. (2009). a) Shot record for
source at R1. b) Virtual shot record produced using equation (1).

correlating with the refracted wave at R1, the direct wave at
R1 and the reflected wave at R1. The constant-phase correlation at ∼0.23 s is the correlation between the refracted waves
at R1 and R101. Both refracted waves have the same travelpaths to and from the interface. The only difference between
the two travelpaths is dr, the distance the wave travels along
the interface. This difference results in coherent energy at
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t = dr/v1 = 0.23 s (Fig. 1). When summing over all the explosive sources on the line, this energy sums constructively.
The cross-correlation of the refracted wave at R101 with
the reflected wave at R1 produces the curved feature in Fig. 3.
This feature arrives latest in time at x ≈ 106 m, the critical
offset. The extremum of this feature is the stationary-phase
point of this correlation (Snieder 2004). The time associated
with the minimum of this event is also t = dr/v1 . For a more
detailed discussion, see Mikesell et al. (2009). In this work,
we provide a geometrical explanation of the stationary-phase
point. Figure 4 illustrates the different raypaths that are crosscorrelated to produce events in the correlation gather. Sources
near S15 produce energy that is reflected to R1 and refracted
to R101, illustrated by dashed lines in Fig. 4(a). As the sourceR1 offset increases the difference in arrival time increases. At
the critical offset, the difference between arrival times reaches
a maximum. Sources farther than the critical offset produce
a post critical reflection and refraction at R1 and a refraction
at R101. The arrival time difference between the post critical
reflection recorded at R1 and the refraction recorded at R101
decreases, as the offset increases. Additionally, sources past
the critical offset produce refracted waves recorded at both R1
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Figure 4 Illustrates why the stationary-phase point occurs at the critical offset. a) Cartoon showing raypaths contributing to features seen in
(b). b) Simplified correlation gather formed by correlations of the raypaths in (a).

and R101, illustrated by the solid lines. The cross-correlation
of refracted energy at both R1 and R101 is shown by the solid
line in Fig. 4(b). Similarly, the cross-correlation of wavefields
recorded at R1 and R101 for S15–S60 and S60–S110 are
shown in dotted and dashed lines, respectively.
In conventional refraction analysis, we estimate v0 and v1
from the slopes of the direct and refracted waves, respectively.
The velocities and the intercept time, ti , of the refracted wave
are used to determine the depth to the interface using equation (3–41a) in Yilmaz (2001):
v1 voti
.
H= 
2 v12 − vo2

(2)

Because the virtual refraction has a zero-intercept time we
cannot find the depth to the interface in this manner. An
alternative approach using seismic interferometry to recover
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the same subsurface parameters is to: 1) estimate the critical
offset, xc , from the stationary-phase point, 2) determine the
critical time tc , picked at xc in the real shot record and 3)
knowing xc , v1 , and tc we determine vo and H (Mikesell et al.
2009):
vo =



v1 xc /tc ,

(3)

and

H = xc v12 − vo2 /(2vo).

(4)

The stationary-phase point is critical in determining xc and
subsequently vo and H. If the stationary-phase point is not
observed only v1 can be determined using this method.
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Figure 5 Quarry representative of BHRS geology showing; sand lenses, poorly sorted massive units, moderately sorted horizontally bedded
units and trough crossbedded units. The vertical exposure is ∼6 m.

FIELD EXAMPLE
Next, we present the first application of the analysis developed
by Mikesell et al. (2009) to field data. We use data collected
at the Boise Hydrogeophysical Research Site (BHRS) to determine relative water-table depth and seismic-wave velocities.
The BHRS is a research well-field located 15 km south-east of
Boise, Idaho (USA), developed to study the permeability and
other properties of heterogeneous aquifers using hydrogeological and geophysical methods (Barrash, Clemo and Knoll
1999; Clement et al. 1999). In 1997 and 1998, eighteen 20-m
deep wells were drilled to aid in the collection of hydrologic,
geophysical and well log data. The stratigraphy of the upper
20 m at the BHRS consists of coarse fluvial deposits (silt,
sand). The coarse fluvial deposits include layering and variations, such as lenses, within some of the sediment packages
(Barrash and Clemo 2002; Barrash and Reboulet 2004). A
local quarry exposure shows a succession of fluvial deposits
(Fig. 5) that is similar to the upper 20 m at the BHRS. Variations within this shallow aquifer are significant for hydraulic
conductivity profiles at the BHRS but the water-table has a
much greater effect on seismic-wave velocities. The geology is
unknown in detail below the shallow fluvial aquifer. However,
a clay layer appears continuous at the BHRS based on drilling
(Barrash and Clemo 2002). Drilling data indicate the clay is
at least 3 m thick. A vertical seismic profile (VSP) survey at
the BHRS shows that P-wave velocities above and below the
water-table to about 20 m depth are approximately 400 m/s
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and 2700 m/s, respectively (Moret et al. 2004). Based on this
information and other hydrologic and geophysical surveys
conducted at the BHRS (Barrash et al. 1999; Clement et al.
1999; Barrash and Clemo 2002; Barrash and Reboulet 2004)
we develop the seismic velocity model shown in Fig. 6(a).
2006 SURVEY
Data collection
We apply the virtual refraction method (Mikesell et al. 2009)
to data from a 2006 seismic reflection survey. The data were
originally collected for a reflection tomography study and to
introduce students to seismic data collection. The 2006 survey is a 187 m 2D profile passing through the well-field. The
source is a hitch-mounted, accelerated 100 lb weight, dropped
onto a steel plate. We record for 1 second after each shot, sampling at 0.5 ms on 120 10-Hz vertical-component geophones.
Five shots at each location are averaged to increase the signalto-noise ratio. Receivers are placed every metre and sources
every two metres. The survey geometry is shown in Fig. 6(b).
Since seismic refraction interferometry requires data collected
at long source-receiver offsets, we consider only sources off
the south-east end of the line.
Because the refractions contain higher frequencies than the
surface waves we tried many different filters to suppress the
groundroll. We found that a trapezoidal band-pass filter defined with corners at 75–150–300–600 Hz worked the best
to suppress groundroll. We also apply a centred automatic
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Figure 6 a) A P-wave velocity model representing the geology of the
BHRS where the 2006 survey was conducted. The elevation profile
showing the 1 m dip was collected using a differential GPS. b) Plan
view of the BHRS. The red line is the 2006 survey and the blue dots
are the wells at the BHRS. The green line denotes the location of the
2009 survey. Important receiver positions are also marked in their
respective colours.
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Figure 7 a) Shot record for the source at S2. The data are filtered and
gained. b) Virtual shot record produced from seismic interferometry.
The virtual refraction intercepts t = 0 s at zero offset and has a velocity
of 2700 m/s.

gain control (AGC) with a window of 50 ms to boost the
refraction amplitude relative to the slower groundroll. A processed shot gather from the data is shown in Fig. 7(a). The
surface-wave amplitude is reduced by the filter but is still
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significant. The P-wave refraction from the water-table is seen
between 0.03–0.05 s. Note that the direct wave is not obvious, thus making conventional refraction analysis difficult.
Between 40–60 m offset there is a ∼2 ms pull up in the refraction. Using v0 = 400 m/s the pull up would result in a 1 m
dip, which is confirmed by the surface profile, obtained with
a differential global positioning system (GPS). The data also
show ambient noise arriving before the refraction, particularly
at greater offsets.

Virtual shot record
Following equation (1), we cross-correlate wavefields
recorded at receiver R1 with wavefields recorded at receivers
R1–R74, for shots at positions S1–S20. Summing the crosscorrelations for all 20 sources produces a virtual shot at
receiver R1 (Fig. 7b). While this is an elastic medium, we only
record the vertical component of the wavefield and consider
only the pure P-wave refraction. Therefore, it is kinematically
equivalent to the acoustic numerical example shown.
The high amplitude event in Fig. 7(b) is the virtual refraction. The virtual refraction has an average velocity v1 =
2700 m/s, which agrees well with the P-wave speed in saturated sand (Moret et al. 2004). This is the identical moveout
speed as the refraction speed in the real shot record. The pull
up due to the surface topography can be seen in both the real
shot record and the virtual shot record. The virtual refraction
always intercepts zero offset at zero time. Therefore, it is relatively straightforward to pick the virtual refraction on the
virtual shot record. Additionally, the uncorrelated noise before the refraction has been suppressed due to the summation
over sources in seismic interferometry.

Stationary-phase point
Figure 8 shows the correlation gather for receivers R1 and
R74 for S1–S20. We observe the correlation of the refracted
wave at R1 and the refracted wave at R74 at t = 0.035 s for
large offsets. While we see the constant correlation between
both refracted waves for large-offset sources, we do not see
the curved feature from the correlation of the refracted wave
at R74 with the reflected wave at R1, as we do in the numerical data (Fig. 3). Since we do not observe the stationaryphase point in the correlation gather, we do not know xc . This
in turn prevents the determination of vo and H using equations (3) and (4). Instead, we calculate the critical offset using
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Figure 8 Correlation gather from BHRS data. The horizontal band
at 0.035 s is caused by the correlation of the refracted wave at both
receivers.

our model values:


 
400
v1
= 8.5◦ ⇒
= arcsin
θc = arcsin
vo
2700
xc = 2H tan(θc ) = 8 tan(8.5◦ ) = 1.2 m.

(5)

With our shot spacing as 2 m, the stationary-phase point is
contained within the first offset, preventing us from determining xc , vo and H. To observe the stationary-phase point we
conducted a second seismic survey with a finer receiver and
shot spacing.

2009 SURVEY
Data collection
In May 2009 we designed and conducted a second 2D seismic
survey at the Boise Hydrogeophysical Research Site (BHRS).
This survey line is 86 m long, located on horizontal ground
near the 2006 survey (Fig. 6b). We record on 91 variably
spaced 100 Hz vertical-component geophones. The variable
spacing allows us to obtain better resolution near the critical
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offset as well as to record greater offsets. There are 74 receivers
with 1 m spacing. On the end nearest the sources we place 17
receivers with 0.25 m spacing. Our source is a 4 lb sledge
hammer. Starting at the first receiver we stack 4 shots every
0.1 m for 2 m, while moving away from the receiver array.
We then increase the shot spacing to 1 m, for another 38 m.
We record for 0.5 s with a sampling interval of 0.25 ms.
We filter the data to suppress the groundroll and emphasize events associated with the water-table. We use two different band-pass filters to emphasize different wave modes.
We also apply a centred automatic gain control (AGC) with
a window of 50 ms to the data after either filter is applied.
Figure 9(a) is the shot record from the source at S21 with a
75–150–300–600 Hz trapezoidal band-pass filter and AGC
applied. We show only receivers 17–91 as the refraction was
obscured by groundroll for very near offsets. As with the 2006
data we observe a prominent refraction from the water-table
along with significant surface-wave energy. Variation in the
refraction arrival time is caused by the intermittent lenses and
inclusions in the dry sediment (Fig. 5). What appear to be
multiples are likely reflections from below the clay layer. A
deeper high-amplitude reflection is also visible at t ≈ 0.08 s.
Virtual shot record
Using the same procedure as for the 2006 data, we crosscorrelate the wavefield recorded at R1 with the wavefields at
the other 90 receivers. We then sum the cross-correlations for
all 58 sources to produce the virtual shot record (Fig. 9b).
Since there is irregular source spacing, care must be taken to
multiply the terms in the summation by their corresponding
source spacing. Again, we see virtual refraction with velocity
v1 = 2700 m/s. The refraction decreases in amplitude at long
offsets due to a lack of source energy.

Stationary-phase point
We find that a 30–75–150–300 Hz trapezoidal band-pass filter optimally emphasizes the cross-correlation of the refracted
wave with the reflected wave from the water-table. By crosscorrelating wavefields from R1 and R40 for all sources we create a correlation gather (Fig. 10). To highlight the stationaryphase point the correlation gather has a variable scale along
the horizontal axis. In the correlation gather we observe the
stationary point from the correlation of the water-table reflection at R1 and the water-table refraction at R40 at xc ≈
1.3 m. We also observe the flat feature at far offsets, at t ≈
0.008 s resulting from the correlation of the refracted wave
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Figure 9 a) Example shot record from source at S21. The data are filtered and gained to suppress the groundroll and emphasize the refraction. b) Virtual shot record produced by seismic interferometry. Note
the virtual refraction intercepts t = 0 s and has a velocity of 2700 m/s.
R40 is the receiver correlated with R1 to produce the correlation
gather. The virtual refraction arrives at R40 at t ≈ 0.008 s.

at R1 and the refracted wave at R40. The lack of coherency
between 5–22 m offsets is caused by correlations involving
the remaining groundroll. We find that the correlation gather
appears ringy due to the complexity of the wavefield at R1, as
the smallest source-receiver offset is only 0.05 m. At far offsets
the recorded time window is not long enough to record the
post-critical reflection, so we observe only the correlation of
refracted energy at both receivers.
Knowing xc , we can pick the critical time, tc ≈ 0.0185 s,
on the real shot record. We know v1 = 2700 m/s from the
virtual shot record. Using equations (3) and (4) we find that
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Figure 10 Correlation gather of R1 and R40. The correlations of the
refracted wave at R40 with the refracted and the reflected waves at
R1 are highlighted in red. Note the change in offset scale at 2 m.

v0 = 440 m/s and H = 3.9 m. For comparison, a conventional
refraction analysis requires the intercept time and the upper
and lower layer velocities to estimate H. From the real shot
record (Fig. 9a) the intercept time is t0 ≈ 0.018 s and because
we do not observe the direct wave, we use v0 = 440 m/s. The
velocity of the faster layer v1 ≈ 2700 m/s can be estimated
from the slope of the real refraction. Calculating the depth to
interface using equation (2) confirms H = 4.0 m. The VSP
(Moret et al. 2004), traditional and interferometric refraction
analyses are in agreement, but the virtual refraction method
does not explicitly need an estimate of v0 .
More spurious energy
We observe additional spurious energy at long offsets in the
virtual shot record between 0.04–0.05 s (Fig 9b). Due to the
later arrival time and stronger correlation at long offsets we
look at the cross-correlation of R1 and R70 (Fig. 11) to better understand this event. We observe the correlation of this
event at t ≈ 0.045 s and determine it is the correlation between the water-table refraction at R1 and the deep reflection
at R70. The depth (∼70 m) and rms velocity (∼2000 m/s) of
this reflection result in a nearly linear moveout. Additionally,
the moveout is approximately equal to the traveltime difference in refracted rays along the water-table. This is illustrated
in Fig. 11. For example, the difference in the two-way traveltimes from source S25 to receiver R70 and S26 to R70 is
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Figure 11 Cartoon showing correlation between the reflection from
the deep layer and the refraction from the water-table.

0.0002 s. The difference in traveltimes for rays refracting off
the water-table from S25 to R1 and S26 to R1 is 0.0003 s.
This results in a nearly flat correlation between the watertable refraction and deep reflection at large offsets in Fig. 12.
In Fig. 12, we also observe the correlation of the water-table
reflection at R1 with the water-table refraction at R70. Note
that the stationary-phase point associated with the correlation
between the water-table reflection at R1 and refraction at R70
is consistent with what we found earlier (xc ≈ 1.3 m). Since
we are correlating R1 with a receiver further away (R70), the
time of the minimum changes: t ≈ 0.02 s (t = dr/v1 ).

DISCUSSION
Survey geometry plays a critical role in the effectiveness of the
virtual refraction method in determining subsurface parameters. For example we could obtain only the saturated P-wave
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Figure 12 Correlation gather of R1 and R70. The correlation of the
water-table refraction at R1 and the deep reflection at R70 occurs at t
= 0.045 s. The stationary-phase point associated with the water-table
refraction at R70 and reflection at R1 occurs at t ≈ 0.02 s. Note the
change in offset scale at 2 m.

speed from the 2006 survey due to the coarse source and receiver spacing near the critical offset. The 2009 survey was designed specifically to have high resolution around the critical
offset but to also record long offsets. The best way to achieve
this was to vary the source and receiver spacing. This was a
particular case where the refracting interface is very shallow
and has a strong velocity contrast. It is important to remember that the virtual refraction method does not require regular
spacing between sources or receivers, only that the survey geometry is known. However, for irregular spacing, the terms
within the integral must be multiplied by the corresponding
distance between sources. The other difference between the
2006 and 2009 surveys is the type of source. While the accelerated weight drop used in the 2006 survey produced a more
consistent and higher amplitude wave, a small sledge hammer
was used in the 2009 survey to obtain the fine source spacing
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needed to resolve the stationary-phase point in the correlation gather. Note that both sources produced similar quality
virtual shot records due to the summing involved in seismic
interferometry.
Another factor contributing to effective use of the virtual refraction method is the preprocessing. For the data used in this
work, we found that a band-pass filter and an automatic gain
control (AGC) best emphasized the refraction while minimizing the groundroll and other near-surface effects. The goal of
our preprocessing was to emphasize the reflected and refracted
wave from the desired interface. We tested various f-k filters,
band-pass filters, true-amplitude recovery and AGCs. We varied the AGC window length and scaled relative to the leading,
centre and trailing samples within the window. We found the
band-pass filter we used worked best for our study. Because
our interface was very shallow we found that more aggressive
filtering of the groundroll reduced the correlation between the
reflected and refracted waves from the water-table. We used
a preprocessing flow that optimized the refraction and reflection from the water-table. Another option to highlight the
reflection and refraction would be time window muting and
muting later arrivals. While muting may help, we are able to
observe the virtual refraction in the virtual shot and the correlations in the correlation gather without applying manual
mutes.
In the section ‘More Spurious Energy’, we explain the origins of other spurious energy in the virtual shot record and
correlation gather, related to deeper interfaces. The same approach could be applied to multiple layers and other geologic
models. Under optimal conditions, a virtual refraction may be
observed in the virtual shot record for each layer. All the virtual refractions will intercept t = 0, with the deepest refraction
(fastest) arriving earliest and the shallowest (slower moveout)
arriving later in time. In this work we show that this method
works for a case with a horizontal refracting layer and an
irregular surface topography (2006 survey). Conversely, the
virtual refraction method should also be useful in the case of a
horizontal acquisition surface and irregular refractor. As such
this method may be particularly useful for static estimation in
exploration seismology.

CONCLUSIONS
By cross-correlating the seismic wavefields of a field survey
we are able to successfully produce the virtual refraction previously demonstrated in numerical simulations. The virtual
refraction has the velocity of a deeper layer and contains information about the subsurface that can not always be easily
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obtained using conventional processing techniques. Using seismic interferometry we can easily pick the virtual refraction in
the virtual shot record, because uncorrelated noise is attenuated and the virtual refraction intercepts zero time at zero
offset. We determine the critical offset from the stationaryphase point in the correlation gather. By examining the real
and virtual shot records and the correlation gather we determine the P-wave speeds in unsaturated and saturated sand, as
well as the relative depth to the water-table, using only the
refracted and reflected wave modes.
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