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SUMMARY

Seismic interferometry applied to 120 hr of railroad traffic recorded by an array of vertical
component seismographs along a railway within the Rio Grande rift has recovered surface and
body waves characteristic of the geology beneath the railway. Linear and hyperbolic arrivals are
retrieved that agree with surface (Rayleigh), direct and reflected P waves observed by nearby
conventional seismic surveys. Train-generated Rayleigh waves span a range of frequencies
significantly higher than those recovered from typical ambient noise interferometry studies.
Direct P-wave arrivals have apparent velocities appropriate for the shallow geology of the
survey area. Significant reflected P-wave energy is also present at relatively large offsets.
A common midpoint stack produces a reflection image consistent with nearby conventional
reflection data. We suggest that for sources at the free surface (e.g. trains) increasing the
aperture of the array to record wide angle reflections, in addition to longer recording intervals,
might allow the recovery of deeper geological structure from railroad traffic. Frequency—
wavenumber analyses of these recordings indicate that the train source is symmetrical (i.e.
approaching and receding) and that deeper refracted energy is present although not evident
in the time-offset domain. These results confirm that train-generated vibrations represent
a practical source of high-resolution subsurface information, with particular relevance to

geotechnical and environmental applications.
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1 INTRODUCTION

Claerbout (1968) showed that the autocorrelation of the transmis-
sion response of a horizontally layered medium results in its re-
flection response. He later suggested that by cross-correlating the
records from two locations on the surface, one can retrieve the
response that would be recorded at one of these locations as if
there were a source at the other. Although early seismological at-
tempts to confirm Claerbout’s conjecture were inconclusive (Baskir
& Weller 1975; Cole 1995), independent work in helioseismology
(Duvall et al. 1993) and ultrasonics (Lobkis & Weaver 2001; Weaver
& Lobkis 2001) demonstrated its validity. The work of Lobkis &
Weaver (2001) on diffuse ultrasonic fields, for example, established
from both theoretical and experimental approaches that the Green’s
function (i.e. the response to an impulsive source) between two re-
ceivers could be recovered by temporal cross-correlation of those
records. This concept, now known as seismic interferometry, has
been developed by a number of authors, including Schuster (2001),
Snieder et al. (2002), Wapenaar (2003, 2004), Bakulin & Calvert
(2004), Schuster et al. (2004), Snieder (2004) and Wapenaar &
Fokkema (2006).

Many seismic interferometry studies to date have concentrated
on the ambient seismic field generated by natural processes. This
natural field has been shown to be generated by different mecha-

nisms at different frequency bands. For example, one widely used
source of natural energy are microseisms (surface waves) observed
between 0.04 and 0.08 Hz, which have been linked to ocean swells
at coastal regions (Haubrich et al. 1963). The random pressure
fluctuations generated by ocean waves have been shown sufficient
to generate microseisms of considerable amplitude (Hasselmann
1963). Longuet-Higgins (1950) established that a secondary type
of microseismic energy, with dominant peak frequencies between
0.1 and 0.16 Hz, results from the nonlinear interaction of pairs of
ocean swell trains. The low-frequency (0.001-0.01 Hz) part of the
Earth’s background free oscillations, the ‘hum’, is the least under-
stood. Some have attributed this phenomenon to atmospheric tur-
bulence (Nishida et al. 2000; Tanimoto 2001), though recent work
indicates that the ‘hum’ results from the mechanisms responsible
for the primary and/or secondary microseism (Webb 2007, 2008;
Traer & Gerstoft 2014; Ardhuin ef al. 2015).

The ambient seismic field from natural sources is well known
to be dominated by fundamental mode surface waves below fre-
quencies of 0.1 Hz (Haubrich et al. 1963; Toks6z & Lacoss 1968;
Ekstrom 2001). As a result ambient noise tomography using sur-
face waves has developed into a robust imaging technique, allowing
seismologists to image the Earth at local (Brenguier et al. 2007; Lin
et al. 2013a), regional (Shapiro et al. 2005; Kang & Shin 2006;
Yao et al. 2006; Yang et al. 2007) and global scales (Nishida et al.
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Figure 1. (a) Survey location (red star) relative to the towns of Belen (B) and Socorro (S). Also shown are the Rio Grande river (meandering north-south
black line), the outline (green line) of the Socorro Magma Body (Balch ez al. 1997), and the COCORP deep seismic profiles (bold black lines) (Brown ef al.
1979). Inset map shows survey location (red star) within New Mexico. (b) Distribution of seismographs (black triangles) paralleling the BNSF railway (blue

line) with local gravel roads shown in white.

2009). At frequencies above 0.1 Hz the ambient seismic field is
a complicated mixture of fundamental mode surface waves, higher
mode surface waves and body waves (Bonnefoy-Claudet et al. 2006;
Koper et al. 2010). The extraction of body waves from the ambient
seismic field generated by natural processes has proven to be more
difficult than for surface waves, although various degrees of success
have been reported (e.g. Roux et al. 2005; Draganov et al. 2007,
2009; Zhan et al. 2010; Poli et al. 2011; Ruigrok et al. 2011; Ryberg
2011; Lin et al. 2013b).

The anthropogenic contribution to the ambient seismic field has
been addressed by only a few interferometry studies. Thus far,
Matsuoka et al. (2006) and Shiraishi ez al. (2006), to our knowledge,
are the first attempts to image geological structure using seismic
interferometry with vehicles as sources. Halliday ef a/. (2008) also
recovered surface waves from vehicles. Miyazawa et al. (2008)
observed vertical P- and S-wave propagation in a monitoring well
from vibrations caused by mechanical equipment operating around
the top of the well. Nakata et al. (2011) retrieved shear wave (i.e.
refracted and reflected) and Love-wave energy from recordings of
railways and highways. Behm & Snieder (2013) and Behm et al.
(2014) extracted surface waves from highway records. Imaging with
drilling noise in oil exploration is perhaps the most mature example
ofthe use of anthropogenic ‘noise’ in this context (Rector & Marion
1991; Poletto & Miranda 2004).

The work presented here reports our attempt to use the ambient
seismic field generated by trains to produce virtual records of surface
and body waves for imaging the subsurface.

2 THE BELEN EXPERIMENT

In 2014 May, 100 vertical component geophones (Geospace GS-
11D 4.5 Hz) coupled with Ref Tek 125A recorders (Texans) were
deployed parallel to a busy section of the Burlington Northern Santa
Fe (BNSF) railway near Belen, New Mexico (Fig. 1). The array used

a spacing of approximately 25 m between seismographs for a total
array length of 2475 m. The Texans acquired data continuously for
120 hr between 2014 May 29 and June 3. We had excellent data
recovery, with only one station failing completely. A sampling rate
0f 0.004 s (250 Hz) was used, corresponding to a Nyquist frequency
of 125 Hz.

The site was chosen for several reasons: (1) it has one of the largest
volumes of train traffic in the southern transcontinental corridor,
approximately 90 trains per day with some being 3 km long (Frailey
2007), (2) it is in close proximity to the IRIS-PASSCAL instrument
centre which provided the instrumentation for the deployment and
(3) it is located within the Rio Grande rift, an area which has been
subject to many previous geophysical studies (Sanford & Long
1965; Schmucker 1970; Decker & Smithson 1975; Ramberg &
Smithson 1975), including the COCORP deep seismic reflection
surveys in 1976 and 1977 (Brown et al. 1979).

2.1 Inspection of recordings

The continuous data set of 120 hr was divided into hour-long sec-
tions and filtered to remove the non-zero mean value (DC compo-
nent) of the waveforms inherent in the Texan recorders. While in-
specting the raw records we recognized two major types of signals:
trains and road vehicles (cars and trucks). Trains were identified
based on the temporal length of the vibrations at each station and
the velocity of the signal as it traversed the array, while vehicle
signatures on the two main gravel roads parallel to the railroad are
identified from field notes, relative amplitudes and temporal length
of the vibrations. A third type of signal, bursts of ‘noise’ of much
lower relative amplitude to trains and vehicles, we associate with
wind gusts. The records contained 231 clear train signals traveling
westbound and 199 clear train signals traveling eastbound, along
with 59 vehicles and 94 bursts of noise. These represent a total
of 583 specific ‘events’ averaging 116.6 per day. The time interval
between trains ranged from a few seconds for trains traveling in
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Figure 2. Raw seismograms of the 17th hour of recording. Trains (T) and
vehicles (V) are visible on the record. Events that dip down to the right are
moving towards the southeast (e.g. T1), events that dip down to the left are
moving towards the northwest (e.g. T5). Vehicle 1 is moving on the gravel
road closer to the railway, vehicle 2 is moving along the gravel road next to
the array (see Fig. 1).

opposite directions (the railroad consisted of two parallel tracks) to
over an hour between trains. Fig. 2 shows an example of an hour-
long record that contains signals that correspond to trains and other
vehicles.

Train 1 (18 ms!)

Train 2 (18 m s!)
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2.2 Spectral character of recordings

The train signals T1, T2 and T5 in Fig. 2 were investigated using a
master trace (top row Fig. 3) derived from summing all traces af-
ter aligning the train signals using a time-shift (i.e. linear moveout
correction) obtained from the average velocity of the train. Spectro-
grams and amplitude spectra for these master traces are shown in
Fig. 3. The spectra show substantial energy from about 4.5 Hz (the
geophone natural frequency) up to about 50 Hz, with discernible
energy as high as 110 Hz. Peak amplitudes occur between 5 and
20 Hz. Note that a Doppler effect is evident in the spectrograms,
with higher frequency content present at earlier times (i.e. approach-
ing train) and the absence of those higher frequencies at later times
(i.e. receding train).

3 SEISMIC INTERFEROMETRY

Initial interferometric processing consisted of treating all hour-
long records equally, without making a distinction among different
signals (i.e. trains, cars, wind noise, quiet periods). Several fre-
quency bandpass filters and amplitude-normalization routines were
tested for pre-processing of the records (details below). After pre-
processing, the positive lags of the cross-correlation are computed in
the time domain for each hour-long record. The procedure selects a
station to cross-correlate against the remaining stations, resulting in
120 cross-correlation records for the selected station. These cross-
correlation panels are then normalized by the root mean square

Train 5 (12 m s!)
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Figure 3. Fourier analysis of the train records shown in Fig. 2. Top row: master trace for train signals T1, T2 and TS5, obtained by time-shifting the signals
using the average velocity of the train and summing all traces. Middle row: spectrogram of master trace. Bottom row: amplitude spectra of master trace.
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Figure 4. Virtual-shot gathers generated by cross-correlation, rms scaling to equalize the amplitude among all panels and stacking. Various pre-processing
steps were applied. Only positive correlation lags are shown. Different panels illustrate the results of pre-processing with (a) rms amplitude scaling with
a window of 1 hr, then rms panel-to-panel normalization (b) one-bit amplitude normalization, (c) rms amplitude scaling with a window of 50 s, then rms
panel-to-panel normalization and bandpass filtering (16—100 Hz), (d) bandpass filtering (16—-100 Hz) and one-bit amplitude normalization. The virtual source
in each case is at receiver 55.

(rms) value of the amplitude of the panel, to equalize the amplitude
from panel to panel, and then summed (stacked). This is then re-
peated for all stations, resulting in the computation of the negative
lags of the cross-correlation (note that computing the positive lags
of the cross-correlation of station A with station B and of station B
with station A results in the complete cross-correlation function).
The positive lags of the correlation are what we here refer to as a
virtual-shot gather, while the negative lags are what we here refer
to as a virtual-receiver gather. The sum of both the positive and
negative lags for each station results in what we here refer to as a

virtual-source gather.

Fig. 4 shows several versions of a typical virtual-shot gather
(positive lags only) corresponding to the selection of receiver 55
as the source. Each panel varies in terms of the pre-processing
steps applied. Fig. 4(a) results from applying an rms normaliza-
tion with a 1 hr window to each trace and an rms panel-to-panel

normalization prior to the correlation step. The result shows rel-
atively weak energy propagating linearly with apparent velocities
between 300 and 800 m s, velocities that suggest surface wave en-
ergy. One-bit amplitude normalization (e.g. sign-bit; Bond & Cahn
1958) applied to the raw recordings prior to correlation results
in the recovery of much stronger linear, and quasi-linear arrivals
(Fig. 4b). Again, based on their apparent velocities, we interpret
these as Rayleigh waves. Moreover, as a range of slopes (apparent
velocity) is evident for this energy, we infer that it is dispersive.
As we will show later in this paper, these arrivals are a robust ba-

sis for velocity inversion using surface wave techniques. Because

normalizing with respect to the entire trace (1 hr window) runs the
risk of anomalous scaling by strong amplitude signals (e.g. noise
bursts or spikes), various moving windows were also tested to nor-
malize the amplitude prior to cross-correlation. Those tests mimic
the results obtained in Fig. 4(a) for very large windows (30 min),
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and those obtained in Fig. 4(b) for very small windows (20 s).
In order to suppress the surface wave contributions and enhance
body wave recovery, an rms amplitude scaling using a window of
12 500 samples (i.e. 50 s windows) and a 16-100 Hz bandpass
filter were applied prior to computing the correlations. The result-
ing virtual-shot gather (Fig. 4c) clearly exhibits linear arrivals with
much higher apparent velocities for at least the positive offsets. Ap-
plication of a 16-100 Hz filter followed by one-bit normalization
prior to correlation (Fig. 4d) recovered the same linear events ob-
served in Fig. 4(c), propagating in the positive and negative offset
directions with much stronger amplitudes. These events have much
higher apparent velocities than those of the surface waves observed
in Figs 4(a) and (b), and as argued below, represent P waves. Clearly

(a)

Receiver 50
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one-bit amplitude normalization is an effective tool for enhancing
virtual energy associated with both surface and body waves when
applied in conjunction with the appropriate bandpass filter. As noted
by Cupillard e al. (2011), this method retrieves any coherent energy
present between two receivers, in the case of Fig. 4(b) the most abun-
dant energy corresponds to surface waves, while in Fig. 4(d), one-
bit pre-processing is retrieving coherent energy present at higher
frequencies.

Inspection of the positive and negative lags of the cross-
correlations shows that for the retrieved surface (Fig. 5a) and body
(Fig. 5b) waves the illumination can be considered close to sym-
metric, implying that railroad vibrations illuminate the array in
the same manner for either travel direction of the trains. This is

(b)

Receiver 52
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Figure 5. Positive and negative lags of the cross-correlation for (a) the source at station 50, with one-bit normalization pre-processing, and for (b) the source
at station 52, with bandpass (16-100 Hz) and one-bit normalization pre-processing.
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Figure 6. (a) Virtual-shot gather (positive lags) at receiver 5. (b) COCORP line 1-A real shot gather (vibration point 105) presumed to sample similar geology
to that beneath the Belen array. Only 15 traces of the COCORP data are shown to match the aperture of the Belen railroad array (ca. 2.4 km). The apparent
velocity of the first arrivals (arrows) in both cases is ~2100 m s~!. The curved second arrival on the COCORP data is a reflection at ~1200 m depth. Hyperbolic
events at large offsets on the virtual-shot gathers (e.g. Fig. 6a) are here interpreted as reflected P waves as well (see Fig. 7).

to be expected since each train ‘broadcasts’ in both directions
to the array as it approaches and recedes (see also f—k analysis
below).

Comparison of our virtual-shot gathers (e.g. Fig. 4d) with physi-
cal shot gathers from the COCORP survey collected within similar
Tertiary-Quaternary sedimentary rocks of the Rio Grande valley
shows that the high velocities (i.e. ~2100 m s~!) associated with
the linear first arrivals recovered from interferometry correspond
closely with the velocity of the real P waves traveling in the near-
surface sedimentary rocks (Fig. 6).

In addition to what we interpret as clear direct P waves on the vir-
tual gathers, there are later arrivals that exhibit curvature suggestive
of the hyperbolic moveout expected of reflections. The hyperbolic
events, most obvious in virtual gathers at larger offsets, correspond
to a reflector at approximately 0.72 s vertical two-way time (twt)
or ~750m below the surface, and a normal moveout (NMO) ve-
locity of approximately 2075 m s~ (Fig. 7). The reflected arrival
is not fully aligned at large offsets by the standard NMO correc-
tion (e.g. Fig. 7c). This may be due to the presence of a shallow
weathering layer and/or by use of an NMO correction where the
fourth and higher order terms are neglected (Yilmaz 2001). Fre-
quency distortion (NMO stretching) is common at large offsets
and shallow arrival times (Yilmaz 2001). Usually data that suf-
fer NMO stretching are muted prior to processing. However, since
the energy of interest lies completely within the ‘stretch’ regime,
an alternative approach is taken here. Fig. 7(e) shows the virtual-
shot gather in Fig. 6(a) after applying a constant normal move-
out correction (Shatilo & Aminzadeh 2000), which assumes that
the seismic wavelet is primarily from a single interface at depth.
The traveltimes of this particular reflected phase agree with the
two-way times (0.6—0.9 s) observed by Russell & Snelson (1994)
for the contact between upper Tertiary sedimentary rocks (Santa
Fe group) and Palaeozoic sedimentary rocks 10 km south of our
array.

4 FREQUENCY-WAVENUMBER
ANALYSIS OF TRAIN SOURCES

While body and surface waves can be retrieved with relative simple
pre-processing, up to this point it is unclear which components of
the recordings (e.g. background ‘noise’, approaching versus reced-
ing train, etc.) contribute to the emergence of the different seis-
mic phases observed. To address this issue we carried systematic
frequency—wavenumber (f-k) analyses of the raw recordings using
short time windows (i.e. 100 s) on several records. Fig. 8 shows
three-hour long records of raw data (filtered to remove non-zero
mean value and amplitude normalized) that are adjacent in time
(hour 12, 13 and 14). Hour 12 contains four train signals (the signal
at the beginning of the record corresponds to a train close to the one
hour mark on the record for the preceding hour 11). Three windows
of data were extracted from hour 12 to represent the approaching,
passing and receding part of the fourth train signal. Hour 13 is the
only 60 min record in the entire data set that does not appear to
contain any train signals or vehicles. The first window in this record
was chosen to start after an hour had passed since the last train went
by the array. Hour 14 contains three train signals. The first window
extracted from this record represents a ‘quiet’ period; the second and
third windows correspond to the approaching and receding parts of
the train signal in the record. Each window (red rectangle) in Fig. 8
was transformed into the f~k domain. The convention used in the
f—k plots shown here (Fig. 9) is that events that dip down to the
right (i.e. direction of travel is northwest to southeast in Fig. 1b)
are assigned negative wavenumbers, while events that dip up to the
right (i.e. direction of travel is southeast to northwest in Fig. 1b) are
assigned positive wavenumbers.

The -k transforms in Figs 9(a)—(c) correspond to the three win-
dows selected in hour 12 (Fig. 8a), from earliest to last. The ap-
proaching train signal in Fig. 8(a) (earliest window) has a negative
wavenumber according to the convention used here, correspond-
ing to travel direction from northwest to southeast. Fig. 9(a) shows
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Figure 7. Virtual-shot gather (positive lags) for receiver 5 with (a) no NMO correction, (b) Vamo = 1900 m s~ (¢) Vamo = 2075 m s~ and (d) Vamo =
2800 m s~!. Because of the severe NMO stretch at large offsets for shallow events we have used the constant normal moveout (Shatilo & Aminzadeh 2000)

correction for ' = 2075 m s~ in (e).

strong-amplitude signals with negative wavenumbers. The linear
energy bands in the f=k plots represent surface and body waves,
with the latter corresponding to the steeper slopes (high appar-
ent velocities). Two distinct bands of ‘slow’ energy are apparent
in Fig. 9(a), which we attribute to the fundamental mode (V' ~
400 m s~'), spatially aliased at about 8 Hz, and a higher mode
(V ~ 600 m s~ 1), spatially aliased at about 11 Hz, of surface wave
propagation.

Fig. 9(b) suggests that most of the energy arrives with infinite
(e.g. horizontal) apparent velocity, consistent with the train being
largely parallel to and spanning the array. In this case, the seismic
energy is largely arriving broadside to the array.

Fig. 9(c) shows the train signal as it is receding. As expected, the
energy propagates in the direction opposite to that when the train
was approaching (e.g. Fig. 9a). Similarly to Fig. 9(a), Fig. 9(c)
clearly shows events whose slopes suggest both body and sur-
face waves. Here, however, at least three distinct bands of surface
wave energy are evident, with apparent velocities of 400, 600 and
750 ms~!. We again interpret these as fundamental and higher mode
surface waves. In Figs 9(a)—(c) there are also horizontal bands of
energy (e.g. at 12, 18, 24 and 30 Hz). Such monotonic noise can be
a serious contaminant in cross-correlations, especially if this noise
is stationary in time and space, effectively ‘drowning out’ recovery
of propagating seismic energy (Draganov et al. 2009). This does
not seem to be a problem with this data set, possibly due to these
energy bands being unstable in time.

Figs 9(d)—(f) correspond to the time windows in Fig. 8(b) where
much less, if any, train energy should be present. These plots there-
fore characterize the ‘background’ seismic energy upon which the

train energy is presumably superimposed. All three of the back-
ground f—k plots show surface wave energy propagating somewhat
more symmetrically than when the train energy is dominant. Slopes
corresponding to body wave energy are also present, albeit at some-
what weaker levels and dominantly traveling from northwest to
southeast. We speculate that the surface wave energy may be due to
cultural noise from the town of Belen (Fig. 1), or perhaps highway
traffic noise from the several highways which pass near Belen with
a north—south orientation. Whereas the body wave energy is per-
haps excited by a distant train traveling from northwest to southeast,
towards the railroad station in the town of Belen.

Figs 9(g)—(i) correspond to the three windows in hour 14 (Fig. 8c).
The f—k plot in Fig. 9(g) examines a ‘quiet’ period within hour 14.
Although hints of surface wave energy are present but no body wave
energy is visible. Note that background amplitudes for this window
are even lower than the ones in record 13. Figs 9(h) and (i) rep-
resent the approaching and receding train signal, respectively. The
reversals in the slopes of body and surface wave energy correspond
to the signal directivity.

The direct wave that is so clear in the virtual-shot gathers (e.g.
Figs 4c and d) is also prominent in all of the f—k spectra with a
velocity (V' ~ 2.1 km s~!) that matches that derived from the slope
of the virtual traveltime curves. Like the surface waves, it appears
strongest in the direction toward the approaching or receding train
source. However, we also note that in some of the spectra there
appears to be two linear arrivals with body wave type velocities.
These are most evident in Figs 9(c) and (h), with apparent velocities
of approximately 4 km s~!. We interpret these (e.g. P; in Fig. 9h)
as corresponding to critically refracted, or head wave, energy from
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Figure 8. Three-hour-long records normalized by the max amplitude in
record 12, each with three 100 s windows (red rectangles). The records are
the (a) 12th, (b) 13th and (c) 14th hour of recording. Record 13 is the only
hour in the entire data set that did not appear to contain any train or vehicle
signals.

deeper subsurface discontinuities. Corresponding linear arrivals are
not evident in any of the virtual gathers computed by the various
pre-processing sequences (e.g. Fig. 4), implying that such energy is
fairly weak compared to the direct P energy, which is often the case
for head waves (e.g. Grant & West 1965). Mikesell et al. (2009)
describe the interferometric treatment of these refracted arrivals,
and introduce the term virtual refraction to refer to the spurious
energy observed in virtual gathers due to these phases. Interestingly,
these faster linear arrivals are also evident in the f—k spectra for the
background noise (e.g. Figs 9e and f) as well as those for the train
sources.

The f-k analyses in Fig. 9 indicate that the most useful energy
from the train sources occur when the trains are either approaching
or leaving the array. When the train is ‘on the array’, energy arriving
‘broadside’ is clearly swamping any useful surface or body wave
information. However, this energy could be useful for instruments
placed perpendicular to our array.

While applying the same f-k analysis to signals such as vehi-
cles and sources other than trains (i.e. wind gusts) surface waves
are clearly observed but body waves do not appear to be present
(Fig. 10). This suggests that these sources are not as efficient as
trains, at least in generating body wave energy.

4.1 Seismic interferometry guided by f-k analysis

To determine if body waves might be more effectively extracted
if the ‘broadside’ train, vehicle and wind energy were removed
from the correlations, the results shown in Fig. 11 were computed.
Fig. 11(a) shows a brute correlation using all the energy (as in
Fig. 4d). Fig. 11(b) shows the result of pre-processing with a 50 s rms
window for amplitude normalization, panel-to-panel equalization,
a bandpass filter (16-100) and muting (i.e. deleting) of signals from
vehicles, wind, and broadside train energy. Similarly, Fig. 11(c)
shows the result of the same pre-processing with the addition of
a 20 Hz notch filter. The notch filter was chosen to eliminate a
narrow peak present in the amplitude spectrum of Figs 11(a) and
(b). Fig. 11(d) shows the result of pre-processing with a 50 s rms
window for amplitude normalization, panel-to-panel equalization,
an f—k filter and the same muting used in Figs 11(b) and (c). In spite
of our expectation that this muting would be helpful, the resulting
virtual-shot gathers (Figs 11b—d) show no significant improvement
in terms of recovery of body wave energy. As mentioned earlier, we
also tried applying a notch filter prior to correlation and stacking
to remove a 20 Hz monotonic energy present in Figs 11(b) and
(c). Monotonic ‘noise’ can frequently obscure propagating seismic
energy. However, the removal of this particular frequency does not
result in any improvement in the virtual shot gather (Fig. 11c).
In general, we see little evidence of the influence of monotonic
noise in our correlations, perhaps because the frequencies of such
noise are unstable in time (e.g. Fig. 9). In addition, f—k filtering was
tested as a means to remove surface wave energy prior to computing
the correlations without sacrificing any low-frequency body wave
energy that might be present. However, the result (Fig. 11d) fails to
show any significant new body wave arrivals.

5 REFLECTION IMAGING

The obvious next step in using the virtual-source gathers (i.e. sum of
positive and negative correlation lags) is to apply common midpoint
(CMP) processing to generate a stacked seismic section. The pro-
cessing sequence included linear moveout velocity picks to guide
automated first arrival picks, editing of first arrival picks, mute
function for first arrivals, elevation statics, amplitude scaling, sur-
face consistent deconvolution, constant NMO correction (Shatilo &
Aminzadeh 2000), CMP stacking and amplitude scaling.

The resulting stacked section (Fig. 12) shows coherent events, but
only down to 0.8 s twt. The most prominent event is the reflector
previously identified in Fig. 7 at about 0.72 s twt. We associate this
reflector with the contact between Tertiary and Palacozoic sedimen-
tary rocks based on the interpretation of conventional seismic data
nearby (e.g. Russell & Snelson 1994). Although shallow reflectivity
is apparently recovered, it is far from strong and deeper events are
not observed. It is also apparent from inspection of the virtual-shot
gathers that the energy that is contributing to the reflection stack
is coming at ‘wide’ versus ‘near-vertical’ angles. Given the lim-
ited aperture of our spread (ca. 2.5 km), only the shallow reflectors
correspond to illumination at relatively wide angles.
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Figure 9. Frequency—wavenumber analysis of Fig. 8. f—k analysis of window (a) 2150-2250 s, (b) 2430-2530 s, (¢) 26202720 s, in record 12. f—k analysis of
window (d) 2600-2700 s, (e) 3000-3100 s, (f) 3400-3500 s, in record 13. f—k analysis of window (g) 100-200 s, (h) 1200-1300 s, (i) 1550-1650 s, in record
14. P, FM and HM mark the direct P-wave, and the fundamental and higher mode surface waves, respectively. Pr marks linear arrivals which we interpret as

energy (head waves) refracted from deeper interfaces. See the text for discussion.

Draganov et al. (2006) and Forghani & Snieder (2010) make
clear the importance of the source distribution in seismic interfer-
ometry. Ideally for near-vertical reflection imaging using interfer-
ometry, sources should be distributed beneath the recording array
(Draganov et al. 2006; Ruigrok et al. 2010). In contrast, the train
source is restricted to the surface with most of'its energy propagating
horizontally across our array.

The studies of Zhan ef al. (2010) and Poli et al. (2011) which re-
port deep reflections (e.g. Moho) suggest that relevant illumination
occurs near-horizontally, with the retrieved reflections observed at
wide angles. Zhan et al. (2010) reason that sources must be dis-
tributed within the crust (at the free surface and at depth), but that
the crust behaves as a waveguide for near-horizontally traveling
body wave energy (i.e. SmS").

The lack of deeper reflections recovered by our analysis could
also be due in part to the very short length of our recording pe-
riod, 5 d. Zhan et al. (2010) and Poli et al. (2011) reported their
wide-angle Moho reflections based on 6 months and 1 yr of data,
respectively. Although Ruigrok et al. (2011) report Moho reflec-
tions from approximately 40 hr of data collected over the Northeast
Abu Gharadig Basin in Egypt, they attribute their success to having
near-surface noise sources sufficiently far away that the relevant
energy is actually arriving near vertically from beneath the array
due to the velocity gradient in the crust and mantle.

Based on these observations as well as our own analysis, we
suggest that deeper reflection imaging with train sources will require
a much larger virtual source to receiver offsets and longer recording
time.
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Figure 10. Frequency—wavenumber analysis of strong sources other than trains. (a) Seismograms of 43rd hour showing part of a train signal at the start of the
record, followed by three car signals and what is interpreted as wind gusts. f-k analysis of window (b) 990-1090 s containing a car signal, and of window (c)
2100-2200 s containing a wind gust.
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Figure 11. Comparison of several pre-processing routines guided by the f—k analysis. (a) Brute correlation using the same parameters as in Fig. 4(d). (b) rms

amplitude scaling with a window of 50 s, then rms panel-to-panel normalization, followed by a bandpass filtering (16-100 Hz) and muting of vehicles, wind

gusts and broadside train energy prior to correlation. (c) Same pre-processing as in (b) with an added notch filter to remove a monotonic 20 Hz signal (see the

text for discussion). (d) rms amplitude scaling with a window of 50 s, then rms panel-to-panel normalization, followed by an f-k filter to remove surface wave
energy before correlation.
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Figure 12. Common midpoint stack of virtual CMP gathers. The coherent event at 0.72 s twt (ca. 750 m below the surface) is interpreted as the base of the

Tertiary sedimentary section.
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Figure 13. (a) Virtual-shot gather with station 5 as the source. (b) Dispersion curve for the virtual-shot gather at receiver 5, with the fundamental mode (FM)
and a higher mode (HM) labeled. (c) 1-D shear wave velocity model obtained from the inversion in the frequency range 0—8 Hz of the dispersion curve from

the fundamental mode.

6 SURFACE WAVES

It is abundantly clear from Figs 4 and 9 that trains are an exception-
ally good source of surface wave energy, with substantial potential
for mapping subsurface structure via inversion of their dispersion
curves. Moreover, the surface wave energy provided by trains is
richer in high frequencies (1-14 Hz) than those from microseism-
based interferometry at both crustal (Bensen et al. 2007) and shallow
(Lin et al. 2013a) scale frequencies (i.e. crustal 0.05-2 Hz, shallow
0.5-4 Hz).

Here, by way of demonstration, we computed a simple 1-D shear
wave velocity model by inversion of the dispersion curve for a par-
ticular virtual-shot gather. Fig. 13(a) shows the virtual-shot gather
for station 5 generated via one-bit normalization pre-processing,
together with its corresponding dispersion curve (Fig. 13b). The
dispersion curve clearly shows both fundamental and higher mode
Rayleigh wave energy. Inversion of the fundamental mode (Wathelet
et al. 2004; Wathelet 2008) in the frequency range 0—8 Hz (una-
liased surface waves) resulted in the 1-D shear wave velocity model
shown in Fig. 13(c). We did not attempt inversion of the higher
mode energy as it may have been inaccurately recovered (Halliday

& Curtis 2008; Kimman & Trampert 2010). Note that direct cor-
relation of the surface wave velocity structure with the body wave
reflectivity is of limited valued, since the surface waves probe only
the very shallowest portion (e.g. less than 200 m, or 0.2 s twt) of
the subsurface, a portion that is non-reflective in the seismic section
in Fig. 12. However, the P-wave velocity of ca 2.0 km s~ derived
from the virtual shot gather is consistent with the S-wave velocities
indicated by the surface wave inversion (ca. 1.0 km s™).

Our surface wave results are comparable to those reported by
Nakata ef al. (2011) also using highway and train recordings. These
suggest that train energy represents a promising source for mapping
shallow shear wave velocity variations at shallow depths, with pos-
sible application to geotechnical issues, ranging from hydrology to
seismic site response.

7 CONCLUSIONS

Virtual gathers obtained from cross-correlation of railroad traffic
exhibit robust dispersive surface wave (Rayleigh) energy at frequen-
cies higher than those obtained from conventional interferometry
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using microseism energy. As such, data generated by train traf-
fic should prove valuable for a range of near-surface applications
of surface wave tomography. Potentially useful body wave (P) en-
ergy can also be recovered for refraction/reflection imaging of the
subsurface. Although the reflection image produced in this case
only reaches to 1 km depth, in principle greater depths and fidelity
should be attained by simply recording/stacking for longer periods
of time and/or using more favourable recording geometries (e.g.
larger apertures).

The results presented here and from previous studies suggest that
careful consideration should be given to using the ‘noise’ from rail-
roads as an effective source for surface wave and reflection imaging
of at least the shallow subsurface over large areas at relatively low
cost.
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