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Figure 2.25. Deviations from model, SF1500 accelerometer, medium vibrations.

FIG 2.26. Deviations from model, GS-42 geophone, medium vibrations.

FIG 2.27. Deviations from model, second GS-42 geophone, medium vibrations.

Ultra weak vibration

The tests were repeated using much weaker vibrations (Figure 2.28), and the
deviations from the model are shown in Figures 2.29, 2.30 and 2.31. At low frequencies,
(<10 Hz) the magnitude of the vibrations agrees very closely in both tests. Both sensors
seem to run into difficulty just below 10 Hz, which corresponds to an input of ~0.6 pm/s,
or ~3.8 ug. The MEMS appears to have less deviation in amplitudes below 10 Hz, but its

phase is totally unreliable and for both sensors the output would not be distinguishable as
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signal in real seismic data. The fact that both sensors fail very close together suggests

this may represent the useable noise floor of the test equipment in its present state. It is
impressive that both sensors are within a few dB and a few degrees of their expected

response at vibration amplitudes well below 10 pg.
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FIG 2.28. Velocity of ultra weak vibrations. Left — geophone, right - MEMS.
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FIG 2.29. Deviations from model, SF1500 accelerometer, ultra weak vibrations.
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FIG 2.30. Deviations from model, GS-42 geophone, ultra weak vibrations.
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FIG 2.31. Deviations from model, GS-42 geophone, second test, ultra weak vibrations.

2.6 Horizontal orientation

The tests were repeated in horizontal configuration. The GS-42 geophone and the
SiFlex 1500 MEMS are omnidirectional, so the same clements were used as in the

vertical orientation.

Strong vibration

As shown in Figure 2.32, these were very strong vibrations, over 12 mm/s. The
strongest peak acceleration for the geophone was about 0.38 g (at 60 Hz), and for the
MEMS was about 0.58 g (at 70 Hz). Under the strongest vibrations both sensors were
again very near their modeled response, within a few tenths of a dB and a few degrees
phase lag. However, at higher frequencies the geophone (Figure 2.34, 2.35) deviates
from its modeled phase significantly, even though the vibration amplitude has decreased
significantly. The fact that the MEMS shows only a slightly greater deviation at high
frequencies than low frequencies (Figure 3.33) suggests it is not the vibration plane that
is responsible. This deviation from the model by the geophone suggests some manner of
frequency dependence in a parameter: either decreasing spring force at higher frequency,
or decreased damping. These deviations are not observed, however, in the closer

tolerance GS-32CT geophones (Figure 2.36).
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FIG 2.32. Velocity of strong vibrations. Left — geophone, right - MEMS.
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FIG 2.33. Deviations from model, SF1500 accelerometer, strong vibrations.
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FIG 2.34. Deviations from model, GS-42 geophone, strong vibrations.
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FIG 2.35. Deviations from model, GS-42 geophone, second test, strong vibrations.
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FIG 2.36. Deviations from model, GS-32CT geophone, strong vibrations.

Weak Vibration

The horizontal vibration table was not capable of accurately producing ultra weak
vibrations, so these are larger than for the vertical setup (Figure 2.37). Again, we see the
(GS-42 element encounters larger phase errors (Figure 2.39, 2.40) at high frequencies than
the SiFlex accelerometer (Figure 2.38). It appears the source of these deviations is
frequency dependent, and amplitude independent. As above, the GS-32CT does not
exhibit the problem as badly (Figure 2.41).

In any case, a very wide range of amplitudes was tested in the horizontal
orientation, and all sensors performed to within a half a dB in amplitude and a few
degrees in phase of their modeled response, with a few exceptions. Clearly both
geophones and MEMS accelerometers operate as expected, over a wide range of

frequencies and amplitudes.
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FIG 2.37. Velocity of weak vibrations. Left — geophone, right — accelerometer.
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FIG 2.40. Deviations from model, GS-42 geophone, second test, weak vibrations.
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FIG 2.38. Deviations from model, SF1500 accelerometer, weak vibrations.
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Chapter I1I: VIOLET GROVE FIELD DATA

3.1 Experimental design

Field data were acquired in December, 2005 near Violet Grove, Alberta, Canada
in the Pembina oil field. A detailed description of the acquisition can be found in Lawton
et al. (2006). Three sensors (two 3C geophones and one Sercel DSU3 MEMS) were
simultaneously laid out at 8 stations, with a separation of ~1 m from each other and 20 m
receiver station spacing. One geophone (ION Spike) was a nail-style case that places the
sensor elements below the surface, and the other (Oyo 3C) was a surface-style case with
the sensor elements within a container sitting on the surface, coupled to the earth with a
long spike. A third geophone was also located at two of the stations, and was also a nail-
style case (Oyo Nail) (Figure 3.1). Some parameters of the sensors can be found in Table
3.1. The layout geometry is shown in Figure 3.2.

The intention was to test different methods of coupling the sensors to the ground
(different geophone case designs), as well as differences between geophones and MEMS-
based DSU3 sensors. The ground was solidly frozen when the sensors were laid out, and
warm water was used to soften the earth so the sensors could be planted. The sensors
then froze into the earth after planting so coupling was generally excellent. The two
geophones will thus be considered as indicative of what degree of variation is expected
due to the 1 m crossline offset. This includes small differences in ambient noise,
coupling conditions, raypaths through the near surface, and other issues related to the
sensors not being exactly collocated. If the variation between the accelerometer and
geophone records is not greater than the variability between two geophone records, it will
be concluded that the difference between the accelerometer and the geophones is not
significant. Some noise difference between the surface geophone and the nail-style
geophones will be seen later, but in the time domain the geophones are extremely similar
(Figure 3.3). The overall excellent coupling resulted in very wide bandwidth being
recorded, which allows a good analysis of the abilities of each sensor at the low and high

ends of the spectrum.
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A total of 222 dynamite shots were recorded, whose locations are shown in Figure
3.2. The MEMS data were corrected for tilt prior to delivery, while the geophone data
were not. All sensors were carefully leveled in the field, however, and experimentation

with mixing vertical and horizontal geophone traces to approximate tilt angles up to 15
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degrees found the effect of reasonable tilts to be negligible. The vertical components of

the sensors showed exceptional similarity especially between geophones, and also

between geophones and MEMS. Crosscorrelation coefficients between the geophones

were above 0.99 (Figure 3.3, Lawton et al., 2006). The following analysis will focus on

receiver gathers from shot line 1, where the sensors were always separated from the shots

by nearly 100m, and shot line 3, where station 5190 lies on the shot line.

Table 3.1. Parameters of sensors and cases at Violet Grove

Field Case Spike GS-3C | Nail DSU
GS- GS-
Sensor Element SM-24 | 20DM 32CT MEMS
Resonance Hz 10 10 10 >800
Damping 0.69 0.7 0.7 N/A
Sensitivity w/ damping | Vs/m 20.5 19.7 19.7 | N/A
Proof mass g 11 8 11.2 | <1
Max excursion mm 2 2 1.52 | <1
Spurious resonance Hz 240 300 250 | >>800
Depth of penetration
(est) in 4.8 3.13 6 5.625

r_

[
Figure 3.1. The three geophone cases used in the sensor test. Left: Oyo 3C, middle: ION

Spike, right: Oyo Nail.
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FIG 3.2. Survey design. Blue points are shots recorded in the experiment and red points
are recording stations (Lawton et al., 2006).
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FIG 3.3. Trace by trace comparison of raw Violet Grove data (Lawton et al., 2006). Red
— Oyo Nail, Blue — ION Spike, Green — Oyo 3C, Orange — Sercel DSU.
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3.2 Recording Instruments
i. Anti-alias filters

Two different recording instruments were used: an ARAM Aries system for the
geophones and a Sercel 408UL system for the DSU3 units. The geophones were sampled
at 1 ms, while the DSU3s were sampled at 2 ms. The only other difference applied by the
recording instruments is the geophones (connected to the ARAM system) used zero-
phase anti-alias filter (AAF) (Figure 3.4) while the Sercel (408UL) system used a
minimum-phase AAF (Figure 3.5). Lawton et al. (2006) suggested that this may have
introduced phase effects into the data, resulting in the raw geophone traces appearing
more similar to the raw MEMS traces than was expected. Their reasoning was that
causal filters have a strongly non-zero phase response, even through the seismic data
band. Figure 3.5 shows that for the causal filter used in the Sercel recorder, the
amplitude response is flat up to 200 Hz and the filter phase response is strongly nonzero
at all frequencies above ~1 Hz. On a linear frequency scale, the phase lag is linear up to
over 100 Hz. The result of applying a filter with a flat amplitude response and linear
phase response is a simple time delay (Telford et al., 1977), as all frequencies are delayed
a proportional amount that maintains the waveform intact. Thus no substantial change to
the waveform is expected from the antialias filter in the 0-100 Hz range. The reason the

geophone and MEMS records are similar is explained in section 2.1.
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FIG 3.4. Antialias filter parameters for geophones (ARAM). Left: amplitude. Right:
Phase.
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FIG 3.5. Antialias filter parameters for DSU.

Figure 3.6 shows a 30 Hz Ricker wavelet sampled at 0.1 milliseconds. As shown
in Figure 3.7, the result of downsampling to 2 milliseconds with the causal filter from
Figure 3.5 is a time delay of a little over 6 ms, with no perceptible phase distortion. A
Ricker wavelet has a relatively narrow band of frequencies, but covers most of the
dominant frequencies in field data. Above ~100 Hz, the phase response of the causal
AAF can no longer be assumed to be linear, and it will begin delaying these higher
frequencies beyond the proportional amount. This agrees with another conclusion of
Lawton et al. (2006), that the tendency of high frequencies to trail the main peak in the
Sercel DSU3 data is partly attributable to its AAF.

Input wavelet - 30 Hz Ricker

Amplitude

1 I I I I I I
345 046 047 048 049 05 051 0.52 053 0.54 055
Time (sec)

FIG 3.6. Ricker wavelet, fj,,=30 Hz, sampled at 0.0001 seconds.
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FIG 3.7. Figure 3.6 downsampled to 0.002 seconds using the filter in Figure 3.5. Phase
effects are barely perceptible, except for a constant time shift of a little over 6 ms.

For comparison of the field data in the time domain, the minimum phase AAF is
replicated in the (I1ms) geophone data by downsampling to 2ms with a minimum phase
filter. The filter had a corner frequency of 0.82 Nyquist (205 Hz), with 120 dB rejection
at Nyquist. Replicating the filter should replicate the time shift and any peripheral phase
effects. The DSU3 data could, equally, be inverse filtered to remove the time shift and
phase effects (Figure 3.8). Note also in Figure 3.4 that the ARAM system uses a 3-Hz
low-cut filter while the DSU-408 has none. This too was replicated by applying an
equivalent low-cut filter to the DSUs. From here on all ‘raw’ DSU traces in this dataset

have, in fact, been low-cut filtered to match the ARAM system.

phase effects removed
T

Amplitude

1 I | | I I L I | |
5.45 046 047 048 049 05 051 0.52 053 0.54 055
Time (sec)

FIG 3.8. Result of applying inverse AAF to the downsampled result in Figure 3.7.



ii. Pre-Amp gain and scaling

There is no quoted pre-amp gain for the Sercel DSU3-408UL, as the digitization
takes place within the sensor and no settings can be selected. In the ARAM Aries,
however, there is a choice of a 12, 24 or 30 dB pre-amp gain. These have a bearing on
the equivalent input noise added by the digitizing box, and on the maximum voltage
before clipping. From inspection of the only receiver gather that lies on a shot line
(station 5190, shot line 3; Figure 3.9), it is observed that the geophone values are clipped
at approximately 0.21. This clipping is observed in the raw SEG-Y numerical values,
and is not a result of the display parameters. With a pre-amp gain of 24 dB, the
maximum voltage before clipping is 0.214. However, it can also be seen by comparing
numerical values at specific samples within the gathers that the amplitudes in the ION
Spike data are double those of the Oyo GS-3C. If the ION Spike gather was in fact
gained by 30 dB, the extra 6 dB would account for the doubling of the amplitudes. It is
thus interpreted that the digitizing box, forced to record from different pre-amp gains on
adjacent channels (Figure 3.10), recorded all amplitudes as if both channels were a 24 dB
preamp gain. As a result, the Oyo GS-3C gather exhibits the correct values in volts, but
the ION Spike gather should have its amplitudes halved to correctly represent the value in
volts that went into the digitizing box. The Oyo Nail, present at stations 5183 and 5184,
also needs to be halved in amplitude.

Chapter 1 shows that once an acceleration trace has been calculated from a
geophone voltage trace, the amplitudes should be divided by the geophone’s damped
sensitivity constant to give actual ground acceleration values. For the sensor elements

used here, their damped sensitivities are given in Table 3.1.
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FIG 3.9. Spike closeup of station 5190, shot line 3, raw geophone data. Centre 4 traces
are clipped, surrounding traces approach similar values.
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FIG 3.10. Diagram of gain settings on the ARAM field box.
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Comparison of these calculated acceleration amplitudes to the acceleration

records from the DSU, however, showed the DSU amplitudes being too small.

The

record for station 5190, line 3 also contained clipped traces for the DSU. The DSU

specifications stated a maximum acceleration of 4.5 m/s%, or 0.459 g. The clipped values

in the DSU SEG-Y file were around 2300. The idea of 1 amplitude unit from the DSU

equaling 2 mm/s” was explored, but did not produce amplitudes in the neighbourhood of

those from the geophones. Thus, there becomes a discrepancy about which numerical

value of acceleration should be trusted. Since the acceleration calculated from the

geophone traces was in known units (m/s>), while the DSU brochure does not specify

what the output units are, I elected to match the DSU amplitudes to the geophone rather

than the other way around.



Trial and error found that multiplying the DSU values by .00125 produced a very
good fit overall, generally placing the dominant amplitudes of the DSU within the range
of the dominant amplitudes from the geophones. This scaling constant (1 DSU amplitude
unit equals 1.25 mm/s’) was found to work under all conditions, from the smallest
amplitudes to the largest, and in both vertical and horizontal orientations. Figures 3.11
and 3.12 show amplitude spectra from station 5183, line 1, from the final 500 ms and the
full 4000 ms, respectively. The final 500 ms may be expected to have the smallest
amplitudes and little source energy, while the spectra for the full 4000 ms will be
dominated by the strongest amplitudes in the near offset traces and the first breaks. In
both cases the MEMS spectrum is within 1 dB of the geophone spectra, and within the
variation between geophones. Perhaps the greatest difference in amplitudes is found
again at station 5190, line 3. The last trace is from a source over 1.5 km away, while
traces 44 and 45 are immediately adjacent to the shot and are clipped (Figure 3.13).
Figure 3.14 shows the amplitude spectra from the bottom two seconds of the last trace in
the receiver gather (farthest from the shot). The empirical scaling puts the DSU
amplitudes in between the geophones. Figure 3.15 shows the spectra from trace 47, and
it is clear that as soon as the amplitudes decrease from the clipped value, the
accelerometer very closely matches the geophones again. The largest amplitude in trace
47 is about 92% of the largest amplitude in trace 45, so the accelerometer and the
geophone match along almost all of the accelerometer’s unclipped range.

The largest accelerations in the far offset trace (trace 73) are more than 50 dB
(300 times) smaller than those in the near offset trace (trace 47), but the same scaling
constant works for both. This is good evidence that both sensors are linear over a very

wide range of amplitudes.
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Figure 3.11. Amplitude spectra, station 5183, line 1, 3500 to 4000 ms.
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Figure 3.12. Amplitude spectra, station 5183, line 1, 0-4000 ms.
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FIG 3.13. Sercel DSU3 closeup of station 5190, shot line 3, raw MEMS data. Center 2
traces (44 and 45) are clipped, and adjacent traces (43 and 47) contain similar values.
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FIG 3.14. Comparison of spectra from station 5190, line 3, trace 73, >2000 ms.
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FIG 3.15. Comparison of spectra from station 5190, line 3, trace 47.

iii. Noise floors

Comparison of noise floors is discussed in a theoretical example in Chapter 1. In
these field data, the geophone recorder was set to sample at 1 ms, while the DSU3 system
recorded at 2ms. As both recorders use AX digitizers (described in Chapter 1), and a
faster sampling rate means greater digitizing noise in a seismic sample, this means the
equivalent input noise specifications for the geophones and DSU3s are, ironically, not
equivalent. For this kind of system, halving the quoted sample rate will double the noise
(Figure 3.16). This may help make noise floor differences between geophones and
accelerometers more apparent, particularly at high frequencies. Given that the GS 3C
was preamp gained 24 dB (0.4 pV EIN @ 1 ms sampling), while the Spike and Nail were
gained 30 dB (0.32 uV EIN @ 1 ms sampling), an estimate of the expected noise floors
based on manufacturer’s specifications is shown in Figure 3.17. The DSU noise floor is

expected to be lower above ~70 Hz, while the geophone noise should be lower below.



66

Error in a delta signal loop
r_ y = -0.98x + 6.44

Log2(error(%))

8 10

4 6
Log2(samples)

FIG 3.16. Error magnitude in a AZ loop with increasing loop iterations. The slope of
nearly -1 shows that doubling the samples averaged halves the error in the output value.
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FIG 3.17. Modeled noise floors of the two field recording instruments, and estimated
range of ambient noise.

This noise floor will only be significant if it is above the ambient noise detected
by the sensor. This is unlikely to be the case over frequencies where the geophone noise
floor is lowest, particularly at resonance, where it dips nearly to 100 ng. The New Low

Noise Model (Peterson, 1993), used by earthquake seismologists, suggests a minimum
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noise floor of about 50 ng over a 250 Hz band, for a borehole seismology station. The
most comparable North American station that contributed to that study (Black Hills,
North Dakota) shows a noise floor over a 250 Hz band of about 500 ng. This figure is
from a near-surface seismic vault, certainly a quieter environment than might be expected
in a normal exploration survey. The high noise estimate is nearer to 500 pg (500 000 ng),
and, considering the data collection in this thesis was undertaken in an operating oilfield
with nearby noise sources, it is conceivable that the ambient noise could be nearer to that

upper limit.

3.3 Vertical component data

As there were many more shots than receivers, only receiver gathers will be
considered. All data will be compared in the acceleration domain. This ensures that
there is no worry about minimizing or losing anything from the MEMS data. In other
words, it allows the examination of whether ground acceleration comparable to that
acquired with a MEMS accelerometer can be calculated from geophone data. The DSU
case has the vertical component sensor element near the bottom of the nail section, and so
it will be compared mostly to the Spike geophone, which was the closest nail-style
geophone. An example receiver gather through a geophone is shown in Figure 3.18, and

through the MEMS sensor is Figure 3.19.
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FIG 3.18. I/O Spike receiver gather, station 5183, 500 ms AGC applied.
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FIG 3.19. Sercel DSU3 receiver gather, station 5183, 500 ms AGC applied.

A trace-by-trace comparison (Figure 3.3) (Lawton et al., 2006) shows that
geophone and MEMS data are fairly similar, with the main distinguishing feature in the
DSU3 record being a small time shift (related to the minimum phase AAF) and some
added high frequency character. This additional high frequency content in the
accelerometer gather (compared to the raw geophone gather) is not unexpected, as in
Chapter 1 it is explained that the amplitude spectrum of MEMS sensors is flat in
acceleration, while the amplitude spectrum of a geophone is flat in velocity above

resonance (taking a time derivative adds 6 dB per octave to an amplitude spectrum).

i. Amplitude Spectra (Global)

Examining the data in the frequency domain allows the easy comparison of the
different sensors at a station at once. The average amplitude spectra of the acceleration
domain records (ION Spike acceleration, Oyo Geospace 3C acceleration, Oyo Geospace
Nail acceleration and DSU3 raw) will be examined first. For each receiver gather, an
amplitude spectrum was calculated for each trace, and these were averaged to give the
result. The result is that these spectra will be dominated by the section of the gather with
the largest amplitudes: early arrivals on the centre traces.

Shown in Figure 3.20 is Station 5183, shot line 1. Figure 3.21 shows the shots
from shot line 3 into the same station. From 5 Hz up to ~40 Hz, the acceleration spectra

are nearly identical. Below 5 Hz the curves are significantly different, and from the



laboratory results in Chapter 2 it might be suggested that the DSU3 is closer to the correct

amplitudes at the very lowest frequencies.
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FIG 3.20. Average spectra from all four sensors at station 5183, shot line 1.
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FIG 3.21. Average spectra from all four sensors at station 5183, shot line 3.

Figure 3.22 shows a closer view of the frequencies below the dominant frequency

of the data. At low frequencies (below geophone resonance), the strong similarities
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between the calculated acceleration (from the geophone gather) and the measured
acceleration (from the raw DSU3) suggest there is little improvement in low frequency
data quality using a MEMS-based sensor instead of a geophone. This does not
necessarily represent a failure of the MEMS sensor, but is in my view more of a
validation of the position of Brincker et al. (2001) that frequencies of at least an octave
below geophone resonance are recorded accurately and can be used to provide valuable
information. If the goal is lithologic estimation (especially impedance inversion), these
low frequency amplitudes should probably be included as long as there is reason to
believe source-generated signal exists in that band. Since there is necessarily a decreased
emphasis on low frequency content in acceleration data, a case may be made for using
velocity or displacement domains (e.g. integrating MEMS-recorded data) if they is to be

used in seismic inversion.
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FIG 3.22. Closeup of average spectra from station 5183, line 1, 0-25 Hz.

In Figure 3.20, the higher frequencies show considerable differences between the
three geophones (which are similar to each other), and the MEMS. Data from the other
stations can be used to see if these differences are consistent across stations, or related
specifically to one station. Figures 3.23 to 3.29 show the global average amplitude

spectra for the other seven stations (top shows shot line 1 and bottom shows shot line 3).
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The differences observed at frequencies greater than the dominant frequency are not
consistent over all stations, while the similarity in the low frequencies is consistent. At
some stations, like 5189, no differences are apparent. At others, like 5188, the MEMS
amplitudes above ~80 Hz are larger than the geophones (opposite to station 5183).

Viewing the spectra from shot line 3, we see that the patterns are consistent with
station number. At station 5183, shot line 1 has a similar appearance to shot line 3, and
this is generally true of all the stations. It is not true of station 5190 because this is where
the shot line intersected the receivers, and all of the records suffered from clipping, albeit
at different values for the MEMS and geophones. Note that the clipping has mostly
appeared to affect the relative values at low frequencies, and is less significant at high
frequencies. The most readily available explanation for station-specific patterns is that
they are related to the coupling of the sensors with the ground. As noted in Table 3.1, the
different sensors penetrate to different depths into the soil. The fact that water was used
to soften the earth may be producing the differences in coupling observed. Varying
permeability of the soil combined with penetration depth of the sensor could produce a
wide range of coupling conditions, varying even between the vertical and horizontal
components.

Finally, a fully global amplitude spectrum was calculated using all unclipped
traces from all of the stations and shots (lines 1 and 3). The OYO Nail was not present at
all stations and is not included. This should provide a good overall idea of the effective
response differences between the datasets. Differences that appear consistently and
strongly will be apparent; differences that are weak or inconsistent will average out.
Where the spectra overlie each other, the sensors worked according to their modeled
response. Differences represent consistent deviations from the modeled response. Figure
3.30 shows that once all traces are averaged, the geophones are virtually identical to each
other, suggesting there is no consistent difference between them in large amplitude
events. The DSU spectrum also matches extremely well from 5 Hz up to ~120 Hz. At
frequencies higher than this, the DSU amplitudes are consistently smaller. It is unclear
whether this is due to the coupling between the DSU case and the earth, or a tendency of

the sensor element itself.
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FIG 3.23. Average amplitude spectra, station 5184: top) shot line 1, bottom) shot line 3
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FIG 3.24. Average amplitude spectra, station 5185: top) shot line 1, bottom) shot line 3.
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FIG 3.26. Average amplitude spectra, station 5187: top) shot line 1, bottom) shot line 3.
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FIG 3.27. Average amplitude spectra, station 5188: top) shot line 1, bottom) shot line 3.
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FIG 3.30. Average amplitude spectra of all unclipped traces (stations 5183-5190, shot
lines 1 and 3).
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ii. Amplitude Spectra (Local)

Assessing segments instead of the entire receiver gather, we can try to observe
differences in the spectra under different conditions. First we will consider the time
before the first breaks arrive, so only environmental and electrical noise should be
present. Figure 3.31 shows the spectra from station 5183, shot line 1, considering only 0-
300 ms, for traces 1-10. Similar results are apparent at other stations (Figure 3.32). The
sensors are generally quite similar, but some consistent differences can be observed. The
surface style geophone (Oyo 3C), contains more noise at high frequencies than the nail
styles (ION Spike, Oyo Nail and Sercel DSU). Consistent differences are also observed
between the DSU and the geophones. The DSU appears to show the lowest noise at high
frequencies (> 130 Hz), though the Spike is very close, but also shows higher noise than
the geophones below 55 Hz. This is in keeping with the noise floors modeled from the
brochures, where the geophones were expected to have lower noise below 70 Hz.
However, the amplitudes are significantly higher than those modeled based on the

specifications.
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FIG 3.31. Amplitude spectra, station 5183, line 1, 0-300 ms, traces 1-10.
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FIG 3.32. Amplitude spectra, average of all stations, shot lines 1 and 3, 0-200 ms, traces
1-15.

Figure 3.33 shows the spectra from station 5183, shot line 1, but concentrating
only on the first 500 ms. Figure3.33 very closely resembles Figure 3.18, as most of the
large amplitudes (which would contribute most of the energy to the average spectra in
Figure 3.18) are within these times. An inspection of the time-domain records over this
range (Figure 3.34) shows the major difference at station 5183. There are high-
acceleration, high frequency events within and immediately following the first breaks in
the geophone gathers that are not present in the DSU gathers. Since these events are
recorded in all the traces at this station and are of such significant magnitude, it is
unlikely that they would be a random noise or artifact event. If these events represent the
true acceleration of the ground, then it appears the ground motion was not equally
transferred to the geophone and DSU accelerometer elements. This is may be attributable
to a consistent coupling problem. Certainly, station 5189 exhibits significantly higher
amplitudes, and all sensors record the same motion at that station, so MEMS overdrive
cannot be the cause. Interestingly, at station 5188 the pattern is reversed and the
geophone traces lack high frequency character evident in the DSU traces (Figures 3.35
and 3.36). This provides further evidence that the generally lower high-frequency
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amplitudes following first breaks in DSU traces is likely due to a deficiency in coupling,

not in the functioning of the sensing element.
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FIG 3.33. Amplitude spectra, station 5183, shot line 1, 0-500ms.
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FIG 3.34. Closeup of central traces, time domain. Left: Spike geophone. Right: DSU.
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FIG 3.35. Amplitude spectra, station 5188, line 1, 0-500 ms.
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FIG 3.36. Closeup of central traces, time domain. Left: Spike geophone. Right: DSU.

Figure 3.37 shows the amplitude spectra from the last half second over all the
traces. They are similar to the pre-first break spectra above. Here some low-frequency
signal (likely ground roll) overprints the larger DSU amplitudes below ~50 Hz, so the

only discernible variation is the Oyo 3C surface case suffering from additional high

frequency noise.
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Where source-generated signal is present, it is not possible to observe the system
noise floors. Indeed, the smallest estimated amplitudes in m/s” in these spectra are in the
range of 80 dB down, while the estimates of the noise floor are, at the high end of the
spectrum, below 90 dB down. Random field noise will, however, be reduced by
stacking. By doubling the number of records, the signal to noise ratio is improved by V2.
So for a full dataset with 256 fold, the ambient noise floor may be effectively diminished
by ~21 dB. Figure 3.17 shows that the electrical noise may then be larger than the
ambient noise for frequencies above ~120 Hz, and may be significant to 100 Hz or lower.
If sufficient signal strength exists above the ambient noise floor after stack, but below the
geophone system noise, this may be a situation where the accelerometer possesses an
inherent advantage.

Figure 3.38 shows a window that excludes the first break, but includes the
strongest shot-generated reflection and surface waves. The spectra of the three sensors
are nearly identical, and no consistent differences are observed except at low frequencies

(<5 Hz).
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FIG 3.37. Average amplitude spectra of all stations, lines 1 and 3, 3500-4000ms.
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FIG 3.38. Average amplitude spectra, all stations, lines 1 and 3, 700-4000m:s.

iii. Phase spectra

Comparing the phase response of the sensors is most relevant over frequencies
where the amplitudes are very similar. As mentioned above, the sensors appear to have
recorded different ground motions during the first breaks and high amplitudes. It is not
reasonable to compare sensors where the same events were not recorded. To this end, the
examination of phase will centre on shot line 1 into station 5189, and later times at other
stations to exclude the first breaks.

Looking at trace 1 from station 5189, shot line 1, we see that amplitudes are
similar (Figure 3.39), and the phase is generally similar as well (Figure 3.40). The
average of all the traces at that station shows a similar result (Figure 3.41). The spectra
tend to be less dead-on at higher frequencies, which might be expected. At all
frequencies where seismic signal is expected (5-150 Hz), no consistent phase delay or

advance is observed.
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FIG 3.39. Amplitude spectrum, station 5189, line 1, trace 1.
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FIG 3.40. Phase spectra, station 5189, line 1, trace 1.
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FIG 3.41. Phase spectra, station 5189, line 1, average of 75 traces.

The low frequencies are of particular concern, as deconvolution operators are very
sensitive to the low frequencies (Cary, 2001). Improving the signal-to-noise ratio can
result in a significant improvement in the estimation of a wavelet. This is investigated
with the use of an F-X transform, as suggested by Margrave (1999). Figure 3.42 shows
the closeup of the FX complex phase spectra over the lowest frequencies for the Spike
and the DSU. Overall the two plots are extremely similar, but below 2 Hz there are some
differences apparent. It appears as though the Spike spectrum is somewhat more prone to
vertical ‘stripes’, which show less coherence laterally. This may suggest that if very low
frequency signal was available, the DSU would have been more ready to record it
properly. In this case, however, it appears that little coherent signal below 2 Hz was

available to be recorded.
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FIG 3.42. FX complex phase spectra, station 5189, line 1, closeup on 0-20 Hz. Left:
Spike. Right: DSU. The red line marks 2 Hz.

iv. Time-domain filter panels

To further try to estimate the signal band, filter panels are used to show where in
the receiver gathers differences exist at different frequencies, and how they affect the
observed reflections. Figure 3.43 shows the low frequencies in the Spike and DSU. A
low-pass filter has been applied with a corner frequency of 5 Hz and a cutoff of 8 Hz. It
appears that in the early arrivals, the low frequencies in the Spike gather are significantly
more coherent than those in the DSU gather. Excluding the very low frequencies (by
including a cut at 1 Hz and corner frequency of 2 Hz to make a bandpass filter rather than
a highcut) (Figure 3.44), we see that much of the difference has been eliminated, but still
at larger offsets the Spike gather appears to contain coherent early events that the DSU
does not. This is also true of the surface case (GS-3C), as shown in Figure 3.45, and
most other stations (Figure 3.46) as well.

It is very difficult to relate these very low frequencies to a particular reflection
event. Most of the low frequencies appear to be related to the ground roll. However, the
fact that the geophones have performed better at recording low frequencies from the
refraction/first break, results in greater confidence that other low frequency arrivals may

be related to the subsurface.

84



1000

(ms)

w 1500

TIME (|

2000’

N/ WV\)(( b i
VY LAY RN ANV TAPAANY SRNY 0 ) NREN I vd [ v

NeANNGEIN
LAWY

1000

=1 m =1
SHOT 9 ? 9 9 9 l? 9 gl SHOT 11‘32 11I42 I1§9 1I§D 12?1 12|21 12‘35
CHAN EI CHAN 51‘5 515 515 51‘5 51‘5 515 515
v BN I 111178 Y AT VT A T DT M-|
WRALY, WO Ty W
i Ty Y TR FR I DR
e 1131 14 02N R T AT R
5001 s0o SRS LT T A T T T L TR
u R4 AN YT Y L O LA A T YRR AN AN B
| VIV 1YL il TR BT TS TS SRR TV C PR P T T
[ m«mm\\wmm Hl /AN DA LANEN DAY IR
? (RN Yo NN RAL
Il 1000 | 000 HHIUMEDIA I NI
| Bl I ANV AN T TN NI Y ez )
VYT LAYV RHEOANYY VY L0080 ) N T Dl i Y
HEASYYT LAY ANNYY)/248.080)) LT
z z il ANYCC0a"ed O TN
E ] = ||w.lm\mmtmwm\m,wm«wm1mn\mmun 0444411\
P w 1900 TP )
(= mmllm!«mn = ANV L NV AN ) O A O Yt b
R AT 1 mmu ) TR
ALY T I P MO I I I TN E (7K
2000 ] 4N VN auoo I lmmmlymmmm1;\\mmm\un &l{\h\’&'{\r‘a
unmwm 11/ f{nu/(\wm \\imm\mwm NIRRT
A0 O NN i ] 1)) WKW TR
\“'m“Iuﬂmwumm\\l.wu\\man1 T “m\“luﬂt\wm«m\\l)iilt\\w m ¥
500 JAddNY 2500 DO IR % i
mM{(kmnmn\\umwn\\w A
~l -

FIG 3.43. Filter panels: high-cut filter (0/0/5/8), station 5183. Left: Spike. Right: DSU.
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FIG 3.44. Filter panels: bandpass filter (1/2/5/8), station 5183. Left: Spike, Right: DSU.
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FIG 3.45. Filter panels: bandpass filter (1/2/5/8), station 5183. Left: GS-3C. Right: DSU.
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FIG 3.46. Filter panels: bandpass filter (1/2/5/8), station 5189. Left: GS-3C. Right: DSU.

Looking at the remaining filter panels, we see that for the dominant band of 8-30
Hz the two gathers are again very similar (Figure 3.47). The same appears to be true of
the 35-50 Hz band, and the 65 to 80 Hz band (Figure 3.48). There does not appear to be
any reflection signal above the noise in this band, or in higher bandwidths. This is true of
the other stations as well; the noise overwhelms the signal at a very similar frequency in
both sensors, meaning that for the purposes of this analysis they both accurately recorded
all of the signal available. Full processing to eliminate as much noise as possible is
required to investigate whether the advantage of one sensor over another is apparent in

the time domain.
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FIG 3.47. Filter panels, bandpass (5/8/30/35). Left: Spike. Right: DSU.
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There is one final result which can be illustrated with filter panels. Up to this
point, all comparisons have been between acceleration calculated from geophone data
and DSU acceleration data. If we compare raw geophone data and raw DSU data, we
generally find a fairly different appearance. However, by isolating a fairly small band of
frequencies (Figure 3.50 to 3.52), we find the data appears very similar. In the frequency
domain, the principal differences between raw geophone data and raw accelerometer data
are the slope of the amplitude spectrum and the different phase lags. However, if we

select a very small frequency range, these differences are apparently not significant. This



suggests that any processes that operate on small bands of frequencies

equivalent result from raw geophone data and raw DSU data.

could find an

FIG 3.50. Filter panel, bandpass (1/2/5/8), station 5183. Left: raw Spike. Right: raw DSU.
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FIG 3.51. Filter panel, bandpass (5/8/30/35), station 5183. Left: raw Spike. Right: raw

DSU.
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DSU.

v. Crosscorrelations

First breaks from station 5184 are shown in Figure 3.53, and it can be seen the
acceleration traces are all very similar. Crosscorrelations will be used to evaluate how
similar the traces are, and demonstrate under what conditions the DSU data match the
geophones as similarly or more similarly than the geophones match each other. The GS-
3C was chosen to compare against the ION Spike because it was closest nearby in the
field, and provided the highest crosscorrelations. Station 5184 was found to be the most

similarly planted station.
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FIG 3.53. Comparison of acceleration domain first breaks for station 5184. Red — Oyo
Nail, Blue — ION Spike, Green — Oyo 3C, Orange — Sercel DSU.
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Including the whole record and all frequencies (Figure 3.54), we see that at station
5184 the crosscorrelations are extremely high and the difference between the DSU and
the geophone (ION Spike) is no greater than the difference between two geophones (ION
Spike and GS-3C) in traces 1-33 and 48-75. Over the largest amplitudes from the nearest
shots, the DSU is clearly somewhat different from the geophones. By excluding the
larger amplitudes and first breaks (Figure 3.55), the central traces are now extremely
similar. Looking at the latest times and smallest amplitudes (Figure 3.56), we see that the
crosscorrelations are still very high, but some anomaly occurs at the later shots. It might
be said the largest offsets show some dissimilarity between the DSU and geophones,
suggesting that where the signal related to the shot is smaller than the noise, the data are
not equivalent. Conversely, where the signal is significantly larger than the background
noise the sensors return the same data. Thus, the sensors are responding differently to the
noise. It may be that the noise is dominantly much higher frequency and/or lower
velocity than the signal, and so the offset between the sensors is much more significant.
Examining only the very low frequencies where the data is generally similar (Figure
3.57), we see that there are significant differences between the sensors, as was seen in the
filter panels. From the filter panels, however, there is no indication the low frequency

information from the DSU is more coherent.
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FIG 3.55. Crosscorrelations, station 5184, line 1, 900-4000 ms.
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FIG 3.57. Crosscorrelation, station 5184, line 1, 900-4000 ms, 1/2/5/8 filter.

3.1.4 Horizontal component
The horizontal sensor elements in the DSU-408 case are not housed within the

nail portion. They are located in the upper, broad part of the case, and are above the



earth’s surface. This makes the most analogous geophone the Oyo 3C, which is also a
surface case. However, a significant difference is that the DSU has the large, nail portion

anchored into a shallow drilled hole, while the Oyo 3C has a long slender spike and a
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small secondary spike for coupling to the earth. This may provide the best test of

coupling methods; a direct indication of whether the nail-style portion provides better

coupling than the long spike of the Oyo 3C (which does not require a drilled hole).

the DSU and the Spike respectively. Simple inspection of the time domain records yields
a different story than the vertical component. The Spike has the ‘cleanest’ appearance

overall, least contaminated with high frequency noise. This is to be expected, as it has

Figures 3.58 to 3.60 show the raw data from station 5183, line 1, for the Oyo 3C,

the horizontal elements below the earth’s surface, more sheltered from wind and other

ambient noise, and near to the best-coupled portion of the case. The Oyo 3C is next,
suggesting some coupling or noise problem with the DSU. However, the DSU appears to
have the most coherent data, a significant change from the vertical component where all
the gathers looked nearly the same.

coupling of the DSU may have been more solid than the Spike, and the apparent noise is

actually representing the true motion of the ground. .

This is an initial suggestion that the horizontal
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FIG 3.58. Acceleration receiver gather, Oyo 3C, station 5183, line 1.
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FIG 3.59. Acceleration receiver gather, DSU, station 5183, line 1.
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FIG 3.60. Acceleration receiver gather, Spike, station 5183, line 1.

jal AL A

S Lo il

SHOT
CHAN

500

2000

2500 1

i. Amplitude spectra (global)

The horizontal component at station 5183, shot line 1 (Figure 3.61) shows the

DSU within the spread of the geophones, and appears to be very similarly planted. The

low frequencies in particular are very similar (Figure 3.62). There are some examples

where the spectra appear to be station specific (Figures 3.63 to 3.66), just like in the

vertical component. Again this leads to the observation that the differences in coupling at

individual stations appear to have a larger impact on the observable data quality than the

type of sensing element used (geophone vs. MEMS).
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FIG 3.61. Amplitude spectra, station 5183, shot line 1.
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FIG 3.62. Amplitude spectra, station 5183, line 1, 0-25 Hz.
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FIG 3.64. Amplitude spectra, station 5184, line 3.

96



97

o

=)

Q

©

=

2

S

< 60 --ION Spike |-
=Q0YO 3C
=+=Sercel DSU

-80 50 100 150 200
Frequency (Hz)
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FIG 3.66. Amplitude spectra, station 5189, line 3.

The average spectra from all horizontal traces for each sensor are shown in Figure
3.67. As in the vertical component, the spectra are very similar from 5 Hz to more than
100 Hz. Unlike the vertical component, in this case the ION Spike diverges from the
Oyo-3C and Sercel DSU. This is likely because the sensing elements for the two similar

sensors are both above the surface, while the ION Spike is entirely below. Examining the



low frequencies (Figure 3.68), we see the DSU records consistently larger amplitudes

below 5 Hz, which will need to be investigated to see if they contain signal.
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FIG 3.67. Average amplitude spectra, all stations.
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FIG 3.68. Average amplitude spectra, all stations, closeup of 0-25 Hz.
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ii. Amplitude spectra (local)

Examining first the time before the first breaks across all stations in order to
isolate noise, we see in Figure 3.69 that the Oyo 3C and Sercel DSU both have higher
noise at high frequencies. Once again, the DSU appears to have substantially higher
noise between 0-50 Hz. The lowest field noise appears to be in the nail-style geophone.

Excluding the first breaks (Figures 3.70 and 3.71), the spectra from the geophones
and the DSU are fairly similar. This is particularly true in a window dominated by
reflection energy (Figure 3.71). The DSU consistently plots with the Oyo 3C surface
case, except below 50 Hz with very weak signals (Figure 3.70), where some of the DSU’s

tendency to higher noise is apparent.
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FIG 3.69. Average amplitude spectra, all stations, lines 1 and 3, 0-200 ms, traces 1-15.
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FIG 3.70. Average amplitude spectra, all stations, lines 1 and 3, 3000-4000 ms.
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FIG 3.71. Average amplitude spectra, all stations, lines 1 and 3, 1000-2000 ms.

iii. Phase spectra

The phase is generally less similar among the geophones than in the vertical
component data. Figure 3.72, for a single trace from station 5183, line 1, and Figure
3.73, for the average phase difference from that gather, both show the phase is

significantly different between the geophones and accelerometer, though not in a
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consistent direction. This is likely reflective of the lower signal/noise ratio of the
horizontal component data. Nonetheless, it remains true that the DSU phase is on
average only slightly more dissimilar from a geophone than the two geophones are from
each other. There is thus no evidence of a systematic phase difference between the

sensor element types.
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FIG 3.72. Phase spectra for station 5183, line 1, trace 1.
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FIG 3.73. Phase spectra for station 5183, line 1, average of all traces.
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The complex phase spectra are also very similar. Again we see that the geophone
lacks any trace-to-trace coherence below ~2 Hz (Figure 3.74). The DSU does not cut off
so abruptly, so there exists the greater possibility of data recorded at the very low

frequencies.
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FIG 3.74. Complex phase spectra, station 5183, line 1, 0-20 Hz.

iv. Time-domain filter panels

For station 5183, the same filters as used on the vertical data are repeated here.
First shown is the low-frequency bandpass (1/2/5/8) (Figure 3.75). Near the first breaks
the DSU continues to have difficulty at the low frequencies, but over the rest of the
gather the DSU appears to record coherent arrivals very consistent with those of the
geophone. Over times likely to contain the most reflection energy (~800 to 2000 ms), the
data are remarkably similar. The same is not true of station 5184 (Figure 3.76), despite
the fact that 5184 had the most similar traces in the vertical component. This suggests
that similar vertical component coupling is not indicative of similar horizontal component
coupling. It does suggest that where coupling is similar, the very low frequencies

recorded are similar.
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FIG 3.75. Acceleration gathers, station 5183, bandpass filter (1/2/5/8). Left: Spike. Right:
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FIG 3.76. Acceleration gathers, station 5184, bandpass filter (1/2/5/8). Left: Spike. Right:
DSU.

The gathers are fairly similar over the dominant frequencies (5/8/30/35, Figure
3.77), but the near surface reflections are clearer in the DSU gather, and there appears to
be significantly more reflection energy above the noise at the left of the DSU gather. At
higher frequencies (Figure 3.78), the opposite appears to be true. It might be suggested
the Spike gather contains more coherent energy in the 35-50 Hz range. This may be an
indication of the advantage of having sensor elements below ground. To investigate this
further, the panel is also compared to the Oyo 3C (Figure 3.79). Here any advantage

either way is more difficult to pick out. At high frequencies still, there do not appear to
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be any data with a signal-to-noise ratio large enough to be easily observed. It seems at

high frequencies the same thing is true as in the vertical component data: the ambient
high frequency noise was strong enough in both the geophone and the DSU records to

make it difficult to estimate which has more signal without some significant processing.
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FIG 3.77. Acceleration gathers, station 5184, bandpass filter (5/8/30/35). Left: Spike.
Right: DSU.
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v. Crosscorrelation

similarly planted, with both crosscorrelations above 99%.
makes that fairly clear (Figure 3.80). The only stations where the DSU is equally similar
to a geophone as another geophone are where the two geophones are anomalously
different. At stations where the geophones are most similarly coupled (e.g. Figure 3.81),

the DSU traces were significantly different no matter what times (Figure 3.82) or

frequencies (Figure 3.83) were considered.
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FIG 3.80. Horizontal traces at station 5185. Blue — ION Spike, green — Oyo 3C, orange —

Sercel DSU.

Unlike the vertical component, there is no station where all three sensors are very

Examination of the traces
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FIG 3.82. Crosscorrelation, station 5185, line 1, 700-4000 ms.
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FIG 3.83. Station 5185, line 1, 700-4000 ms, 5/10/40/45.

3.5 Discussion

After a thorough investigation of the field data, some observations may be arrived
at. A single scaling constant performed well across the entire observed range of recorded
amplitudes, revealing that nonlinearity in sensor gain is not a significant issue here. The
ground acceleration calculated from the geophones compares very well with the MEMS
accelerometer output. In the amplitude spectra, consistent differences are observed in the
noise prior to the first breaks, with the accelerometer having the lowest noise at high
frequencies (>100 Hz) and the highest noise at low frequencies (<50 Hz) in the vertical
component, and generally the highest noise throughout in the horizontal component. It is
very clear that nail-style sensors, which place the sensing element below the surface of
the ground, have noticeably less high frequency noise contamination. The system noise
floors were modeled to be well below the ambient noise amplitudes observed, but the

general behaviour of the recorded noise is consistent with the expected system noise.



The DSU tended to record lower amplitudes of high frequencies (>100 Hz) in
strong motion and in the first breaks, but this was not true at every station, and is more
likely due to the case and ground coupling than to the operation of the sensing element.
Over intervals dominated by reflection energy, no consistent differences were observed in
the spectra, and the sensor outputs were effectively equivalent. Similarly, wherever the
amplitudes were similar between sensors, so was the phase; no evidence was found for
consistent phase differences between geophones and accelerometers.

It appears all vertical sensors are performing their job of recording the incident
motions faithfully, along their modeled responses. No strong evidence was found in the
vertical component data to support a claim of broader bandwidth being recorded by the
accelerometer, either at high frequencies or low. In fact, the very low frequencies of the
vertical geophone component appeared somewhat less noisy than the vertical
accelerometer.

In the horizontal component, the geophones were quite similar to each other, but
the DSU was generally different. It was found there were no consistent differences in the
spectra of the interval with the most reflection energy, and the differences tended to
average out. Since consistent frequency-domain differences were not observed, observed
differences were not interpreted to be related to the response of the sensing element. The
likely culprit again is ground coupling. In particular, the DSU case does not bulge
outwards at the top as dramatically as the nail-style geophones, and this may be resulting
in poorer horizontal coupling as the cylindrical plunger does not fill the drilled hole as
completely. It is generally observed that coupling conditions at individual stations had a
more significant effect on the data than the choice of sensor.

Especially important is the very low-frequency response of the horizontal
component. While the DSU did not demonstrate any advantage over the geophone in the
vertical component, the low frequency panels of the DSU horizontal component were
somewhat cleaner than the geophone. Using the Blackfoot broadband 3C dataset,
Ferguson (1996) showed quite clearly that very low resonance geophones provided
cleaner low frequency data for converted-wave inversions. A Vp/Vs drop into an

interpreted channel sand was plainly shown in the 2-Hz resonance geophone data, but
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was mixed with larger noise and was uninterpretable in the 10-Hz resonance geophone
data. Figure 4.41 shows the difference in the acceleration-domain recording noise floor
between the 2-Hz and 10-Hz geophones used in that experiment and the Sercel DSU-428.

This demonstrates that the geophones both have lower noise than the DSU from 4
to 10 Hz, and the 2-Hz geophone has the lowest noise over the 2 to 8 Hz range
investigated by Ferguson (1996). It is thus unlikely that a DSU will provide the same
additional bandwidth as the low frequency geophone used in the Blackfoot survey. It is
equally clear that the greatest advantages for the DSU lie in recording very low
amplitude, high frequency events. Certainly in the field data examined here there was no
clear evidence to support more useful, coherent energy being recorded by the DSU in the

2-10 Hz range.
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FIG 3.84. Estimated noise floors of the geophones used to acquire the Blackfoot
broadband survey, shown with a DSU-428 noise floor for comparison.
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Chapter IV: SPRING COULEE FIELD DATA

4.1 Experimental design

In early January, 2008, a 2D line was acquired in southern Alberta southwest of
Lethbridge. The were two purposes to this survey: first to evaluate the prospectivity of
land where the University of Calgary holds mineral rights, and second to do a full side-
by-side comparison of the DSU-428 MEMS accelerometers with a state of the art
geophone recording system supplied by ARAM Systems Ltd. The full comparison line
will be processed and evaluated by other researchers, but some preliminary results from
the raw gathers converted to the acceleration domain will be considered here.

There were several different tests within this dataset. The full line was shot with
commercial Vibroseis trucks, with nail-style geophones recorded through the ARAM
boxes and the DSU-428 recorded with Sercel 428 XL instruments. There was also a patch
of nail-style geophones connected to the Sercel system, so that both the DSUs and the
geophones were recorded with the same instrument (channels 169-208). This eliminates
any corrections for system response, and provides a very direct comparison of the sensors
themselves. In addition to the full program of Vibroseis shots, there were 54 dynamite
shots recorded. This analysis will focus on the dynamite shots recorded by the DSUs and
the geophones, all connected to the Sercel system (the geophones are CREWES-supplied
SM-24s). This provides an opportunity to evaluate the largest bandwidth with the least
concerns about different field equipment. There were high winds during recording, and

some significant noise is expected to show up on the recorded data.

4.2 Recording instruments

This comparison is considerably simpler than the Violet Grove dataset, because
there is only one geophone and one MEMS unit at each station. However, we lose the
ability to investigate the variability between two geophones at the same station. There is
no need to compare preamp gains of different channels, or compare antialias filters,

which are identical in this case. The only recording characteristics to investigate are the
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constant that relates the acceleration amplitudes from the geophones and the DSUs, and
the relative noise amplitudes expected from the recording system for each sensor.
i. Scaling

Amplitudes in m/s” are calculated again by using the sensitivity constant of the
damped geophone elements (19.7 V/m/s), and assuming that the geophone system reports
uV. Relative to the geophone acceleration values, the DSU amplitudes were much larger.
They were multiplied by 2.2 x10” for comparison to the geophone acceleration values.
This constant was found by matching spectra over intervals dominated by reflection
energy, as shown in Figure 4.1. Unlike at Violet Grove, a single constant did not always
provide an excellent fit between the spectra. In order to be consistent, though, a single
constant was used in all comparisons here. Indeed, if geophone data must be merged to
accelerometer data, a single constant must be used. Matching spectra trace-by-trace
presumes that the data being matched are inferior to the data they are matched with.
There is no guarantee that the earlier dataset represents the correct amplitudes at a station,
so the entire later dataset should be scaled with a constant to retain the recorded
amplitude character. The amplitudes of the two sensors should be averaged in
overlapping traces, as long as there is no reason to suspect the quality of one dataset is

inferior.
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FIG 4.1. Average amplitude spectra from station 17, traces 1-54, 500-2000 ms.
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ii. Noise floors
There are two preamp gain settings on the Sercel 428 XL system for an analog
geophone: one that clips at 1.6 V, and one that clips at 400 mV. The geophone records
are not clipped, and amplitudes are observed in the raw gathers of over 500,000
(presumably puV). It is thus inferred that the 1.6 V setting (G1600), was used during this
acquisition. This setting has an equivalent input noise of 450 nV (RMS). The DSU-428
has a noise floor of 0.4 (nm/s*)/NHz, which for a 250 Hz bandwidth (sampling of 2 ms)
gives 6.3 pm/s”. This results in a crossover in noise floors around 42 Hz (Figure 4.2). It
is unlikely that the system noise floors will be observed in these data, as the recording

conditions were quite windy, and ambient noise is expected to dominate.
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FIG 4.2. Noise floors of the Sercel 428 XL FDU and DSU-428.

4.3 Vertical component

The 54 dynamite shots are shown for station 2 for the geophone and DSU in
Figure 4.3. Clearly the geophone record is cleaner. At approximately half of the stations
this is found to be true; the geophone records are less noisy. Observations in the field

(Hauer, 2008, pers. comm.) linked these stations to poor plants, involving cases not fully
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planted, or cables overly exposed to the wind. An example of a station where the DSU

was planted at least as well as the geophone is station 17, shown in Figure 4.4. At a few

stations the DSU records were somewhat less noisy than the geophone, but these

instances were rare.

In the raw records, most of the coherent reflection energy is

apparent within the first 2000 ms, although in processed stacks good reflections are

observed at greater than 4000 ms.
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FIG 4.3. Acceleration receiver gather, station 2, 0-2000ms. Left: geophone. Right: DSU.
500 ms AGC and 2 Hz lowcut applied.
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FIG 4.4. Acceleration receiver gather, station 17, 0-2000ms. Left: geophone. Right: DSU.
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i. Amplitude spectra (global)
Excluding traces that are clipped, the amplitude spectra are very similar (Figure
4.5). The new generation DSU-428 has an extended maximum input acceleration
compared to the DSU-408, and this may be why the high-amplitude spectra match more
closely here than at Violet Grove. A closeup of the low frequencies (Figures 4.6) shows
that the DSU has larger amplitudes below 5 Hz, similar to what was observed in the
Violet Grove data. Even at stations where the plants were clearly different (station 2,

Figure 4.7), the global spectra are again very similar.
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FIG 4.5. Average amplitude spectra, all stations, excluding clipped traces.
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FIG 4.6. Closeup of Figure 4.5, 0-25 Hz.
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FIG 4.7. Amplitude spectra, station 2, excluding clipped traces.

ii. Amplitude spectra (local)
First examining the pre-firstbreak areas of the records, we see there is no strong

60 Hz noise component that clearly dominates like at Violet Grove (Figure 4.8). The
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noise in the DSU is much larger over the frequencies where we expect reflection energy.

This is almost certainly due to the inclusion of the poorly planted stations.
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FIG 4.8. Average amplitude spectra, all stations, traces 41-54, 0-250 ms.

Even at a station where the plants were both very good (Figure 4.9), the DSU has
larger noise below ~60 Hz, and lower noise above. At the lower end of the spectrum,
where seismic signal is expected, the difference in the noise floors approaches 10 dB.
The DSU shows a flat noise spectrum, while the geophone noise amplitude increases with
frequency, crossing over much as the modeled noise floors would predict. Like at Violet

Grove, however, these amplitudes are larger than the modeled system noise.
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FIG 4.9. Average spectra, station 17, traces 40-54, 0-250 ms.

In the latest recorded times (Figure 4.10), it appears the DSU has a higher
operating noise floor than the geophone. The fact that a well-planted DSU does not show
such an elevated floor (Figure 4.11) suggests this is due to the prevalence of noisy DSU
stations, not a scaling problem. Again, the DSU shows the pattern of higher noise below

60-70 Hz, and lower noise above. This was found at nearly all well-planted DSU

stations.
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FIG 4.10. Average amplitude spectra, all stations, 4000-6000 ms.
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FIG 4.11. Average amplitudes spectra, station 17, 4000-6000 ms.

The spectra of an interval with the most reflection energy at station 17 were
shown earlier in Figure 4.1, in order to find a suitable scaling constant. The average at all
stations is shown in Figure 4.12. While figure 4.1 shows little difference in the

amplitudes, the average over all stations shows higher amplitudes at high frequencies for



119
the DSU. This is likely to be related to the high frequency noise seen at many stations as
well, suggesting the coupling problems have slightly affected the overall data quality,

though only in amplitudes over 30 times smaller than the dominant frequencies.
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FIG 4.12. Average amplitude spectra, all traces, 250-4000 ms.

iii. Phase spectra

Since the amplitudes were quite similar over the initial reflections at station 17,
this station will be used to look for differences in the acceleration-domain phase. It can
be observed that where the amplitudes are similar, the phase is also similar. This is true
at both near offset traces (Figure 4.13) and farther offsets (Figure 4.14). These
similarities were predicted in the laboratory tests, where the amplitude and phase of the

sensors was very close to their modeled response for almost all amplitudes and

frequencies.
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FIG 4.13. Amplitude and phase spectra, station 17, trace 11.
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FIG 4.14. Phase difference, station 17, trace 25.

The FX phase plots (Figure 4.15) few differences at station 17, as expected. At
high frequencies it is difficult to show any differences, but by looking at the low
frequencies (Figure 4.16), it appears as though the geophone is slightly more coherent

than the DSU.
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FIG 4.15. FX phase coherence at station 17. Left: geophone. Right: DSU.
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FIG 4.16. Closeup of Figure 4.13, 0-20 Hz. Left: geophone. Right: DSU.

iv. Time-domain filter panels

Time domain filter panels (Figures 4.17 to 4.21) again show what is expected: the
geophone gathers are cleaner and clearer, largely due to the differences in coupling in the
field. One exception is in the low frequencies (Figure 4.18), where the DSU did not
perform well after clipping, and the near offset traces do not match well at all. Perhaps
the most notable thing is in the 35-50 Hz panel (Figure 4.20) the DSU record contains
almost as much information as the geophone record, despite the much stronger noise.
Nonetheless, in the near-offset traces of the next panel (Figure 4.21), it appears the
geophone bandwidth at this station may have been slightly larger than the DSU.
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FIG 4.19. Filter panel (5/8/30/35). station 17. Left: geophone. Right: DSU.
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FIG 4.21. Filter panel (60/65/80/85). station 17. Left: geophone. Right: DSU.

v. Crosscorrelation

There is no reference for the crosscorrelations here, as there was not a second
geophone present to compare with the first geophone. Figure 4.22 shows that the middle
traces of the gather are very similar in appearance. The numerical crosscorrelation values
(Figure 4.23) generally exceed 95%. Specifying an interval where reflections are most
dominant, and filtering to the dominant frequencies in the reflections, improves the

correlation somewhat (Figure 4.24). Crosscorrelations hovering around 99% over much
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of the signal band shows that it is largely the raw data itself that results in similar

processed sections (Hauer, 2008, pers. comm.), not the procedures of the processing flow.
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FIG 4.22. Comparison of acceleration traces at station 17. Blue — geophone, red — DSU.
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FIG 4.23. Trace by trace crosscorrelation at station 17, entire traces.
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FIG 4.24. Trace by trace crosscorrelation at station 17, 500-1000 ms, bandpass filtered
10/15/45/50.

4.4 Horizontal component

Station 17 is also well planted for both sensors, as shown in the horizontal

component data (Figure 4.25). The DSU was somewhat less noisy than the geophone at

station 17, but not at all stations (Figure 4.26). The noise appears generally comparable,

and the gathers appear very similar.
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FIG 4.26. Acceleration receiver gather, station 18, H1 component, 0-2000 ms. Left:
geophone. Right: DSU.
i. Amplitude Spectra (global)

Unlike the Violet Grove test there is clipping in the horizontal components here,
so clipped traces do not contribute to the global spectra. The spectra for station 17 are
shown in Figure 4.27, and the same scaling constant used for the vertical component
works well for the horizontal data. The spectra match closely up to about 100 Hz. The
low frequencies match particularly well, which tended to be true of all well coupled

stations (4.28).
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FIG 4.27. Amplitude spectra, all stations, excluding clipped traces.
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FIG 4.28. Amplitude spectra, all stations, closeup of low frequencies.

ii. Amplitude spectra (local)
Looking again at the recordings before the first breaks (Figure 4.29), we see the

geophones record significantly lower values during an interval where there should only
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be ambient and electrical noise. The poorly planted DSU stations appear to have affected

the horizontal component data more significantly than the vertical component.
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FIG 4.29. Amplitude spectra, all stations, traces 41-54, 0-250 ms.

Examining only a well-planted DSU station (Figure 4.30), we see the noise levels
are more comparable. Still the DSU recorded larger amplitudes up to 60 Hz, but then

does not have the same advantage at high frequencies because the DSU elements are not

as far below the surface as the nail-style geophone.
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FIG 4.30. Amplitude spectra, station 17, traces 41-54, 0-250 ms.

The latest arrivals (Figure 4.31) are also noise dominated, and the average DSU
has much larger amplitudes across the spectrum than the average geophone. In a well-
planted DSU (Figure 4.32), the same pattern is seen again with the higher noise below 50
Hz. The noise floor modeling suggests this is at least 20 dB too large to be the system
noise, but the pattern’s continual reappearance suggests it is something inherent to the
sensors. Finally, excluding first breaks, (Figure 4.33), the average DSU has significantly
larger high frequencies, twice as large as in the vertical component. Though still fairly
small, they could interfere with signal processing (presuming they represent noise). Once
again, when data from a well planted station (Figure 4.34) are inspected, we see a strong

similarity between the spectra, just like the vertical component.
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FIG 4.31. Amplitude spectra, all traces, 5000-6000 ms.
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FIG 4.32. Amplitude spectra, station 17, all traces, 5000-6000 ms.
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FIG 4.33. Average amplitude spectra, all stations, 250-5000 ms.
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FIG 4.34. Amplitude spectra, station 17, all traces, 500-5000 ms.

iii. Phase spectra
These phase spectra correspond to the same interval as the amplitude spectra in

Figure 4.34. A relatively near offset trace (Figure 4.35) and far offset trace (Figure 4.36)
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show that over the frequencies where the amplitude spectrum is similar and it is assumed
the same signals are reaching the sensors, that the phase spectra overlap. Where the
amplitudes are similar, the phase rarely separates by more than a few degrees, and never
in a consistent manner.

An estimate of the signal is again evaluated with F-X complex phase spectra
(Figure 4.37). The spectra are in general extremely similar, even down to the lowest
frequencies (Figure 4.38). The geophone appears again to be slightly more coherent at

low frequencies, but the difference is very small.
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FIG 4.35. Amplitude and phase spectra, station 17, trace 9, 500-6000 ms.
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FIG 4.36. Amplitude and phase spectra, station 17, trace 30, 500-6000 ms.
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FIG 4.37. FX phase spectra, station 17. Left: geophone. Right: DSU.
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FIG 4.38. Closeup of Figure 4.32, 0-20 Hz.

iv. Time domain filter panels

Filter panels of the horizontal component data show very much the same result as
the vertical component. The correction to acceleration domain boosts low frequencies in
the geophone record, and contributes a significant amount of very low frequency noise.
The DSU does not suffer the same problem at the very lowest frequencies (Figure 4.39).
When frequencies below 2 Hz are cut out, the filter panels become nearly
indistinguishable (4.40). Over the remainder of the frequency bands (Figures 4.41 to
4.42), there remains little difference between the sensors, just a small amplitude

difference at an event between 35 and 50 Hz (Figure 4.43).
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FIG 4.40. Station 17, filter panel 1/2/5/8. Left, geophone, Right, DSU.
|
FIG 4.41. Station 17, filter panel 5/8/30/35. Left: geophone. Right: DSU.

T
—— = ] == g ) P— g B gy = n. YR —— !
{.I/IIH\\ [~ ” ”J — = r\nr’/l\\l’/ .'w jomma | \ff\” J rl-:<w|>)\<5>)< b a1 ] ,\(\M
- [ - =St 0, "~ S g ™~y i PR I it R el ol - ppto Ay At g iy
_ . =t I — "~ RS - % 1 -y
A [t ] = ol == SO N =~ ol [ o N Bt ot 5] Ml U A ] T
=] g Ny et N e S B b e £ Al
] I ™ e g " s e g ] A wvh
- ] s (S S = S B P, == B Sy e R iy = I R g Iy b e d
S e e R~ g = g == PRl r=resd A AT
| 11 T— T = [ Ry o 1 o e, T, s I N d ¥ a4 [T
. E P e o e o N e T gy A o
= — P e et e e e o~ et e P~ e = Y o 2
e o= 1 1 1 1 [ 1] =S S ™~ i = Mgy 9 N ne” W (e N IJLK/\II ! [aa ) I
e S g PP SO S S P i et P R SR T S A, [t [ ]
I==u N B gy - il M uso® SN S R [ = et P N = W~ | [t Mg | [t
= I gy s = O gt i e Pt e N T ]
e e e N Vi~ = e e = R, v e e e e W i s e
[~ 1 IR e N e S i DN [t e el = e, ol Do T P P i o T b T |
= e B o = N = Mg e N S 2 Wy =t s e e ey S P S 7 W = ' A
o s S M o s 2o ! T e S s S i e N 7 Wi o Mg R~ e A { e Y LA
Tt = = 1 N RN gy N S "~ g~ ] 2 e e [ 2L 2 " h
[ i o e B S N e e - S e ) [ S Wy S = N S e = =- b
Fem e, | [l ™" | Tt T e “Temm lemmal | e T e | P oA (] Ny
pomat, | etme | | Tge | 4 | L 1 . L | | | T e | i [deme [, [T [ o I g A [
N = S e e iy g g~~~ Sy et By P g S B Y =
Ny s e [y = [T = ]
I o gy ey = g £ O M = g e P~ S e g = o= e - iy
e e e M i ] I N Y O N A A A e e e e N = £ J‘(% A
O e = Y i iy = gy N g e e = o S I e g~ Ny ¥ e = [ g I = o —
O s Py e gy WOy N —| e e ey L e B, NI S N, el | A
e iy b o S e N N R e B o L= =- VA Il
N e g PN = N =~ ) e R S O g~y P = e = = s e A v vy =y o
e 7~ B R g i W s o e e B T S Sy~ o R g iz N o N i~ ] e By =) o
gy = PP e g e g, P = et gy = g P = N 2 e gy - A = = Yy ] |
o, == N S = R N P I g =y = I— I s = =~ = = W S e e S et A e ed I— fnrd ,)DL
= o Y N N e o e et Gy o s B P =g o T " " N R g - s = 2 [
e Gy e N B N = i B o] S P = W N N b S g™ [ e [y o g
=R M P e g 2 A S e Mg e e gl R g S PR ) [T Nt P s, N S o R =y 7 iy P g ot > I g P [ v IIKO
e e e Oy e N S e e e ey = Bl e - Al
’(\I.“HHHUM]’I\IIL/\\\'MIH = N P g P i P “\I:‘ =2 = = - ok
s e e e, I, I o P =] o, e | =l e o P S o=
P S N N e e g Y m > wman.!\l,\./mrf ] m % =
DTy . T T -
”“”/lj{\w{\ﬂ D T =T B T “”“”/lj(\w{\ﬂlf\lﬂ\lll\lfr\lﬂ g = . I~ X
P S O g =" g S gy =g P e i o] v = S gy S - g g = o] S - ity (o] 97y
O e A
J— 2 8 8 8 &8 8 8 g = = = g 8 8 8 &8 & g8 g s g 8 8 8 &8 & g8 g s
S| | I === R = I~ I = I = A = Sl I == == T = T = = CHE - = R = =
%5 (sw) InLL 55 an an

SHOT
CHAN

E
g

]|
|

EFoE| EEE == 2o H = == e 2o HEE == e



| J LA J U]
2[sHot 10 20 0 40 50 2[sHot 203 323 353 33 413
EI CHAN 1 EI CHAN 185 185 185 185 185
] HHTHT] § = m £3i =His
200 ! i 200 = ]
| = T = = 1
ﬂ w3 E, it “:z = EE, ﬂ w0 3EE i % i £f =
H 600 § 2 P o 600 i I 3 5
B i3t : e B it B =
S| Wil i 5 sl L i
= 23§32 ! 23T T —_ 33 P2y
Emnu— S 3} % 3524 Ewuu— SHINRETH G
1200 agiaie s FaT =3CxE] 1200 3 s::'E_' fé_‘;} 3 .ﬁ:.
10043 '5%%3‘ 131 ”0071% 2

FIG 4.42. Station 17, filter panel 30/35/50/55 Left geophone Right: DSU.

4 L]
SHOT 29|3 32|3 35‘3 31?3 41‘3
CHAN N 8 ~
£3 i 23]
i

=R
=
B <
= 3
L -3
-
=3
w
S
o=
=
@
=

o
=
=3

=
=
=3

=
=
=3

@
2
=3

@
2
=3

20 [l SELE % oS

20 [l SELE % oS

e

=4

=
L

e
=4
=

TINE (ms)
=
]
TINE (ms)
=
]

1200 § : 1200 435
!_%;Sj iE:

1400 1400

1600 1600 1552
=:

1800 91- cxmm 180091

FIG443 Statlon 17, filter panel, 60/65/80/85. Left geophone nghtDSU

v. Crosscorrelation

Where the sensors were similarly coupled to the earth, the recorded traces were
very similar (Figure 4.44). Most of the crosscorrelation values (Figure 4.45) are over
90%, with a couple nearing 99%. It is plain that the source responsible for the noise
around trace 40 on the filter panels has a much more profound effect on the horizontal
components than the vertical component. Since the noise does not appear to more
severely affect the horizontal record than the vertical record at this station, this is likely
due to S-waves traveling with very low velocity through the near surface and reaching the

geophone and DSU at significantly different times, while the same is not true of
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refraction and reflection energy. This leads to a very different trace between the two
sensors, and is essentially highlighting the problem with intra-array statics in 3C
recording. This noise interferes strongly with the signal band, so selecting a time interval
or bandpass filter will improve the crosscorrelations somewhat in the noisy region

(Figure 4.46).
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4.5 Discussion

The DSU-428 sensors at Spring Coulee suffered from many poor plants, resulting
in more noise in the average DSU than in the average geophone record, especially before
the first breaks and at late arrival times. At well-planted stations, the DSU was observed
to have larger noise amplitudes than the geophone below 60 Hz, but smaller noise
amplitudes above. Even in the interval with strong reflection energy, the noise could still
be seen to have an effect above ~75 Hz. Coupling was clearly the largest driver of data
quality in this survey. The largest amplitudes were essentially identical.

Where the sensors were similarly planted, there was no evidence of nonlinearity,
though in the time domain gathers and filter panels it was seen that the low frequencies
did not recover quickly once the DSU was driven to clip. This did not affect the general
seismic signal band. The signal interval spectra closely matched closely where the
sensors were similarly planted.

The both vertical and horizontal components had generally high crosscorrelations
when source-generated signal was isolated. As at Violet Grove, the very low frequencies
in the vertical component appeared cleaner in the geophone data, though in the horizontal
component they were cleaner in the DSU. Overall, filter panels showed there was very

little practical difference between the sensors.
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CONCLUSIONS

This work began with a discussion of the mechanics of seismic sensors, based on
the simple harmonic oscillator model. Both traditional analog geophones and MEMS
accelerometers can be viewed as harmonic oscillators, over the range of frequencies used
in seismic exploration. Where they differ is in the transduction used to record the motion
of the proof mass. Geophones use a coil/magnet inductor, while MEMS accelerometers
use capacitors. This defines the proof mass motion that they detect. Geophones detect
the velocity of the coil relative to the magnet, and MEMS accelerometers detect the
displacement of the central proof mass in the silicon sandwich. Due to the MEMS
accelerometers’ very high resonance, any residual displacement of the proof mass is
proportional to the acceleration of the case. For timescales on the order of the desired
signal frequencies, the digital feedback loop in the MEMS accelerometer effectively acts
as an additional analog restoring force. This effectively stiffens the suspension of the
proof mass, which further increases the resonance, and increases the range of frequencies
where the ‘high-frequency resonance’ approximation is true. For the useful seismic band,
MEMS accelerometer output is a direct representation of the case, and thus ground,
acceleration. Due to weight and sensitivity requirements, the resonance of a geophone is
neither very high nor very low relative to the frequencies of the desired signal. This
means no approximation can be made, and geophone output is not a direct representation
of any domain of ground motion.

A correction based on a simple harmonic oscillator can be found to correct
geophone output to any domain of ground motion desired. The usual ‘geophone response
curve’ used to ‘dephase’ geophone data is one of these corrections. Frequency domain
corrections for one sensor will only vary from each other by some factor of i®, since i®
represents a time derivative in the frequency domain. The correction to calculate ground
acceleration from geophone data is simply the usual ‘geophone response curve’ divided
by iw. The MEMS accelerometer does not require correction because the assumption that

its resonance is much higher than the highest recorded frequency is reasonable over the
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entire seismic band. If frequencies that were high enough to violate this assumption were
to be considered, a more detailed model for the MEMS accelerometer would have to be
considered.

Both sensors use AX loops to digitize their analog output, and in both cases it
largely defines their noise floors. Geophones maintain digitization as a separate process,
where the analog output is generated in the sensor and then sent to an external digitizer.
MEMS accelerometers, on the other hand, derive their feedback from within the
digitizing process, which keeps the proof mass centered so most nonlinearities in the
capacitors can be ignored. Some factors, such as feedback voltage and sampling rate, can
also be adjusted to help control the nonlinearities over the frequency band of interest.
The sense-feedback process inside a MEMS accelerometer is essentially a physical
analog for the electrical sense-feedback that converts geophone data from analog to
digital.

The point at which the AX loop adds the system noise provides an inherent
difference between the sensors. Accelerometers have lower noise at high frequencies; the
cross-over is estimated here at between 40 and 110 Hz, depending on the recording
systems being compared. Conversely, geophones have lower noise at frequencies below
that cross-over point (down to ~5 Hz for a 10 Hz geophone), despite their decrease in
sensitivity below resonance. As a result, geophones may have the advantage in detecting
very small signals if the dominant frequency lies between 5 and ~60 Hz, while MEMS
accelerometers may have an advantage in detecting very small high frequency signals.
This may mean MEMS accelerometers perform best at small to medium offsets and
travel times, where the high frequency signals may exist that are not detectable by a
geophone. Geophones may be best when using very long offsets or very long listening
times for deep exploration targets where even the dominant frequencies may be very
small. A direct observation of the recording system noise floor was not made in the field
data, because the ambient noise was found to be significantly larger than recording
system noise the land data presented. If we rely on fold to reduce the random ambient
noise, that brings signals above ~30 dB below the ambient noise into consideration. If

the noise floor presents a barrier to this 30 dB reduction, where the other sensor’s noise
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floor would not, then the sensor with the lower noise floor would have a useful
bandwidth advantage. At Violet Grove, the lowest ambient noise was generally at above
~120 Hz, where the MEMS accelerometer has the noise floor advantage. Under very
windy conditions at Spring Coulee, the opposite was true (where DSUs were properly
planted).

Modeling with zero-phase and minimum-phase wavelets shows that the raw data
from the two sensors should not appear remarkably different, and accelerometer data will
not be 90-degree phase shifted from geophone data. In addition, if one wishes to recover
from a geophone Vibroseis data with the Klauder wavelet embedded as it was input to the
vibrator truck, it is necessary to use the ground displacement correction equation. Raw
accelerometer data will have the double time derivative of the input Klauder wavelet
embedded, as will geophone data after the acceleration correction has been applied.

An important point is that the concept of ground motion domain applies only
before deconvolution. No matter what the domain of the embedded wavelet was (ground
velocity, ground acceleration or geophone distorted motion), the most common
application of deconvolution is to ‘remove’ it by whitening the spectrum to come nearer
to recovering the earth’s reflectivity. Deconvolution seeks to isolate the frequency band
that is related to the reflection signal of the earth and flatten it; maximizing all
frequencies that contain desired information and minimizing those that do not. Once this
has happened, the original character of the ground motion is lost, and the seismic data can
no longer be seen as relating to a ground motion domain. They no longer represent the
motion of the ground; they represent, to some degree, the reflectivity. Modeling with a
known reflectivity series showed no advantage to using acceleration data as input to
deconvolution over geophone data. Also, no ground motion domain showed a significant
advantage over the others in terms of robustness to noise.

Lab tests from the VASTA project confirm that modern geophone elements are
manufactured to very close tolerances and all parameters estimated from the harmonic
scan tests fell within quoted variances, with one minor exception. The accelerometer
element, while not exactly the same as digital-grade seismic acquisition elements, also

performed to within fractions of a dB from its stated gain and a few degrees of the
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expected zero phase lag. These results were for ‘moderate’ excitation levels which
started near a hundred um/s” at low frequencies and increased up towards a few m/s” at
high frequencies (100-200 Hz). This is the range of amplitudes encountered in actual
land seismic data, as the field gathers showed an ambient noise floor around 100-200
um/s” (about 80 dB down from 1 m/s?).

Neither sensor followed their modeled response below signal strengths of ~0.5
um/s®. However, this is well below 30 dB down from the ambient noise, and would not
likely be recoverable from land surface seismic data. The fact that both sensors are
observed to perform very well down to dynamic inputs of 1 pg or below is itself
remarkable.

Finally, two sets of comparison field data were examined; one from Violet Grove,
Alberta, and one from Spring Coulee, Alberta. Both sets compared Sercel’s DSU system
to analog geophones, using dynamite shots to maximize the recorded bandwidth. All
comparisons were done in the ground acceleration domain. At Violet Grove, the sensors
were very carefully planted and were largely frozen into the ground, producing generally
good coupling. The geophones were recorded with an ARAM Aries instrument, while
the DSU-408 sensors were recorded using a Sercel system. This resulted in some
differences needing to be accounted for, particularly the different anti-alias filters. The
Aries filter also used a 3 Hz lowcut, which the Sercel did not. After correcting for
instrument response, the geophone and accelerometer amplitudes were very similar down
to ~5 Hz. Also, numerical ground acceleration values calculated using the geophone
sensitivity constants did not directly match the amplitudes used by the Sercel system, and
a scaling constant was needed. Examination of gathers that included both far and near
offsets showed that the constant was applicable for all non-clipped values, which is
equivalent to stating no nonlinearity was observed in the Violet Grove data. The same
constant was equally applicable to the horizontal component data.

The data were examined in the frequency domain. Over an interval excluding the
largest amplitudes and first breaks (concentrating on reflection signal), it was shown that
the only consistent difference between the two sensors was an increase in amplitudes

below 5 Hz. In the largest amplitudes, the DSU tended to have smaller high frequency
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content. Isolating the smallest arrivals and ambient noise, the DSU vertical component
appeared to have lower noise than geophones above 100 Hz, and higher noise below 50
Hz. The DSU horizontal component was somewhat noisier than the geophones
throughout the investigated band, in part because the horizontal sensing elements are
housed within the upper portion of the case, not below the ground surface like the vertical
sensing element. In general the clearest observation was that nail-style sensors were
shielded from high-frequency noise compared with surface-style sensors.

The data were also examined in the time domain with filter panels and
crosscorrelations between the geophone acceleration and accelerometer traces. The
crosscorrelations were very high where coupling was equivalent, and at some stations the
DSU traces were indistinguishable from the geophone traces. The filter panel tests failed
to show any significant difference at the high frequencies, but any differences may be
hidden beneath ambient noise, not visible unless further processing were undertaken. At
the very low frequencies, the DSU did not outperform the geophone in the vertical
orientation, but appears to be less noisy in the horizontal orientation. It is unclear
whether MEMS accelerometers can improve on the horizontal component low
frequencies of a geophone enough to offer valuable new information. Further study is
needed. In general, it appeared the two sensors performed according to their expected
response over a wide range of frequencies and amplitudes, confirming the Ilab
observations.

The data considered from Spring Coulee were a series of dynamite shots recorded
by Geospace SM-24 geophones and Sercel DSU-428 units both recorded using the Sercel
instrument. This eliminated any concerns about differences in the recording, ensuring
any differences could be traced to the receiver station. Here, however, geophones were
observed to be better planted than the DSUs. Again, one constant was applicable to the
vertical data of all amplitudes.

In vertical component data, it appears the amplitude spectra are very similar
where coupling conditions are similar. The high amplitudes were nearly identical
irrespective of coupling conditions, perhaps a sign of an improved high amplitude

response of the DSU-428 over the DSU-408. Even in cases where DSU coupling was
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poor, the reflection data amplitudes were nonetheless fairly similar, with some additional
high frequency noise content. Time domain filter panels did not show a significant
difference in signal bandwidth. Crosscorrelations over the time interval dominated by
shot-generated signal were high (>98%), though not as high as at Violet Grove. In the
horizontal component, the data were again very similar. No large differences were
observed in the amplitude or phase spectra, beyond the difference in ambient noise
already mentioned. The DSU appears to be more coherent below 2 Hz, but no significant
differences were observed between 2 and 5 Hz in the time domain. Crosscorrelations
were generally high, especially when concentrating on a time interval and frequency band
dominated by source-related signal. Poor crosscorrelations were observed near an
external noise source, which did not have as large an effect on the vertical component,
and are likely related to the low velocity of shear waves in the near surface.

Where properly coupled, consistent differences between DSUs and geophones
were small, and it was difficult to come to any conclusion on which more accurately
recorded the ground’s motion. Both sensors can be said to have very faithfully and

similarly recorded the source-generated signals.

Future work

Much work can be done to further delineate and exploit differences between
geophones and MEMS accelerometers. In my opinion, chief among these is to determine
if richer low frequency content is recorded by the accelerometer than by common seismic
exploration geophones (10 Hz resonance). Ferguson (1996) showed a clear example of a
low-resonance (2 Hz) geophone providing better low frequencies for impedance
inversion than a standard (10 Hz) geophone. Over the 2-10 Hz range, the 10-Hz
geophone amplitude response drops by 12 dB/octave relative to a 2-Hz geophone. By
comparison, a 10-Hz geophone amplitude response drops only by 6 dB/octave relative to
an accelerometer. Whether the accelerometer provides as much additional low-frequency
information as a low-resonance geophone is not yet determined. Inspection of filter

panels in this thesis does not lead to great confidence. Ferguson (1996) showed that
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greater low frequency content after migration, even by a few dB, was indicative of a
clearer, more conclusive inversion result. Migration and impedance inversion of a
comparison line between 10-Hz geophones and accelerometers may be able to come to a
clear conclusion. Alternately, comparison of the 2 and 10 Hz resonance raw records from
the Blackfoot broadband data used by Ferguson (1996) to the accelerometer and 10 Hz
geophone records, respectively, of a comparison line may also be useful.

In the lab, it may be useful to run the exciters with a synthetic data trace of a
smaller sinusoid overlain on a larger sinusoid. It may reveal which sensor is better at
representing two different amplitudes at the same time. If the actual motion of the
exciters can be monitored accurately enough, driving the sensors with actual field
recorded traces from both near and far offsets may more accurately reproduce field
recording, under controlled ambient conditions.

The relevance of choice of domain to processing could be an important topic. It
appears to the eye that there is little apparent difference in stacked data processed from
geophone and acceleration domains (Hauer, 2008, pers. comm.), and testing with spiking
deconvolution showed little difference as well. However, when processing flows are
tailored to suit one domain, perhaps some advantage may become evident.

The noise floors of the sensors show that there is an inherent difference between
geophones and accelerometers, and accelerometers should be less noisy at high
frequencies. In surface seismic field data, this was difficult to investigate because the
ambient noise was larger. It would be interesting to test MEMS accelerometers in a
borehole or on the seabed where the recording system noise floors may be relevant.

One more area of interest is the ability of a MEMS accelerometer to detect the DC
component. It may be that in order to achieve low noise and high linearity current
MEMS accelerometers were forced to give up some accuracy in the DC measurement.
However, it may be possible to engineer a MEMS accelerometer with the ability to
record microgravity. Then, with a package of six MEMS chips, it would be possible to
have microseismic, microgravity and tiltmeter applications in one sensor, which could be

of great value in monitoring situations.
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Appendix A. Derivation of simple harmonic oscillator equation

The following equations (A1-AS5) and the accompanying derivation are based on
Lowrie (1997) and Wielandt (2002). Sensors for seismic exploration are generally an
inertial (i.e. ‘proof’) mass (m) suspended by a spring from a frame, which is coupled to
the earth. We will use “up” as the positive direction within the sensor, and “down” as the
positive direction for the ground motion. When the earth is displaced by a seismic wave
by amount u, the frame displaces relative to the proof mass. The amount the frame
moves relative to the proof mass (i.e., the amount of stretch in the spring), is x. This is
the motion detected by the transducer, which transforms it into the electrical output. If
there is no motion of the proof mass relative to the frame, there is nothing for the sensor
to detect. Note that if an incident ground motion is upwards, the deflection of the proof
mass relative to the frame will be downward, and vice versa. A downward (positive)
earth motion produces an upward (positive) motion of the proof mass relative to the case,
and a positive peak on the seismic record. This is in accord with the SEG polarity
convention (Brown et al., 2001). The net motion (i.e., the movement of the proof mass
when viewed from outside) is n, which is equal to x+u. This is illustrated in Figure Al.

The sensor must be damped or else it would be overcome by vibrations at its
natural frequency and fail to record any other signals, which would be pushed out of its
dynamic range. Damping is represented by the dashpot in Figure A1, and can be thought
of as viscous, as if the mass was surrounded by dense fluid. In reality, damping is often
achieved electrically, such as a high resistance shunt in the case of geophones.

We will consider the free body diagram of the proof mass as the wave passes.
Newton’s 2™ law states that the product of mass and acceleration of the proof mass will
equal the sum of the forces acting on the proof mass. At any time there are three forces
acting on the mass: the gravitational attraction of the earth, the upward force of the
spring, and the damping force of the dashpot. We can write:
=F

gravity

+F

spring

+F

m damping *

(A1)

proof % proof
We are using the undisturbed position of the proof mass as x=0, where we can see that a

portion of the force of the spring will cancel gravity:
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+ (F +F ring Rel) + Fdamping ’ (Az)

m springComp Spi

proof L proof = F gravity
where Fypringcomp 18 the amount of spring force compensating for gravity, and Fpringrel 18
the amount of force that is greater or lesser than the gravity compensation. Equation A2
simplifies to:

m F ,tF,

proofaproof = spring Re amping (A3)
where Fgpringrel 1S positive when the spring applies more force than at its undisturbed

position (i.e. when X is negative), and vice versa. So equation A3 becomes:

0’ ox
M ro0r y(—u +X) =—hkx— ca , (A4)

because the relative spring force is always opposite in sign to X (and a positive spring
force from a negative displacement is increased by an upward ground acceleration), and
the damping force is always opposing the proof mass velocity. The spring constant is k,
and c is the coefficient of viscous damping. Now we can use the definitions o;)ozzk/ Mproof

and c=2Ak and divide through by my,or to write:

0 x ox ou
?+2/10)05+a)02x=?, (AS)

where A is the damping ratio.

At rest Wave passing
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Figure A1. Proof mass motion as a wave passes. Ground motion is u, proof mass motion relative
to the frame is x, and the net motion is n.
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Appendix B. MATLAB code for motion domain conversion

B1. Full service program to calculate any ground motion domain from any geophone or
accelerometer

%%This program requires a seg-y file of seismic data and the sampling interval of the
%%data. It operates trace-by-trace and no scaling is applied. If true ground motion
%%amplitudes are required in SI units, the sensitivity constant of the geophone or
%%accelerometer must be accounted for separately.

clear;

%Load seismic wiggles

disp (' Enter filename of SEG-Y file ');
sw=input (' --->",'s");
seismic=altreadsegy(sw);
[nrows,ncolumns]=size(seismic);

%Define time vector

disp (' Enter sampling interval in ms ');
delt=input (' --->")*0.001;

tmin=delt;

tmax=nrows*delt;
tsw=tmin:delt:tmax;

%Define frequency vector
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

%0000... so many choices
endnow=false;
disp (' Enter 1 for geophone data, 2 for accelerometer data ')
choice=input(' -->")
if choice == 1
disp (' Enter geophone resonant frequency ')
fO=input(' -->")
disp (' Enter geophone damping coefficient ')
dO=input(' -->")
disp (' Enter domain to transform into: Displacement=1, Velocity=2, Acceleration=3 ")
domain=input(' -->")
elseif choice ==
disp (' Enter domain to transform into: Displacement=1, Velocity=2, Geophone
equivalent=3")
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domain=input(' --->");

if domain ==
disp (' Enter geophone resonant frequency ')
fO=input(' --->")

disp (' Enter geophone damping coefficient ')
dO=input(' --->")
else
f0=1,;d0=1;
end
else
disp (' Not a valid choice. Game over. ")
endnow=true;
end
if endnow == false
if choice ==
exponent=4-domain;
%Calculate geophone frequency response for appropriate ground motion domain
for j=1:length(nsamples)
f=j.*delf; omega=2.*pi.*f; omega0=2.*pi.*{0;
transfer(j,1)=(-(i*omega)"exponent)/((omega0"2)+2*i*omega0*omega*d0-
(omega2));
end
%Correct to appropriate domain with above response, one trace at a time
for i=1:ncolumns
%FFT with lots of added zeros
[transSW ,nsw]=fftrl(seismic(:,i),tsw,0,131072);
%Apply inverse of geophone response
transDP=transSW ./transfer;
%IFFT to find time domain trace
[outputtrace,tout]=ifftrl(transDP,nsw);
%store trace
for j=1:length(tsw)
seismicDP(j,i)=outputtrace(j);
end
disp('Trace dephased ');disp(i);
end
end
if choice ==2
if domain ~=3
exponent=3-domain;
for j=1:length(nsamples)
f=j.*delf; omega=2.*pi.*f;
transfer(j,1)=1/((i*omega)“exponent);
end
else
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for j=1:length(nsamples)
f=j.*delf;
omega=2.*pi.*f; omega0=2.*pi.*{0;
transfer(j,1)=(-(i*omega)"exponent)/((omega0"2)+2*i*omega0*omega*d0-
(omega2));
end
end
%Correct to appropriate domain with above response, one trace at a time
for i=1:ncolumns
%FFT with lots of added zeros
[transSW nsw]=fftrl(seismic(:,1),tsw,0,131072);
%Apply geophone response, or shift motion domain with frequency-domain
%integration
transDP=transSW . *transfer;
%IFFT to find time domain trace
[outputtrace,tout]=ifftrl(transDP,nsw);
%store trace
for j=1:length(outputtrace)
seismicDP(j,i)=outputtrace(j);
end
disp('Trace dephased ');disp(i);
end
end
end

B2. Function to correct geophone to ground acceleration
function [acceltrace,tout]=geophonetoaccel(geotrace,t,resonance,damping)

%Takes in a trace of geophone data, its time vector along with the resonance
%in Hz and damping ratio (a fraction of critical, e.g. 0.7) of the
%geophone. Returns the ground acceleration trace (accelerometer trace).

delt=t(2)-t(1);
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

for a=1:length(nsamples)
f=a.*delf; omega=2.*pi.*f; omega0=2.*pi.*resonance;
transfer(a,1)=-(i*omega)/((omega0”2)+2*i*omega0*omega*damping-(omega’2));
end

[transSW ,nsw]=fftrl(geotrace,t,0,131072);
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transDP=transSW ./transfer;

[outputtrace,tout]=ifftrl(transDP,nsw);

for b=1:length(t)
acceltrace(b)=outputtrace(b);

end

tout=t;

B3. Function to correct acceleration records to geophone output
function [geotrace,tgeo]=acceltogeophone(acceltrace,t,resonance,damping)

%Takes in a trace of accelerometer data, its time vector along with the resonance
%in Hz and damping ratio (a fraction of critical, e.g. 0.7) of some
%geophone. Returns the trace that geophone would have acquired.

delt=t(2)-t(1);
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

for a=1:length(nsamples)
f=a.*delf; omega=2.*pi.*f; omega0=2.*pi.*resonance;
transfer(a,1)=-(i*omega)/((omega0”2)+2*i*omega0*omega*damping-(omega’2));
end

[transSW ,nsw]=fftrl(acceltrace,t,0,131072);

transDP=transSW . *transfer;

[outputtrace,tout]=ifftrl(transDP,nsw);

for b=1:length(t)
geotrace(b)=outputtrace(b);

end

tgeo=t;
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Appendix C. Optimal damping for accelerometers

There must be a damping value for each resonance frequency that extends the
range of flat response as much as possible in both amplitude and phase for an
accelerometer. For geophones, since resonance is within the band of measured
frequencies, lowering damping to achieve a flatter phase response will amplify any
incoming vibrations at resonance. This will take up some of the dynamic range of the
recording system, and is probably not desirable. For an accelerometer, with resonance
well beyond the desired signal band, the resonating frequency can be filtered prior to
recording so it does not take up recording dynamic range, and need not be represented
accurately, so long as it does not interfere with accurate representation of the signal band.

A lower damping value will extend the flat range in phase, but compromise the
flat range in amplitude, and vice versa. It should be possible to find an optimal damping
value that extends both flat ranges. Beginning with the amplitude and phase separated
out of the complex response (Mierovitch, 1975):

1

A(w) = , (CD)
JA-X3?) +(2AX)
and
o 24X
¢(®) = tan (1—)(2)’ (C2)

where X=wm/w,. Considering amplitudes (equation 37) first, it can be shown that

7'+ (47 -2 Z +(1- )=0, (C3)

1
A* (@)

where Z=X?. Finding the solution to the quadratic gives

1
A’ (w)

—(4x —2)1\/(4/12 —2)% —4(1- )

7 =

5 ; (C4)

which in turn becomes



156

2 2 2 _ 1
—(42 2)1\/(4/1 2)* -4 Az(w))

= a)o 2 . (CS)

This is an expression for the frequency at which the amplitude will become some given
value A. Here only damping ratios lower than 0.7 will be considered, so the value of the
amplitude will rise towards a peak at resonance as frequencies increase. Assuming a
value of A=1.025 means the result will be the frequency at which 2.5% error is
introduced into the amplitudes. This is essentially setting a 2.5% error threshold.

Proceeding for the phase separated out of the complex response (Mierovitch,
1975):

tan(p()) X > + 21X —tan(p(w)) =0, (C6)

which leads to

o m22EQ20)° +d(tan(p(w))’

2 tan(@(w)) ’ ©7)

and

-4t \/12 + (tan(p(w))’
tan(¢()) '

Now we can calculate the frequency at which the phase value exceeds some arbitrary

o= o, (C8)

threshold. Setting ¢=0.025x results in the same 2.5% threshold as for amplitudes. Of the
two possible frequencies resulting from equation C5, one is lower and one is higher than
resonance. This analysis is concerned only with the lower solution. Of the two possible
frequencies resulting from equation C8, one is positive and one is negative. The negative
solution is ignored. Results calculated over a range of frequencies from 1 to 2000 and a

range of damping ratios from 0.1 to 0.7 are shown in Figure C1.
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FIG B1. Frequencies at which the error threshold is met. Blue surface is amplitude, red is
phase. The intersection of the surfaces is the highest frequency where both error
thresholds are met.

It is clear that higher damping ratios (up to 0.7) favour a flat amplitude response,
as the frequency at which the threshold is exceeded increases with higher damping.
Similarly, low damping ratios favour a flat phase response. The intersection of the
surfaces is the highest frequency where both amplitude and phase are less than 2.5%
away from their flat response value. As the resonant frequency increases, so does this
threshold frequency, so higher resonance always extends both flat responses. Most
interesting, however, is the fact that a single damping value is optimal for all resonant
frequencies. This can be explained by setting equations C5 and C8 equal to each other,
so both error requirements are met at some frequency. It is evident that the only variables
remaining are tan(¢), A and A. As both tan(¢) and A are the arbitrary error constraints,
and are constant, an single optimal damping value for all resonance frequencies can be
expected. From Figure Cl, clearly a damping ratio around 3.2 will preserve both flat
amplitude and flat phase response the widest band possible, no matter the resonant

frequency of the MEMS accelerometer.





