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ABSTRACT

Source-generated noise, such as air waves and ground roll, is a major challenge in land
seismic acquisition. Since much of the surface noise in geophone records arises from a
direct impact of air pressure on the geophone case or by conversion of air pressure into
ground motion or vice versa, it might be possible to measure air pressure and use it as
reference for surface noise attenuation. Microphone data is recorded during land seismic
data acquisition to provide air pressure measurements proximal to the geophones. A
combination method is developed in the time-frequency domain with the aid of the Gabor
transform to suppress the air noise on the geophones. This method is based on the
construction of a “mask” function from the microphone Gabor spectrum by setting a
threshold on its Gabor coefficients. Then, multiplying the geophone Gabor spectrum with
the “mask” function achieves a deterministic cancellation of the associated air-noise
component in the geophone. This methodology is applied to two different 3C-2D seismic
surveys conducted in Western Canada in 2000 and 2008. In these surveys, the strongest
noise measured with microphone prototypes (designed, manufactured and tested by the
CREWES Project), is the air blast (or air wave). The results show consistent air wave
measurements (both in amplitude and waveform) from trace to trace in the microphone
data. The air wave on geophone shot gathers is successfully attenuated by using multiple
“mask” functions derived from the microphone data on a trace-by-trace basis. In a separate
experiment, a comparison between a single microphone prototype and a calibrated
microphone and two professional audio recording microphones, suggests that all
microphones under test respond quite similar at frequencies where the source-generated air
wave is strongest (>100 Hz). In contrast, all microphones respond very differently to low

frequencies, where other noises such as surface waves are dominant (<30 Hz).
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CHAPTER ONE: INTRODUCTION
1.1. Noise overview

The success of the seismic method in providing a high-resolution image of the earth’s
subsurface largely depends upon the quality of the seismic data (Pritchett, 1990). Survey
design, instrumentation, terrain complexity and human activity in the survey area play
major roles in achieving good data quality (Pritchett, 1990). However, a crucial step in
creating high-resolution images is that related to mitigating seismic and ambient noise
while preserving signal (Pritchett, 1990). Sheriff and Geldart (1995) use the term signal to
refer to any event on the seismic record from which one wishes to obtain information,
everything else is noise. Russell et al. (1990) define noise as “anything on the seismic data

that does not fit our conceptual model of the data, that is, as clean seismic reflections”.

According to Sheriff and Geldart (1995), seismic noise may be separated into two major
categories based on its coherency across several traces. Incoherent noise, also known as
random noise, is different from trace to trace and cannot be followed within a few traces in
a seismic record. Random noise is usually generated from winds, instruments, wildlife, and
human activity in the survey area. On the other hand, coherent noise can be tracked as a
consistent event in a seismic record (Sheriff and Geldart, 1995). Some examples of

coherent noise are surfaces waves, refracted waves, air waves and multiples.

Exploration geophysicists have encountered source-generated noise problems for
almost any seismic source used at the surface: most sources not only generate vibrations in
the form of body waves but also excite surface waves and produce strong air waves

(Pritchett, 1990; Kalinski, 2007). Because surface waves and air waves can be tracked and



followed for more than a few traces, source-generated noise can be classified as coherent

noise (Sheriff and Geldart, 1995).

Figure 1.1 depicts a typical scenario for shallow seismic data acquisition with a single
seismic source at the surface. The lower panel of this figure shows the variety of raypaths
for the different wave modes propagating from the source to the receiver. An example of a
shot record is shown in the upper panel of Figure 1.1. Note that unwanted surface waves

and air waves are dominant over a large portion of the entire shot record.

While there are many ways to filter out source-generated noise, it still can be a problem.
For example, the air waves in shallow surveys may occupy a comparatively large window
on the scale of a shot record as in Figure 1.1. These air waves can obscure primary
reflections at the near offsets and may lie in the same frequency band of reflected energy.
For this reason, a simple band-pass filter does little to attenuate the air noise while
preserving the signal. Similarly, conventional f-k filtering cannot be applied easily and
must be used cautiously due to spatial aliasing of the air waves (Steeples and Miller, 1998).
Spatial aliasing means insufficient sampling along the space axis (Claerbout, 1985). To
avoid spatial aliasing, Claerbout (1985) suggests that surface seismic data should be
sampled at more than two points per wavelength (). Since wavelength is inversely
proportional to frequency (f), higher frequency components have shorter wavelengths and

are more likely to be spatially aliased (Pritchett, 1990).

The air waves are broadband and usually exhibit frequencies above 200 Hz (Steeples
and Miller, 1998). If f > 200 Hz, then A < 1.715 m for a speed of sound in the air of 343

m/s. Therefore, these acoustic waves are likely to be spatially aliased unless the geophone



interval is substantially less than 1 m (Steeples and Miller, 1998). Of course, there is a
practical trade-off between the expense of a survey (which increases with decreasing

geophone interval) and our desire to avoid spatial aliasing (Lines and Newrick, 2004).
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Figure 1.1. Typical scenario for shallow seismic data acquisition (Courtesy of Dr. Don Lawton). The
upper panel is a shot record from the seismic reflection experiment shown in the lower panel. In
addition to reflections from the target reflector (i.e., coal seam), the geophones also detect and
measure refractions, surface waves, and air waves. The goal of seismic processing is to isolate the
reflected energy from other unwanted energy across several shot records.



1.2.  Seismo-acoustic sensor in seismic exploration

Seismic exploration geophones are designed to measure the particle velocity component
of ground motion. Unfortunately, the seismic energy arriving at the surface of the ground,
detected by several geophones, is a complex collection of wave modes sharing the same
frequency band. Separating and extracting desired reflected energy from other wave modes
and surface noise (i.e., air waves, surfaces waves and ambient noise) is not always an easy

task in seismic processing.

Most of the existing algorithms for coherent noise attenuation are based on the
transformation of the data into a different domain that exploits the characteristic that most
distinguishes noise from signal (Larner et al., 1983). Some distinguishing characteristics in
seismic data analysis are frequency, dip, apparent velocity and wavenumber (Larner et al,
1983). Some practical examples include coherent noise attenuation in the frequency -
wavenumber (f-k) domain, radial trace (RT) domain (Henley, 2003) and Radon domain

(Russell et al., 1990).

A different approach for noise attenuation utilises noise models as reference in adaptive
subtraction schemes. These noise models are usually constructed from the actual seismic
data or by modeling. The most common application of adaptive subtraction is found in

surface-related multiple elimination (e.g., Verschuur et al., 1992).

In another application, Karsli and Bayrak (2008) introduce a method that uses Wiener
filters to estimate ground-roll from a reference noise signal and then subtract the ground-
roll from the seismic data. Such a reference noise signal is generated from a simple sweep

signal whose frequency content varies similarly to that of ground-roll.



As it was previously mentioned, most of the reference signals used for noise estimation
and attenuation are extracted from the actual seismic data or generated by modeling, but
what about having an independent noise reference from a different sensor in the field to
provide a measure of the surface noise? Since much surface noise within geophone records
arises from a direct impact of air pressure on the geophone case or by conversion of air
pressure into ground motion or vice versa, it might be possible to measure air pressure and

use it as reference for surface noise attenuation.

Stewart (1998) proposes a noise-reducing multi-sensor for seismic land operations. It
basically consists of a dual-sensor (two-element) instrument having a microphone within
the geophone case or in the proximity to the geophone to give air pressure measurements. If
sufficient correlation between seismic and air pressure records exists, then a combination of

these data may be used to attenuate and reduce air-related noise in the geophone.

This approach is similar to four-component (4-C) ocean-bottom-cable (OBC) seismic
recording in the marine environment, where a single hydrophone and a 3-C geophone are
combined (summation of hydrophone + vertical geophone signal) for the suppression of

receiver-side multiples (Hoffe et al., 2000).

Figure 1.2 shows two design possibilities according to Stewart (1998): a) we can record
air pressure and ground velocity within the geophone case on two separate channels and do
processing, or b) we can make a single-channel active-noise suppressing geophone. The
latter approach is based on the well-known concept of the active noise reducing headphone

technology (). From this point of view, the geophone output is cross-correlated against a



reference microphone in real-time. Then, the air-correlated noise values from the geophone
are filtered before transmission to the recording system.

To evaluate Stewart’s proposal, the Consortium for Research in Elastic Wave
Exploration Seismology (CREWES) at the University of Calgary undertook a couple of
experiments with a modified version of case a). The analysis of simultaneous air pressure
and ground velocity recordings during these experiments, and the evaluation of a method to

combine these data for air-noise attenuation constitute the framework of this thesis.

‘ ‘ &\ Microphone ‘

Geophone Geophone
element element

a) b)

Filter circuit

Figure 1.2. a) Two-channel (microphone and geophone) motion sensor and (b) single-channel,
active noise suppressing geophone (from Stewart, 1998).

1.3.  Sound pressure and microphone overview

Sound is generated by any vibrating structure or mechanism (Carley, 2004). Sound
pressure is described most commonly in Pascal units (Pa) and Sound Pressure Level (SPL)
in decibels. The SPL is an expression of a given sound pressure in Pa referenced to 20 uPa,
which is considered to be the quietest sound some humans may hear (Carley, 2004). A
positive pressure pulse corresponds to the compression phase of a sound wave and a
negative pulse corresponds to a rarefaction. These two phases of a sound wave are
deviations from the local atmospheric pressure (1 atm = 100 kPa), that is, the effective
sound pressure is the root mean square (RMS) difference between the peak pressure and the

local atmospheric pressure. A sound pressure wave can be a composite of many



frequencies, of course, but a distinction must be introduced when the dominant frequencies
are within the humans’ audible band or outside. A human being can hear pressure
variations (or sounds) in the frequency range from 20 Hz up to 20 kHz. Any given sound
with dominant frequencies below the threshold of human hearing is called infrasound.
These low-frequency pressure variations are particularly important in earthquake
seismology and volcano studies for air vibration monitoring. In exploration seismology, we
are concerned about sound propagation in the frequency band of the seismic source and its
associated reflections. The bandwidth depends on the source type and the target depth. Both

sound and infrasound are often generated.

A microphone is a transducer that converts sound pressure into an electrical signal. The
basic microphone design consists of a thin membrane which vibrates in response to an
incident sound pressure (Norton and Karczub, 2003). The vibration of the membrane in a
microphone is the analog to the velocity of the coil with respect to the case in a geophone.
In both cases, the output voltage is proportional to the motion of the sensing element from

rest position relative to a reference point.

1.4.  Seismo-acoustic arrays in other fields of research

Past experiments in global seismology (e.g., Hill et al., 1976; Kappus and Vernon,
1991; Beauduin et al., 1996; Sharp and Yule, 1998; Le Pichon et al., 2001; Edwards et al.,
2007; Lin and Langston, 2007) and acoustics (e.g., Albert and Orcutt, 1990; Albert, 1993,;
Harrop and Attenborough, 1998; Xiang and Sabatier, 2000) have shown and proved the
advantage of using collocated microphones (or microbarometers) and 3-C geophones for
sensing related air pressure and particle velocity at the earth’s surface, where the interaction

of an acoustic wave with the ground produces well-defined wave propagation effects. This



type of instrumentation has been used extensively in global seismology, for example, to
study the effects of atmospheric pressure changes on seismic station records. Beauduin et
al. (1996) used barometers to record atmospheric pressure variations and then improve the

quality of recorded long-period seismic signals by combining pressure and seismic data.

More recently, Lin and Langston (2007) have studied the thunder-induced ground
motions using a seismo-acoustic array consisting of low-frequency geophones and
infrasound microphones. Edwards et al. (2007) analyse the excitation and propagation of
hypersonic shockwaves in the ground from an artificial “meteor” (i.e., the re-entry of
NASA’s Stardust sample return capsule) and give results of the acoustic-to-seismic

coupling using a collocated infrasound-seismic array.

Acoustics research uses the vertical seismic transfer function (m/s/Pa), also called the
acoustic-to-seismic transfer function, to detect land mines or other buried objects (Xiang
and Sabatier, 2000). Others have used such a transfer function to study the outdoor sound

propagation and its interaction with the ground as it travels horizontally (Albert, 1993).

Another major application is found in blast explosion monitoring, where both the air
and ground vibration levels are measured using a high-precision microphone and a triaxial
geophone connected to a portable recorder. It is noteworthy that previously mentioned
applications in acoustics, earthquake and global seismology could be adapted to exploration
seismology to better understand the air-noise coupling into the ground and consequently

into the geophones.



1.5.  Thesis objectives

In this thesis, the dual-sensor concept proposed by Stewart (1998) for noise attenuation
in seismic land operations is studied. A number of microphone prototypes were built by the
CREWES Project in 2000 and deployed in the field during two different 3C-2D seismic
surveys in western Canada. Air pressure and multicomponent seismic measurements were
recorded on separate channels for further processing. A detailed analysis of such unique
data sets and a new air-noise filtering technique are presented. The proposed filtering
technique for air noise attenuation in geophone records combines pressure and particle
velocity in the time-frequency domain, with the aid of the Gabor transform implementation
of Margrave et al. (2005). Other methods designed in the time domain are suggested and
included in Appendices A and B. As complementary work, the microphone prototypes are
compared to a couple of studio microphones and a calibrated blasting microphone. A
similar comparison is undertaken with 3-C geophones used for seismic acquisition and a

calibrated 3-C geophone used for blasting monitoring.

1.6.  Methodology

This thesis starts with an overview of source-generated noise focusing on airborne
noise, its propagation, attenuation and interaction with the ground (Chapter 2). Modelling
of the airborne-noise sources is essential to draw a broad picture of the physics involved
and obtain estimates of expected amplitudes. The concept of acoustic-to-seismic transfer
function (air-coupling) is also introduced. This transfer function can be used to
quantitatively describe the transfer of vibrational energy from the air to the ground in the

form of seismic waves.
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Monitoring data of ground vibrations and air pressure generated by seismic sources
during a seismic survey are presented in Chapter 3. Several dynamite and Vibroseis shot
points were monitored as a function of distance at Nanton, Alberta by an engineering
contractor and reported to Compton Petroleum Corporation. Some data from this
acquisition is used here to show the amplitude decay of ground and air vibrations with
distance. The most accepted regulations of peak particle velocity (PPV) and peak air

pressure (PAP) permissible levels in Canada and overseas are also presented.

Instrument calibration is a very important step for any kind of data acquisition program.
Ultimately, accurate measurements depend upon instruments fidelity and field response. In
Chapter 4, a 3-C geophone (typically used for seismic exploration) is compared to a high-
precision calibrated 3-C geophone (mostly employed for blast monitoring). The CREWES
microphone prototypes and two additional large-diaphragm microphones are also compared

to a calibrated microphone.

This thesis continues with the introduction and analysis of two data sets recorded during
two different seismic surveys (Chapter 5). Surface air pressure measurements were
recorded from several microphones collocated with 3-C geophones along the seismic
acquisition profiles, allowing for direct measurement of air pressure and seismic particle

velocity at the same position over the air-ground interface.

Finally, a novel technique for seismic signal enhancement is presented, which assists in
air blast attenuation. The proposed filter exploits the benefits of time-frequency
decomposition of a signal by means of the Gabor Transform. The theory of time-frequency

analysis with a particular emphasis on the Gabor transform and how to design
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nonstationary filters in this domain is reviewed. The latter constitutes the main contribution

of this thesis.

1.7. Resources

Several resources were available within the CREWES project and the Department of
Geoscience at the University of Calgary. Most data used in this thesis were acquired and
provided by the CREWES Project. The first microphone data set was acquired at the Pikes
Peak heavy oilfield by Veritas DGC (now CGGVeritas) on behalf of the CREWES Project.
The second microphone data set recorded at the Rothney Astrophysical Observatory was
fully acquired by CREWES staff and students. Calibration data recorded near the
University of Calgary campus were also acquired by CREWES staff. Ground vibration and
air overpressure data were acquired by WorleyParsons Komex and provided by Compton
Petroleum Corporation. Most of the data analysis was undertaken in MATLAB™ 7.1., a
product of MathWorks™. The CREWES MATLAB toolbox was extremely useful for our
purposes and objectives in this thesis. For instance, the Gabor transform code was written
by Dr. Gary Margrave and it is available within the CREWES toolbox. Air pressure and
seismic data were previewed and pre-processed with VISTA™ 7.0., a product of and
generously donated by GEDCO™., Seismic source monitoring data were analyzed with
Blastware™ 8.0, a product of Instantel™. This thesis was written and assembled in

Microsoft Office Word™,
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CHAPTER ONE: SOURCE-GENERATED AIRBORNE NOISE AND ITS
INTERACTION WITH THE GROUND

2.1. Introduction

Noise produced during seismic data acquisition is a direct consequence of imperfect
seismic sources. For deep-target exploration surveys (i.e., hydrocarbon exploration),
Vibroseis trucks and dynamite charges are the most common and preferred sources of
seismic energy. For engineering and environmental surveys, a sledgehammer blow on a
metal plate generates enough energy to acquire shallow reflection and refraction data. A
common problem with most seismic sources is that related to the generation of strong
sound waves in the air, often referred to as air blast or air wave. In this chapter, a model for
the Vibroseis-generated air wave, which is based on previous work by Sallas and Brook
(1989), is presented. PPV and PAP predictions from buried dynamite explosions are also
presented. These predictions are computed from explicit equations derived by Gupta et al.,

(1988).

2.2.  Source modelling
2.2.1. Vibroseis: Circular piston vibrating in an infinite rigid baffle

The airborne noise generated by a Vibroseis truck can be regarded as a problem of
sound fields around solid bodies. This phenomenon can be studied using the theory of
vibrating bodies (Carley, 2004). Previous experimental studies of the air wave produced by
the vibrator (Brook et al., 1989; Sallas and Brook, 1989) suggest that the surface of the
vibrator’s baseplate acts like a loudspeaker array and is the primary generator of the air
wave. According to Sallas and Brook (1989), the air wave source can be modelled as a

circular piston source vibrating in an infinite rigid baffle (i.e., the basic model of a
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loudspeaker). Figure 2.1 shows a diagram of the basic vibrator model (left panel) and
illustrates the circular piston vibrating in an infinite rigid baffle (right panel). The circular
piston model ignores the contribution of the vibrator’s reaction mass to the air wave
propagating horizontally. The reaction mass oscillates up and down causing compression of
the air above its upper face and rarefaction of the air below its lower face. Sallas and Brook
(1989) state that the reaction mass on a P-wave vibrator behaves like a dipole source with
its two elements in antiphase, and therefore it can be considered a less efficient radiator of
horizontal acoustic noise than the baseplate. The model of the air wave source also ignores

any sound produced by the Vibroseis truck exhaust system.

‘ Hold down mass |- Rigid baffle
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=
Insulating Pad
»

d

N

Figure 2.1. Basic vibrator model (left) (after Sheriff and Geldart, 1995) and circular piston vibrating
in an infinite rigid baffle (right) (from Norton and Karczub, 2003).

Far-field observer

Piston axis
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The model of sound pressure radiation from the Vibroseis system is given by

p(w,t,r)= %a-rz‘]lT{x}e[iW[th , (2.1)

where p is the sound pressure generated by the piston of radius r (m), oscillating at
frequency w (r/s or revolutions/second) at an acceleration of a (m/s?), measured at an angle
6 from the piston axis and a distance d (m) from the source. The speed of sound in air is ¢
(m/s), po is density of air, J; is a Bessel function of the first kind of order 1,

x = krsin(@), and k is the angular wavenumber (Sallas and Brook, 1989).
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From Equation (2.1), the directivity of sound pressure is given by the term

D(6) = 2J,{x} _ 2J,{krsin(@)} 2.2)
krsin(@)

while the phase information is given by the complex exponential

L)) 23)

According to Carley (2004), “when a body is large compared to the wavelength of the
sound it generates, interference between sounds from different parts of the body give rise to
a complicated sound pattern, especially in the region near the body. When the body is small
on a wavelength scale (or vibrates at low frequencies), the phase difference between
different parts of the source is not enough to give rise to much interference and the body
radiates like a point source. The ‘size’ of a body at a given frequency is called its
compactness and is characterized by the parameter kr where r is the characteristic
dimension . In other words, the compactness kr drives the sound radiation pattern from the

piston and is frequency dependent through the wavenumber (k=w/c).

Figure 2.2 depicts the behaviour of the piston for different magnitudes of compactness
(note that kr is equal to kz in the figure). At low frequencies (kr <<1), the piston radiates
like a point source and the sound intensity distribution is approximately constant, whereas
at high frequencies there are several nodal points and corresponding lobes of radiated sound
(Norton and Karczub, 2003). The physical consequence of the sound radiation at high

frequencies is that the source becomes directional (Norton and Karczub, 2003).
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/.ow frequencies (kz << 1) - uniform distribution of radiated sound

High frequencies (kz >> 1) - lobes of radiated sound
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Figure 2.2. Frequency-dependent sound radiation for the circular piston model. At high frequencies,
the piston source becomes directional producing lobes or beams of radiated sound (from Norton
and Karczub, 2003).

In order for the radiation to be highly directional, the source must be large compared to
the wavelength (Norton and Karczub, 2003). For a 10-250 Hz Vibroseis sweep,
wavelengths oscillate between 33.3m at 10 Hz and 1.33m at 250 Hz for a sound wave
propagating at 333 m/s. This suggests that the sound radiated by the Vibroseis system may
become directional as the frequency gets higher. If the radius of the circular piston r for a
single Vibroseis truck is set to 1 m (i.e, the radius of the baseplate) and the frequency is 100
Hz, the parameter kr is 1.88 (kr>1). However, at 250 Hz, the parameter kr is 4.71 (kr>>1)
and the sound field radiated by the Vibroseis may become directional. This directionality
produces lobes or beams of radiated sound as explained above. Figure 2.3 shows a
simulation of a nonlinear sweep (8-150 Hz) recorded at 100 m from the source. The
maximum and minimum pressure are +0.08 and -0.08 Pa. The effect of the parameter kr
can be observed in the simulated sound wave with some nodal points at about 570ms and
830 ms (i.e., the sweep frequencies increase with increasing time). In Chapter 5, some
uncorrelated microphone traces recorded near the Vibroseis source suggests the existence

of sound beams as a function of time.
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The model was also used to compute estimates of sound pressure levels at various
distances from the source. Figure 2.4 shows sound pressure level estimates corresponding
to distances in the range 10-1330m from the source. Note that the sound pressure level

decays as the inverse of distance in agreement with observations by Brook et al., (1989).

Sound pressure at 100 meters from vibrator
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Sound Pressure (Pa}
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Figure 2.3. Sound wave generated with a non-linear sweep (8-150 Hz) at 100m offset. The radius of
the piston is 1m and the acceleration of the baseplate (1-28 m/sz) is varied linearly with time. Note
the nodal point at about 570ms and 830ms.
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Sound pressure level with linear sweep (8-150 Hz)
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Figure 2.4. Sound pressure level estimates for the range 10-1330m from the source. The speed of
sound in air used in computations is 332 m/s and the density of air is 1.22 kg/m3. The 16s sweep
was linear in 8-150 Hz and the acceleration of the baseplate constant (20 m/s®).

2.2.2. Dynamite

Gupta et al. (1988), in a study of ground and air vibration predictions generated by
buried explosions, suggests that approximately 20 to 30% of the dynamite energy is utilised
in fragmenting the rock or other host materials. Part of the energy is not only transmitted
through the earth in the form of seismic waves (i.e., used for seismic exploration) or
vibrations, but also dissipated in the air, producing noise. Gupta et al. (1988) explain that
the vertical vibration of the earth’s surface produces an equivalent particle velocity in the
air, which results in air vibration of the same frequency as the seismic waves. In other
words, the ground surface acts as a piston moving the air above the point of detonation,
producing a distinct air blast pulse. This is often referred to as ground-shock-induced air
blast. However, the air vibrations produced by ground motion resulting from dynamite blast

are small compared to air vibrations generated by mud, rocks and venting gases in a shot
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hole (Pritchett, 1990). According to Pritchett (1990), noise from mud and rocks ejected
from the shot holes should also be classified as source-generated noise because increasing

the charge will likely also increase the noise.

Gupta et al. (1988) derive explicit equations for the prediction of PPV and PAP
generated from a buried explosion (see Figure 2.5 for geometry of the problem). These
equations incorporate physical parameters including (i) P-wave velocity, (ii) S-wave
velocity, (iii) density of the rock, (iv) characteristic impedance of the air, (v) detonation
pressure of explosive, (vi) depth of hole, (vii) radius of hole, and (viii) distance of the

measuring geophone.

,f:? Stemming

Figure 2.5. Geometry used to derive explicit equations for PPV and PAP from a buried dynamite
shot (after Gupta et al., 1988).
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The prediction equations of Gupta et al. (1988) are derived for direct values of PPV and
PAP at any point outside the crater zone (x>D), within the crater zone (x<D), and at the
boundary of the crater zone (x=D). From Figure 2.5, the crater zone is defined by the
horizontal distance x and vertical distance D from ground zero Q. In this chapter, the
equations of Gupta et al. (1988) are used to estimate direct values of PPV and PAP at any
point outside the crater zone. A valid reason for computing PPV and PAP outside the crater

zone only is that most measurements are usually undertaken within a safety distance.

The peak particle velocity at any point outside the crater zone at a distance x from

ground zero is given by

47D ,Dr,’ A’l
4DVAZ -1 ’
prX2|:w + (A2 — 2):|

where V, is the P-wave velocity in the rock, A=V,/Vs and Vs is the S-wave velocity in the

PPV =

(2.4)

rock; p is the density of the rock; ro and D are the radius and depth of the hole, respectively;
D, is the denotation pressure of the explosive and | is the length of the column charge

(Gupta et al, 1988).

The vertical PPV of the earth’s surface will produce an equivalent particle velocity in

the air which results in a peak pressure in the air, PAP, given by

PAP = p-c-PPV =K - PPV, (2.5)

where K=pc is the air impedance. Under normal temperature and atmosphere conditions K

has the value 622.7973 kg/m?s (Gupta et. al, 1988).
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Predictions of PPV and PAP with offset distance from buried dynamite are computed
using Equations 2.4 and 2.5 and the parameters listed in Table 2.1. The rock properties in
Table 2.1 are characteristic of sandstones. The specifications for the type of explosive in
Table 2.1 are taken from Gupta et al. (1988). Figure 2.6 shows PPV and PAP curves as a
function of distance from a buried explosion. The vertical line at 15 m indicates the
boundary of the crater zone (x=D). The range of offsets is from 15.1-225 m (x>D).

Therefore, the maximum and minimum values in the curves occur at 15.1 m and 225 m,

respectively.

Table 2.1. Parameters for the prediction of PPV and PAP from a buried explosion.

PARAMETER VALUE
D 15m
o 50mm
I 1m
Vy 3000 m/s
Vs 1875 m/s
p 2700 kg/m®
Dy 4.443 x 108 kg/m?
V,/Vs 1.574
K 622.7973 kg/m?s
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Figure 2.6. Prediction of PPV and PAP with offset distance from a buried explosion. The vertical line
at 15 m indicates the boundary of the crater zone.

2.3.  Air blast propagation

The pressure P received at a height h;, above an impedance boundary from a

continuously emitting point source at height hg, and a distance ry away is given by

E = i e ikn 4 iQe*iklrz , (2.6)
R kn ki,

where Py is a reference pressure level near the source, k; is the wavenumber in the air, and
r; and r, are the path lengths of the direct and reflected waves, respectively (Albert and
Orcutt, 1990). The first term gives the pressure from the direct wave: the second gives the

contribution from the boundary

2.4.  Acoustic-to-seismic transfer function

In the last 20 years, researchers from the environmental, acoustical and engineering

communities have contributed to the development of the seismic-to-acoustic coupling ratio
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theory as a quick and cost-effective, non-invasive method for investigating the bulk
properties and layering of near-surface soils using acoustic sources (Harrop and

Attenborough, 1998).

There is an ambiguity in using the terms seismic-to-acoustic and acoustic-to-seismic.
The former refers to the coupling ratio itself, that is, the ratio of induced particle velocity to
incident acoustic pressure at the surface; the later refers to the mechanism of energy
transfer (coupling) that occurs when a travelling sound wave in the air couples to the

ground. The seismic-to-acoustic ratio is given by

Particle velocity (mj

=Units of [

m ) @2.7)

" Incident _pressure (Pa) s-Pa

which basically depends on the physical properties and characteristics of the soil such as
porosity, density, thickness of the surface layer, etc. In other words, the acoustic-seismic
impedance has a dramatic effect on the level of ground vibration induced by a given sound

pressure (Sabatier et al., 1986).
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CHAPTER TWO: GROUND VIBRATION AND AIR PRESSURE MONITORING
OF SEISMIC SOURCES: IMPLICATIONS FOR SEISMIC WORK AND THE
ENVIRONMENT

3.1. Introduction

Seismic operations are undertaken to satisfy exploration goals while respecting the
environment. However, actual monitoring of ground vibration and air overpressure
generated by seismic sources during land data acquisition is not a standard procedure. The
standard methodology followed by most of the seismic contractors in Canada and
worldwide is to apply safe offsets between the seismic sources and facilities or other
infrastructure. This requires using standard charts whose values are collected empirically
and rely on best practices around the world. Such charts are published by the International
Association of Geophysical Contractors (IAGC), and in Canada, the Canadian Association
of Geophysical Contractors (CAGC) plays the analog role (see Table 3.1). However, as
suggested by Rappin et al. (2007), “the use of available standard reference charts is not
optimal as it will define cautiously large safety distances, usually too conservative. In
addition, their use does not ensure that arguments or lawsuits can be avoided in case of

damage.”

Rappin et al. (2007) proposed a monitoring methodology based on a calibration stage
followed by real-time monitoring of ground vibrations during seismic operations. The early
stage produces calibrated reference curves of the ground response to the seismic energy
sent into the ground (i.e., either dynamite or Vibroseis), quantitatively expressed in terms of
the PPV. According to Rappin et al. (2007), these calibrated curves can be used to refine

the safety distances to specific objects. Because PPV limit values are now known for
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sensitive areas, they can be used during seismic acquisition for real-time monitoring by

means of 3-C geophones placed near the objects.

Table 3.1. Stand-off distances applied by the CAGC.

Canada Oil and Gas Geophysical Operations Regulations (SOR/96-117)

Facility ' Stand-off distange _ _
2 > kg dynamite | 2 < kg dynamite <4 | Vibroseis
Dam 64 m 90 m 100 m
Oil or gas well 32m 45 m 15m
Pipeline 32m 45 m 15m
Structure with concrete 64 m 90 m 50m
base
Residence 64 m 90 m 50 m
Area of public 64 m 90 m 50 m
congregation
Water well 64 m 90 m 100 m

The industrial and cultural impact of vibration monitoring approaches during seismic
operations could be significant. On the one hand, seismic data quality can be improved as a
function of reducing gaps in the fold. In addition, the calibrated curves of ground response
could be presented as reference material in case of contention between the seismic
contractor and complainant (Rappin et al., 2007). In other cases, measurement of PPV
versus distance is legally accepted to prove that seismic operations are not causing damage
to nearby objects (WorleyParson Komex, personal communication, 2007). On the other
hand, it might not be cost-prohibitive since only a few extra channels and a small additional
crew or specialized contractor would be required. Vibration monitoring of seismic sources
can be used to achieve an optimal trade-off between seismic data quality, safe operations,

and environmental protection.
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The aim of this chapter is to describe the measurements and typical instrumentation
involved in vibration monitoring. A case study is also presented of vibration monitoring
during a seismic exploration program at Nanton, Alberta, in which dynamite and Vibroseis

sources were monitored in the proximity of the valuable water springs in the Nanton area.

3.2. Instrumentation and PPV/PAP measurements

A vibration monitoring program requires measurements of particle velocities in three
directions because several features are responsible for the variation of these at a given
distance. For instance, the geological and soil conditions, the type of seismic source, the
type of waves, and the wavefield spreading geometry, affect the magnitude and direction of
propagation of induced ground vibrations. Therefore, the strongest ground vibrations can
occur in any of the three directions (i.e., vertical, longitudinal, and transverse). In the case
of air vibrations, these are transmitted through the air; hence, weather conditions replace

geology as a principal variable (Sharp and Yule, 1998).

Typical instrumentation for vibration monitoring consists of a triaxial geophone, a
microphone and the recording system, referred to as vibration monitor. This configuration
is typical for peak particle velocity and air-overpressure measurements. However, other
type of sensors could be used such as accelerometers or hydrophones, depending on the
physical variable to be measured and the site environment (e.g., land, water, swamp, etc.).
The sampling frequencies are larger than those used in seismic data acquisition, therefore

sampling frequencies in the range 1 kHz - 16 kHz are not uncommon.

The PPV is the most accepted and used indicator of vibration levels. Most regulations

and standards prescribe vibrations thresholds in terms of the PPV. For each recorded
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waveform, the maximum particle velocity over the total recorded time is regarded as the
peak particle velocity (see Figure 3.1). This type of particle velocity must not be confused
with the velocity with which the wave propagates through the medium (i.e., information of

interest in seismic exploration).

—a— Peak Particle Velocity

Amglituds
(In's ar mmis)

Time
(seconds)

Figure 3.1. Peak particle velocity definition (From Instantel, 2001).

The peak vector sum (PVS) is often preferred over the PPV because it reflects the effect
of the other two components. Both have units of mm/s with slightly different magnitudes.
In most blasting, the PVS occurs at about the same time as the PPV of one of the
components, but the addition of the other two components increases its magnitude. In other
words, the peak vector sum represents the resultant particle velocity magnitude. Recall
from linear algebra that the magnitude of the resultant vector is always greater than the
magnitude of any single component. The PVS is computed by squaring and summing the
samples of each component at a time t, and then taking the square root of the sum. The
maximum of these sums, over the appropriate time window, is the peak vector sum and

does not necessarily occur at the PPV of an individual waveform.

Air vibration is measured with a microphone whose output units are pressure (Pascals).
Peak Sound Pressure Level (PSPL) is the analogous to PPV and determines the maximum
overpressure. It is often referred to as air-overpressure because microphones measure

pressure changes with respect to the atmospheric pressure level. This pressure amounts to
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roughly 100,000 Pa (1 atmosphere; 14.6954 psi). Then, sound pressure is defined as the
difference between the actual instantaneous pressure due to sound and the atmospheric
pressure (Carley, 2004). Therefore, sound pressure has a much smaller value than the one

corresponding to the atmospheric pressure.

The zero-crossing frequency (ZC frequency) is an approximation of the frequency of
the peak particle velocity. It is computed by taking the inverse of the period between two
consecutives zero crossings at the peak. It is an approximate measurement because the peak

in a waveform may be the result of a band of frequency components.

3.3.  Vibration event report

Figure 3.2 shows an example of a vibration event report from a dynamite shot, which
includes an informative section with the date and time of the acquisition, site location, file
name, etc. The actual measurements are organized by sensor type. For the microphone, the
peak sound pressure level (PSPL) in Pascal (Pa), the zero-crossing frequency in Hertz, the
type of scale (linear or weighted), and sensor-check status are included. For the triaxial
geophone, each component is checked and recorded independently. PPV (mm/s), ZC
frequency (Hz), peak time (s), peak acceleration (g), peak displacement (mm) and peak
vector sum (mm/s) are calculated for each channel. The waveforms are also plotted along
with the sensor-check curves. Finally, recorded PPV values are plotted within a compliance
reference chart. This reference is based on available vibration regulations, which are
different from country to country. The report in Figure 3.2 uses U.S.A. USBM/OSMRE but

other options can be chosen as reference.
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Figure 3.2. Vibration and air-overpressure monitoring of dynamite shot. The vibration monitor
system was located 5 m distance from the explosion. The PPV occurred at 5.001 s in the vertical
component. The PSPL also occurred at the same time. The PPV in the horizontal components
occurred at slightly later times being smaller than the vertical PPV. Note that the vibrations at such
small distance reach threshold levels.
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3.4. Regulations

The United States Bureau of Mines (UBSM) RI 8507 standard states that for
frequencies between 3 and 10 Hz, the PPV should be kept below a threshold level of 13
mm/s to reduce the potential of damage. The threshold level increases with increasing
frequency to 51 mm/s at 40 Hz and remains constant at 51 mm/s for frequencies above 40

Hz (Kalinski, 2007).

3.5. A case study: Nanton, Alberta

A vibration monitoring of a seismic exploration program was conducted in the area
around Nanton, Alberta. The survey area was in the proximity (but more than 1km) to
water springs which are economically important for the Nanton community. There was a
concern about potential damage to the water springs from seismic activities (Stewart,
personal communication, 2007). The aim of the project was to monitor vibrations near the

springs as generated by Vibroseis and dynamite sources.

The methodology consisted of two monitoring points. One monitor system was placed
at the Nanton water spring to continuously record ambient vibrations and the PPV for each
of the shot points. The second vibration monitor was placed at a specific shot point from
where all shots within a single seismic line were monitored. The methodology was repeated

for all seismic lines in the survey.

The Vibroseis array consisted of four buggy-mounted Mertz model 8 vibrators. There
were six sweeps (8-125 Hz) of 18s length each. Dynamite shots consisted of 2 kg of buried
explosives in holes 15 m deep. The vibration monitor system was a Blastmate Il equipped

with a single 3-C geophone and a microphone. Both sensors had band-pass responses from
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2Hz to 250Hz. All channels were recorded at a sampling rate of 1024 samples per second
(1.024 kHz). A 10 s waveform was recorded for a variety of distances between the fixed
points and fired shot points. Figure 3.3 shows the monitoring area and vibration monitor

setup.

Figure 3.3. Vibration monitor setup (left) and shooter ready to fire a source point (right) (Photos by
Dr. Robert Stewart).

3.5.1. Shock-induced airwave from a buried dynamite explosion

Figure 3.4 shows the vertical component of ground velocity and the air pressure
recorded at 25 m offset from a dynamite test shot (located approximately 2.2 km from the
Nanton water spring). The recorded peak particle velocity was 90.4 mm/s in the vertical
component with dominant frequency of 19.2 Hz. The peak air pressure was 30.5 Pa (123
dB) with dominant frequency of about 2.44 Hz. The cross-correlation of the signals
suggests that there is strong negative correlation and that the air-pressure signal is shifted
with respect to the particle velocity signal. From the upper plot of Figure 3.4, there exists a

difference in phase.
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Figure 3.4. Vibration and air-overpressure monitoring of dynamite shot at 25 m offset (top). Cross-
correlation of vertical ground velocity and air pressure at the surface (bottom).

Figure 3.5 shows peak particle velocity and peak overpressure measurements as a
function of distance from a series of buried dynamite shots within a seismic line. Note that
the PPV and POP values decreased with offset distance, in agreement with the theory of

PPV and POP studied in Chapter 2.
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Figure 3.5. PPV and POP monitoring of dynamite shots as a function of distance.
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3.5.2. Vibroseis

Figure 3.6 is an event report for the Vibroseis shot point monitored at a distance of 5
m. The Vibroseis array moved in the south direction along a seismic line running north to
south. The responses of the triaxial geophone and the microphone are quite different from
those recorded for the dynamite case. Such responses were expected given the different
nature and mechanism of energy transmission of the sources. An important feature in this
event report is the magnitude of the PPV in the transverse component, which is greater than
the PPV recorded in the vertical and longitudinal components. This is also observed with
the monitor placed at 50 m from the Vibroseis trucks. Kalinski (2007) suggested that the
use of distance as the only criterion for selecting monitoring points is an oversimplification
of the PPV field associated with Vibroseis arrays. In fact, during the Nanton monitoring
program there was a suspected zone of constructive interference (see Figure 3.7). A
vibration monitor placed on a gravel road at a distance of 50 m from the Vibroseis array
recorded a PSPL of 30.5 Pa (123.66 dB) with 2.5Hz dominant frequency, which is larger
than the PSPL recorded at 5m offset along the same road (i.e., 19 Pa or 119 dB with 2.88
Hz dominant frequency). However, the microphone at 5 m offset may have been shielded
by the truck. On the other hand, there may be some sort of constructive interference
occurring near the vibration monitor placed at 50 m. Certainly, events of this magnitude
may cause some disturbance to nearby humans, even though the dominant frequencies are
in the infrasound band when Vibroseis trucks operate in urban environments. Coupling
phenomena at the air-earth interface provide a possible explanation for constructive
interference. Air-coupled surface waves and ground-coupled air waves may cause PPV or

PSPL amplification as a result of resonance coupling at the air-earth interface.
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Figure 3.6. Vibration and air-overpressure monitoring of Vibroseis source. The vibration monitor
system was located 5 m distance from the Vibroseis array. The PPV occurred early in the
transverse component, followed by the PPV on the longitudinal, and finally on the vertical. The
PSPL was 19 Pa at 0.266 s. Note that none of the components reach a critical vibration level with
respect to USBM and OSRME standards.
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Figure 3.7 Vibration and air-overpressure monitoring of Vibroseis. The vibration monitor was
located 50 m distance from the Vibroseis array. PPV for the three components are very small.
However, the PSPL was 30.5 Pa at 5.557s. Most interesting is the microphone waveform with
dominant low-frequency content.
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Figure 3.8 is an event report of a histogram recorded over 12.75 min at the water spring
while shooting, with the closest dynamite shot at about 1.6 km. A histogram is computed
by recording a number of time intervals. For each interval, the monitor calculates the
maximum positive and negative peaks, the frequency of the largest peak, and one peak
vector sum. For each channel, the maximum peak, its frequency, and the largest peak vector
sum from all intervals are calculated over the entire event. Figure 3.9 shows a histogram of
natural vibrations recorded at the water spring few days before seismic activities started.
Peak particle velocities in the vertical and longitudinal components are equal in both
histograms despite they were recorded in different days. The PPV in the transverse
component is slightly larger (i.e., 0.0794 mm/s) for the histogram of natural vibrations than
the PPV for the histogram of shots (i.e., 0.0635 mm/s). This implies that ground vibrations
induced by shooting are less than the natural activity. Moreover, peak sound pressure levels
did increase a little while shooting, but this was largely attributable to other ambient
vibrations such as those generated by road traffic, heavy vehicles, construction machinery,
etc. Therefore, the 1.6 km limit stand-off distance creates vibrations that are below natural

background levels as measured at the water spring.
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Figure 3.9. Histogram of natural vibrations recorded at the Nanton water spring nine days before

shooting.
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Time-frequency representations of the three ground motion components and the air
vibration component induced by the Vibroseis source were computed using the Gabor
transform, a particular case of the windowed, short-time Fourier transform (refer to Chapter
6 for further explanation). This analysis revealed the harmonic distortion of the signals
produced by the Vibroseis source. The microphone output signal shows the fundamental
frequency plus five high-order harmonics (see Figure 3.10). The ground motion signals
show the fundamental frequency and only two high-order harmonics (see Figure 3.11, 3.12
and 3.13). For all cases, the high-order harmonics have low energy in comparison to the
fundamental. However, the existence of harmonics in the recorded signals demonstrates
that the transfer of energy from the vibrator to the earth is not perfect, and some of the
energy is propagating as ground and air vibrations. Further analysis of the frequency

harmonics may give additional information about the source-generated noise.

Amplitude Spectrum Gabor Spectrum
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Figure 3.10. a) Amplitude spectrum, b) Gabor transform in the time-frequency space, and c) time
domain representation of the microphone record. Note that there exist high-order harmonics in the
signal.
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Figure 3.11. a) Amplitude spectrum, b) Gabor transform in the time-frequency space, and c) time
domain representation of the geophone vertical component. Note there are two high-order

frequency harmonics.
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Figure 3.12. a) Amplitude spectrum, b) Gabor transform in the time-frequency space, and c) time
domain representation of the geophone longitudinal component. Note there are two high-order

frequency harmonics.
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Figure 3.13. a) Amplitude spectrum, b) Gabor transform in the time-frequency space, and c) time
domain representation of the geophone transverse component. Note there are two high-order

frequency harmonics.
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CHAPTER THREE: FIELD COMPARISON OF 3-C GEOPHONES AND
MICROPHONES TO HIGH-PRECISION BLASTING SENSORS

4.1. Introduction

It is well known in seismic exploration that the geophone output is a voltage and not an
actual magnitude of ground velocity (Hons, 2008). According to geophone modelling
results by Hons (2008), the geophone output is not exactly ground velocity. Instead, it is a
mix of amplitudes and phase rotations that is in a “geophone domain”. Although a
geophone shows a fairly flat frequency response to ground velocity above the resonant
frequency, it cannot be considered a “true velocity sensor” because low frequencies (below
resonance) are recorded with smaller amplitudes relative to the amplitudes at high

frequencies, and there are varying phase rotations up to 100 Hz or more (Hons, 2008).

Therefore, it is of interest to seismologists to compare different types and models of
ground motion sensors to assess their benefits and drawbacks in terms of frequency
response, phase distortion and operational limits. For instance, Hons (2008) recently
analyzed and compared the system response of conventional geophones to the system
response of MEMS accelerometers both in laboratory and field tests. Despite their
limitations for reliable low-frequency recordings (i.e. <10 Hz), conventional coil geophones
have been used as the standard sensors since the beginning of seismic exploration largely
because they are self-powered, inexpensive and reliable (Hons, 2008). Although geophones
with improved low-frequency response are commercially available, they are expensive,
heavy and large, and consequently impractical for large-scale seismic acquisition (Stewart,

personal communication, 2008). Nevertheless, Stewart et al., (1996) presents a case of a
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broadband 3C-3D seismic experiment over the Blackfoot field in Southern Alberta that

recorded reliable low-frequency seismic data using large 2 Hz geophones.

Most applications of geophones with improved low-frequency response are found in
blasting monitoring and earthquake seismology. In this chapter, two conventional seismic
exploration 3-C geophones (i.e., 10 Hz resonant frequency) are compared to a high-
precision calibrated 3-C geophone (i.e., attached to a blast monitor system). The
performance of these geophones is evaluated in terms of their peak particle velocity
amplitudes. To achieve this goal, a very short seismic line was deployed west of the
University of Calgary campus during the summer of 2008 (Figure 4.1) which included two
different seismic sources, three different geophones and four different microphones (Figure

4.2).
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Figure 4.1. Location map of the test site located west of the University of Calgary Campus. The
direction of the seismic line was northeast-southwest (from Google maps).
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Figure 4.2. Seven sensors were used in the test: a) OyoGeospace GS-3C geophone, b)
Input/Output Spike 3C geophone, ¢) CREWES microphone prototype, d) APEX 435 condenser
microphone, e) EMCB8000 electret-condenser microphone, and f) Blastmate Il unit with two
calibrated sensors (3C geophone and microphone).

4.2.  Transducer sensitivity

A typical transducer converts physical signals into electrical signals. The magnitude of
the transducer output, usually given in volts (V), is determined by the conversion
mechanism and a sensitivity factor. For instance, the voltage output from a geophone is
directly proportional to the velocity of the coil with respect to the case, scaled by a
sensitivity factor given in units of V/m/s. The geophone’s sensitivity depends upon the

number of loops in the coil and the strength of the magnetic field of the permanent magnet.
Conversion from volts to physical units for a geophone is given by

Vout
gain !

10 20 %1000 x sensitivity

U=

(4.1)

where u is particle velocity in m/s, Vout is the sensor output in millivolts (mV), gain is the
recording system gain given in dB, 1000 is a factor that converts from millivolts to volts
and sensitivity is a factor given in V/m/s (Albert, 1993). Similarly, the equation to convert

from volts to units of pressure in a microphone is given by
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Vout
p = gain ! (42)

10 20 x1000 x sensitivity

where p is pressure in Pascal (Pa), Vout is the sensor output in mV, gain is the recording
system gain given in dB, 1000 is a factor that converts to from millivolts to volts and

sensitivity is a factor given in V/Pa (Albert, 1993).

4.3.  Instrumentation
4.3.1. 3-C geophones

Two types of 3-C exploration geophones were used in this field study. Twenty-two ION
Spike 3-C geophones with SM-24 elements manufactured by Input/Output Inc. and a single
Oyo 3-C geophone with GS-20DM elements manufactured by OyoGeospace. The first type
has a long case, housing three geophone elements at its bottom. The second type has a large
metal spike and a smaller secondary spike to provide a better geophone planting and
levelling. These geophones have similar manufacturer’s specifications with the actual
values listed in Table 4.1. The string of geophones was connected to the Geode Ultra-Light

Exploration Seismograph, a product of Geometrics, INC.

Table 4.1. Summary of geophone specifications (Instantel, 2001; Hons, 2008)

Natural Frequency s .
Sensor Type frequency response Sensitivity Damping
ION Spike 3-C~ 3-C 10 Hz ~10-240 Hz 20.5 V/m/s 0.69
0YO 3-C 3-C 10 Hz ~10-300 Hz 19.7 V/m/s 0.70
. Not specified.
Calibrated 3-C 3-C  Not specified 2-250 Hz Returns true Npt_
geophone : specified
amplitude
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4.3.2. Microphones

The CREWES project designed, manufactured and tested a microphone prototype
suited for air pressure measurement recordings using conventional seismic acquisition
systems. The main component of this prototype is a Panasonic WM-54 BT microphone
(Figure 4.3), still available in the market. It is an electret condenser microphone with
theoretical flat frequency response in the range of 20 Hz to 16 kHz (according to the
Panasonic specifications sheet) and sensitivity of -44 dB + 3 dB with a reference level of 0
dB = 1V/Pa (i.e. -44 dB = 6 mV/Pa). In other words, if a sound pressure of 1 Pa impinges
on this microphone, the output would be 6 mV. A PP3 9V battery is required to power a
single microphone for a period of two to four hours. Two resistors and a capacitor complete
the circuit that powers the microphone and amplifies its output. To transmit each
microphone output to the seismic acquisition system on a single channel, a single-pin
connector (Figure 4.3) was electrically welded to the load resistor connected in series to the
condenser. We connected these prototypes to the ARAM Aries 24-bit System (ARAM
Systems Ltd.) and the GEODE Exploration Seismograph (Geometrics Inc.) using

conventional line cables and single-pin takeouts.

s Panasonic
e WM-54 B

Figure 4.3. CREWES microphone prototype and single-pin connector used to transmit the
microphone output to the recording system.
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Two additional studio microphones were used. The APEX 435 is a wide-diaphragm
condenser microphone with frequency response from 20-20 kHz and cardioid polar pattern
(reception pattern). The EMC 8000 is an electret-condenser microphone with frequency
response from 15-20 kHz and omnidirectional polar pattern. These microphones are
commonly used for professional audio recording and need power from either a battery, a
mixing board or a microphone pre-amplifier in the form of “phantom” power (+48 V DC).
In this case, a USB-powered audio/MIDI production device, the Digidesign Mbox2, was
procured and used for three main tasks: 1) to serve as the “phantom” power provider, 2)
pre-amplification, and 3) redirection of its two available analog inputs to their analog

outputs.

Microphone connections to the Geode Seismograph are accomplished by using
conventional microphone XLR cables and special cables consisting of jack connectors on
one end and single-pin geophone connectors on the other. The MBox2 analog inputs
receive the analog microphone signals through the XLR cables and then they are internally
routed to the analog outputs (Figure 4.4a). By plugging the jack connectors into the Mbox2
analog outputs, the microphones can be connected to any available channel in the Geode by
simply plugging the single-pin connector into any takeout. The MBox2 has to be connected
to a laptop through a USB port since the PC provides its power (Figure 4.4b). The MBox2
has pre-amplifier gain capabilities which can be applied to the analog inputs and routed to
the available analog outputs. However, a disadvantage of the MBox2 is that the pre-
amplifier gain control is knob-based and no legend is printed on the front panel.
Microphone pre-amplifier gains were chosen so that the control knobs were fixed to the

center position. The total gain applied to both microphones is a combination of the MBox2
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gain and whatever gain is selected in the Geode Seismograph. Tab