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SYSTEMS AND METHODS FOR MULTIPLE BANDWIDTH ELECTROMAGNETIC
GEOPHYSICAL EXPLORATION

ABSTRACT

A system and method for electromagnetic geophysical exploration is provided. The system
includes a first transmitter configured to transmit a first waveform in a first spectrum and a first
receiver configured to sense signals in the first spectrum. The system also includes a second
transmitter configured to transmit a second waveform in a second spectrum, and a second
receiver configured to sense signals in the second spectrum and minimum-coupled to the second
transmitter. The second spectrum has a frequency higher than a frequency of the first spectrum.
The system further includes a control portion configured to control the first transmitter to
transmit the first waveform, and control the second transmitter to transmit the second waveform
after a specified time delay. The control portion is configured to receive signals sensed by the
first receiver in the first spectrum, and recetve signals sensed by the second receiver in the
second spectrum.

Fig. 2
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SYSTEMS AND METHODS FOR MULTIPLE BANDWIDTH ELECTROMAGNETIC
GEOPHYSICAL EXPLORATION

TECHNICAL FIELD
[0002] The present disclosure relates generally to geophysical electromagnetic exploration
and, more particularly, to systems and methods for measuring electromagnetic responses for

geophysical exploration over an extremely wide band of frequencies.

BACKGROUND

[0003] Electromagnetic (EM) geophysical exploration methods measure the response of
subsurface formations to the propagation of naturally or artificially generated electromagnetic
fields. Primary electromagnetic fields may be generated by passing alternating current or pulsing
a current through a “transmitter coil” which is an electrically conducting wire or tube which may
have an air core or be wrapped around a core made of some electrical conductor. Use of an
alternating current is referred to as frequency domain EM while the use of a pulsed current where
the current is applied during an on-period and switched off during an oft-period is referred to as
time-domain EM or transient EM. In both cases, the time-variation of current passing through
the transmitter coil produces a response in a large vicinity around the transmitter coil. A
transmitter coil may be a small coil made up of many turns of wire or a large loop of wire with
multiple turns. Subsurface formations respond to the propagation of time-varying primary
electromagnetic fields with the generation of secondary electrical currents by the process of
electromagnetic induction (which is the production of a voltage across a conductor when it is
exposed to a varying magnetic field) giving rise to secondary electromagnetic fields. The
primary and secondary electromagnetic fields may be detected by a “receiver.” A receiver may
measure the time-variation of the magnetic field from these currents (for example a coil receiver

measuring dB/dt) or may measure the magnetic field itself (a B-field sensor). Hereinafter, the
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terrns “transmitter coil” and “transmitter” may be used interchangeably and the terms “receiver
coil” and “receiver” may be used interchangeably.

[0004] The primary electromagnetic field travels from the transmitter coil to the receiver coil
via paths both above and below the suiface of the earth. In the presence of a conducting body or
earth material such as soils, rocks. ores or other conducting material, the magnetic component of
the electromagnetic field penetrating the subsurface induces time-varying currents, or eddy
currents, to flow in the conducting body. The eddy currents generate their own electromagnetic
field (referred to as secondary EM field) that travels to the receiver. The receiver then undergoes
a response to the resultant of the arriving primary and secondary electromagnetic fields so that
the response differs in both phase and amplitude from the response to the primary
electromagnetic field alone. Differences between the transmitted and received electromagnetic
fields reveal the presence of the conducting body or conducting material and provide information
on the conducting body’s geometry and electrical properties.

[0005]  Because electromagnetic fields propagate through air, there is no need for physical
contact of either the transmutter coil or receiver coil with the earih’s surface. EM surveys can
thus proceed much more rapidly than galvanic method surveys, where ground contact is
required. More importantly, one or both of transmitter coil and receiver ¢oil can be mounted in
or on of towed behind atrcraft. Airbarne EM methods are used in prospecting for conductive ore
bodies and many other geological targets due to their speed and relative cost-effectiveness.
[0006] The electromagnetic response from subsurface materials or bodies is dependent on
the electrical conductivity of the material or body. Conductive bodies and other structures such
as layers with low electrical conductivity exhibit different electromagaetic responses.

[0007] Thus, 1n summary, EM surveying or other geophysical exploration uses the principle
of electromagnetic induction to measure the electrical conductivity of the subsurface. In the case
of a frequency-domain EM survey, an alternating electric current of known frequency and
magnitude is passed through a transmitter coil creating a primary EM field in the space
surrounding the coil, including underground. The time-varying EM fields induce a secondary
current in underground conductors or structures which results in an alternating secondary
magnetic field that 1s sensed by the receiving coil. The secondary field is distinguished from the
primary field by a phase lag. The ratio of the magnitudes of the primary and secondary currents
is proportional to the terrain conductivity. The depth of penetration of the EM field into the
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subsurface is governed by the subsurface electrical conductivity and transmitter excitation
frequency and coil separation and orientation.

[0008] In the case of a transient EM survey, the same principle of electromagnetic induction
is used to measure the electrical conductivity of the subsurface. A pulsed electric current of
known amplitude and time-occurrence is passed through a transmitter coil creating a primary EM
field in the space surrounding the coil, including underground. The eddy currents generated in
the ground in turn induce a time-varying secondary magnetic field that is sensed by the receiving
coil. In the off-time of the transmitter, the signal magnitude and time-variation of the signal
magnitude is proportional to the terrain conductivity. In the on-time of the transmitter, the
received signal is proportional to the terrain conductivity and to the transmitted primary signal.
The depth of penetration of the EM field into the subsurface is governed by the terrain
conductivity, transmitter power, transmitter excitation frequency and coil orientation.

[0009] The depth of penetration of an EM field depends upon iis frequency and the electrical
conductivity of the medium through which the EM field is propagating. EM fields are
attenuated, or weakened, during their passage through the subsurface. The amplitude of the EM
field decreases exponentially with depth. The depth of penetration increases as both the
frequency of the electromagnetic field and the conductivity of the ground decrease (for example,
according to the formula d(m) = 503/sqrt(conductivity x frequency)). Consequently, the
frequency used in an EM survey can be tuned to a desired depth range in any particular medium.
[0010]  Accordingly, EM survey systems have traditionally been designed with transmitters
to transmit energy in a wide range of frequencies, or be as broadband, as possible. Similarly,
receivers employed in EM survey systems are designed to measure the EM response for a wide
frequency range typically sacrificing low-frequency sensitivity for high-frequency response. The
high-frequency end of the EM spectrum, or range of frequencies, is used to detect subsurface
bodies with large electrical resistivity values (and provide near-surface vertical resolution). The
low-frequency end of the EM spectrum is used to detect subsurface bodies with low electrical
resistivity values (and provide deeper subsurface exploration).

[0011] Tt is impossible, however, with a single system to measure all frequencies of the
spectrum well. To generate energy at high frequencies, it is necessary in the time domain to
employ a transmitter with a very fast current turn off, which necessitates a low transmitter loop
inductance that can be obtained by decreasing the area and number of turns of the wire loop,

which also results in a suppressed transmitter dipole moment. The small moment also serves to
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reduce high-frequency noise by decreasing transients caused by induction of eddy currents
within the conductive survey system components and in the aircraft. To further reduce noise in
these system transients, other strategies include rigidly connecting the transmitter and receiver,
or locating the receiver such that it is minimum-coupled to the transmitter. To perform accurate
measurement of high-frequency responses, it is necessary to measure EM responses of very short
time duration, which requires a receiver coil with a short self-response which requires a small
receiver coil tums-area. These design requirements are in contrast to those for transmitting and
measuring low-frequency responses.

[0012]  To generate low-frequency energy, it is desirable to maximize the transmitter dipole
moment by increasing the transmitter turns-area and current passed through the wire loop.
However, these design parameters increase the transmitter loop inductance and increase the time
for current turn-off (and increasing system transient noise), and are therefore detrimental for
transmitting and measuring high-frequency signals. Resonance considerations show that a half-
sine waveform is the most efficient choice of waveform for converting electric potential energy
into transmitted current. However, this results in a slow current turn-off, which is detrimental to
generating high-frequency signals. To measure low-frequency signals, it is desirable to increase
the voltage generated in the receiver coil by having a large receiver coil turns-area. However,
this increases the coil self-response and therefore decreases ability to measure high-frequency
signals. Further, to measure low-frequency signals .it is necessary to decrease the effect of
receiver motion in the earth’s static magnetic field. Tt is generally desirable to employ soft
suspension systems to reduce this effect to the detriment of the measurement of high-frequency
signals. These design considerations show that it is impossible to design a single system which
transmits and measures high and low-frequency energy well. Thus, a need has arisen for a
system that is capable of operating in both low-frequency and high-frequency bandwidths to
accurately survey subsurface properties at both shallower depths (for example, near-surface

depths) and deeper depths and to detect targets of a wider conductivity range.

SUMMARY

[0013]  TIn accordance with some embodiments of the present disclosure, a system for
electromagnetic geophysical exploration is provided. The system includes a first transmitter
configured to transmit a first waveform in a first spectrum and a first receiver configured to sense

signals i the first spectrum. The system also includes a second transmitter configured to
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transmit a second waveform, and a second receiver configured to sense signals in the second
spectrum and minimum-coupled to the second transmitter. The second spectrum has a frequency
higher than a frequency of the first spectrum. The system further includes a control portion
configured to control the first transmitter to transmit the first waveform in the first spectrum, and
control the second transmitter to transmit the second waveform in the second spectrum after a
specified time delay. The control portion is also configured to receive signals sensed by the first
receiver in the first spectrum, and receive signals sensed by the second receiver in the second
spectrum.

[0014] In accordance with another embodiment of the present disclosure, a method of
electromagnetic geophysical exploration is provided that includes controlling a first transmitter
to transmit a first waveform in a first spectrum. The method also includes controlling a second
transmitter to transmit a second waveform in a second spectrum after a specified time delay. The
second spectrum has a frequency higher than a frequency of the first spectrum. The method
further includes receiving signals sensed by a first receiver in the first spectrum, and receiving
signals sensed by a second receiver in the second spectrum. The second receiver configured to
be minimum-coupled to the second transmitter.

[0015] In accordance with another embodiment of the present disclosure, a non-transitory
computer-readable medium includes instructions that, when executed by a processor, cause the
processor to control a first transmitter to transmit a first waveform in a first spectrum, and
control a second transmitter to transmit a second waveform in a second spectrum after a
specified time delay. The second spectrum has a frequency higher than a frequency of the first
spectrum. The processor is also caused to receive signals sensed by a first receiver in the first
spectrum, and receive signals sensed by a second receiver in the second spectrum. The second

receiver configured to be minimum-coupled to the second transmitter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] For a more complete understanding of the present disclosure and its features and
advantages, reference is now made to the following description, taken in conjunction with the
accompanying drawings, which may include drawings that are not to scale and wherein like
reference numbers indicate like features, in which:

[0017]  FIGURE 1 illustrates a multiple bandwidth electromagnetic geophysical exploration

system with an airplane in accordance with some embodiments of the present disclosure;,
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[0018]  FIGURE 2 illustrates a multiple bandwidth electromagnetic geophysical exploration
system with a helicopter in accordance with some embodiments of the present disclosure;

[0019]  FIGURES 3 and 4 illustrate graphs of exemplary waveforms for survey cycles in
accordance with some embodiments of the present disclosure;

[0020]  FIGURE 5 illustrates a flow chart of an example method for multiple bandwidth
electromagnetic geophysical exploration in accordance with some embodiments of the present
disclosure; and

[0021]  FIGURE 6 illustrates a schematic diagram of an example system that can be used for
multiple bandwidth electromagnetic geophysical exploration in accordance with some

embodiments of the present disclosure.

DETAILED DESCRIPTION

[0022]  The following description of the exemplary embodiments refers to the accompanying
drawings. The same reference numbers in different drawings identify the same or similar
elements.

[0023] The limitations of the surveying or geophysical exploration systems and methods
described above have led to the present disclosure of the systems and methods employing
multiple broadband systems (combined in a way that they do not interfere) in an attempt to
provide different frequency ranges, as well as providing some focusing of the electromagnetic
(EM) spectrum at the particular frequency ranges, with one part of the system transmitting low-
frequency energy and measuring low-frequency signals and another part of the system
transmitting and measuring high-frequency signals. A consideration for this differentiation in
multiple systems is the design trade-offs described above: the physical geometry and electronics
required to optimize measurements at one end of the EM spectrum (for example, low frequency)
degrades performance at the other end of the spectrum (for example, high frequency).
Conceivably, low-frequency and high-frequency bandwidth systems could be designed to be
flown independently, however, this approach leads to errors relating to inconsistencies in
position, height and phase leading to suboptimal interpretation of the underlying geology and
additional costs. Thus, the present disclosure employs both of these systems in a single
geophysical survey platform.

[0024] As described above, an EM survey system that uses multiple broadband systems to

detect both low frequencies and high frequencies in the EM spectrum is expensive and can cause
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degraded performance at either end of the EM spectrum. Therefore, according to embodiments
of the present disclosure, systems and methods are presented that provide multiple bandwidth
EM surveying. An EM survey system of the present disclosure is capable of measuring both the
low-frequency and high-frequency portions of the EM spectrum with improved data quality, for
example, the data may have a higher signal to noise ratio. Measurements may be made utilizing
two or more distinct transmitter-receiver pairs. Each of the pairs may be optimized to a
particular frequency band of interest, thereby providing an improved data set at all frequencies.
[0025]  High-frequency EM data can be used to detect and characterize subsurface targets
with high electrical resistivity, and/or to characterize near-surface layering—layers within, for
example, approximately 165 feet or 50 meters of the earth’s surface—while also discriminating
thin layers within that depth. In some embodiments, to generate high-frequency EM energy a
signal with a fast turn-off may be used in the transmitter. To achieve fast turn-off, the
transmitter may be small with few turns, both of which limit dipole moment (such as, the
strength of the transmitted signal) and exploration depth. EM energy emitted by a transmitter
may also be referred to as an “EM signal” or “EM wave.” In addition, on-time measurements
during the transmitter on-time may be made to enhance high-frequency energy. For example,
when the transmitter is transmitting a waveform, a receiver may be configured to sense return
signals approximately simultaneously.

[0026] To detect electrically conductive targets or characterize the subsurface beyond the
near surface, a low-frequency EM excitation may be used. In some embodiments, to generate
low-frequency EM energy a transmitter may be operated with large dipole moment. As such, to
characterize the subsurface at depths beyond the near-surface and maximize dipole moment, a
transmitter with a large area (for example, physical area or numerous turns) may be used. In
addition, many on-time measurements can be made during the ramp-up or ramp-off of the
transmitter waveform to extend the overall bandwidth of the system.

[0027] In some embodiments, the transmitter transmitting the low-frequency energy may be
constructed as a large-diameter loop, for example on the order of approximately 25 to 50 meters
and may comprise one or more turns of wire, for example approximately one to ten turmns, or any
other suitable size or number of tums as appropriate for the implementation. The transmitter
loop may be towed beneath a helicopter or other aircraft or be strung around a fixed wing aircraft
or some other airborne vehicle. The helicopter, fixed-wing aircraft, or other airborne vehicle

may be manned or unmanned. In some embodiments, the low-frequency transmitter may



10

15

20

25

30

CA 02946688 2016-10-21

8

transmit a half-sine waveform with a low base frequency, for example, on the order of
approximately three to thirty hertz (Hz) with amplitude between approximately 500 to 2,000
amperes and a useable transmitted bandwidth of approximately three to 10,000 Hz. In some
embodiments, the low-frequency receiver may have a larger coil diameter and a greater number
of turns providing greater sensitivity at low frequencies. For example, a low-frequency coil may
include approximately 100 turns wound on an approximately one meter diameter former
resulting in a tums-area product of approximately 79 square meters (m?) with noise levels
approaching approximately 0.01 nanovolts per square meter (nV/m?) and a receiver bandwidth of
approximately one to 10,000 Hz. The receiver may be placed concentrically to the transmitter or
placed at some distance from the transmitter, for example, on the order of approximately ten to
200 meters; however, in some embodiments, the receiver-transmitter separation may be greater
than approximately 200 meters. The receiver coils may be attached with some form of soft
suspension system which serves to translate any high-frequency vibration or motion into a slow,
low-frequency motion below approximately five Hz, or preferably below approximately one Hz.

[0028] In some embodiments, the transmitter transmitting the high-frequency energy will be
constructed as a smaller diameter loop on the order of approximately one to ten meters and may
comprise only a few turns of wire, for example, approximately one or two turns. In some
embodiments, the high-frequency transmitter may transmit a square waveform or trapezoidal
waveform with a steep off-ramp such that the waveform is a close approximation to a square
waveform resulting in significant energy at high frequencies. The current amplitude of this
waveform may be, for example, on order of approximately ten to 400 amperes allowing ramp
times of approximately two to forty microseconds (us) and a useable transmitted bandwidth of
approximately 1,000 to 100,000 Hz. There is an implicit tradeoff between minimizing ramp time
and maximizing peak current. The high-frequency receiver may be rigidly affixed in some way
to the high-frequency transmitter such that the electromagnetic coupling is kept constant or as
close to constant as possible, and the high-frequency receiver may be null-coupled to the
transmitter, either by locating the receiver at a suitable geometric location or minimum-coupled
by wrapping the high-frequency receiver around the high-frequency transmitter wires. There are
many ways to achieve minimum-coupling which may be implemented. As a rigid connection
may maintain a constant or near-constant coupling, the receiver may not employ a suspension

system.
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[0029] A high-frequency coil for a high-frequency receiver may include, for example,
approximately ten turns wound on an approximately one meter diameter former resulting in a
turns area product of 7.9 m? with noise levels approaching approximately one nV/m? and a
useable bandwidth of approximately 1,000 to 300,000 Hz. Further, the high-frequency
transmitter may be separated from nearby air vehicles in order to reduce noise from coupling
between the system and the vehicle. In some embodiments, the transmitter-receiver pair may be
towed below or below and behind a fixed-wing aircraft or balloon or other airborne vehicle, such
that it is separated by some distance from the aircraft and the low-frequency transmitter. In an
embodiment with a helicopter, the high-frequency transmitter and receiver may be placed
concentric to the low-frequency transmitter and both may be towed below the helicopter. The
low-frequency receiver may then be placed concentric to the high-frequency transmitter or at a
location null-coupled to the low-frequency transmitter or at some other position along the
mechanism towing the low-frequency transmitter.

[0030]  Thus, the low-frequency portion of the system may comprise a large area transmutter
with multiple turns and large transmitter current to maximize transmitter moment with low base
frequency; and a half-sine waveform measured with a large turns-area receiver with a soft
suspension at some distance from the transmitter and air vehicle. The high-frequency portion of
the system may comprise a small area transmitter with only one or two turns and small
transmitter current to minimize current turn-off time and system transients; and employ a
trapezoid or square waveform which can have a higher base frequency. The high-frequency
response may be measured using a small turns-area receiver with a rigidly connected recetver
(for example, one that is minimum or null-coupled). Further, there may be significant overlap of
bandwidth between the low and the high-frequency system capabilities for effective coverage.
[0031] According to some embodiments, an EM survey system consisting of at least two
distinct transmitter and receiver sets is employed. Each transmitter-receiver set may be arranged
to transmit and receive a different bandwidth of the EM spectrum. In some embodiments, the
transmitter-receiver pairs may be arranged to measure a partially overlapping bandwidth of the
EM spectrum. For example, one transmitter-receiver set may be optimized to transmit and
receive EM signals of relatively high-frequency while another transmitter-receiver set may be
optimized to transmit and receive relatively low-frequency signals. The bandwidth of each
transmitter-receiver pair may be optimized such that there is some degree of frequency overlap

so that when combined, the dataset is continuous. The overlap between the frequency bandwidth
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of each transmitter-receiver pair may aid in acquiring EM data covering the range of shallow to
mid to deep subsurface formations. Thus, at least two distinct transmitter and receiver sets allow
for optimization of each set to transmit and receive a desired frequency band of EM energy.
[0032] In some embodiments, a variety of methods may be employed to tailor the bandwidth
of each transmitter-receiver set. For example, to optimize measurement of low-frequency
information, the geometry of the transmitter wire may be designed to consist of a large area or a
large number of turns or permit conduction of a large amount of current. Conversely, to
optimize measurement of high-frequency energy, the transmitter wire may be designed to consist
of fewer turns or less effective area.

[0033]  The receiver measuring low-frequency information may be designed to consist of a
large effective area or large number of turns or employ a magnetic core. Conversely, the
recelver measuring high-frequency information may consist of smaller effective area or fewer
turns. The geometric construction of the receiver measuring high-frequency information may
also be optimized for measurement of high-frequency signals.

[0034] Thus, the low-frequency transmitter may have a predetermined geometry and a
predetermined number of turns to operate in the particular low-frequency spectrum. Similarly,
the high-frequency transmitter may have a predetermined geometry and a predetermined number
of turns to operate in the particular high-frequency spectrum. Moreover, each of the low-
frequency receiver and the high-frequency receiver may have a particular geometry that is
optimized to make measurements for the particular respective frequency spectrums in which
each of the low-frequency transmitter and high-frequency transmitter operate.

[0035] In addition, the receiver for the measurement of high-frequency signals may be
disposed at an electromagnetic null location of the transmitter designed for high-frequency
energy excitation. An electromagnetic null location may be a location at which the response of
the receiver is nulled to the primary EM field of the transmitter. An electromagnetic null may be
accomplished, for example, by minimizing coupling between the transmitter and receiver. For
example, minimizing coupling between the transmitter and receiver may be achieved by
disposing the receiver half-inside and half-outside the transmitter loop or by disposing the
receiver at the appropriate angle away from the transmitter loop.

[0036]  FIGURE 1 illustrates a multiple bandwidth electromagnetic geophysical exploration
system 150 with airplane 100 in accordance with some embodiments of the present disclosure.

FIGURE 1 depicts an exemplary physical embodiment of a multiple bandwidth EM geophysical
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exploration system 150, also referred to as “system” 150. In some embodiments, system 150
may include airplane 100 that tows two or more transmitters and receivers. Although illustrated
with one airplane 100, multiple airplanes 100 may be utilized in system 150 or a multitude of
receivers 112 with different bandwidths and/or effective areas may be utilized.

[0037]  In some embodiments, one or multiple transmitter-receiver pairs may be designed to
measure low-frequency signals. For example, low-frequency transmitter 110 is positioned
around airplane 100 and consists of a large area. Low-frequency transmitter 110 may include a
coil surrounding airplane 100 and secured to a plurality of different points on the body of
airplane 100.

[0038]  Low-frequency receiver 112 may be optimized for low-frequency energy. Low-
frequency receiver 112 may be towed behind or below low-frequency transmitter 110. Low-
frequency receiver 112 may be towed by the same airplane 100 that tows low-frequency
transmitter 110. Alternatively, low-frequency receiver 112 may be towed by a different airplane.
Low-frequency receiver 112 may be designed to measure low-frequency signals by increasing
turns-area (for example, a larger area for turns of wire on the coil) and increasing electronic gain.
[0039] In some embodiments, a transmitter-receiver pair may be designed to measure high-
frequency signals. For example, high-frequency transmitter 120 may be small in area, allowing a
fast transmitter current turn-off. High-frequency receiver 122 may be null-coupled to high-
frequency transmitter 120, which reduces transmitter transients and allows measurement at very
early off-times. Similarly, high-frequency receiver 122 may be optimized to measure high-
frequency signals.

[0040] As depicted in FIGURE 1, high-frequency transmitter 120 may be smaller than low-
frequency transmitter 110 and may be disposed below and a specified distance away from low-
frequency transmitter 110. High-frequency receiver 122 may be arranged in a manner, as
described above, to be null-coupled to high-frequency transmitter 120.

[0041] To increase the amount information acquired in the survey, a plurality of low-
frequency receivers 112 may be utilized. For example, FIGURE 1 depicts a second low-
frequency receiver 112 towed from airplane 100. Further, although an embodiment is depicted
and described with airplane 100, the systems and methods of the present disclosure could also be
applied to land-based or marine-based systems.

[0042] The low-frequency transmitter-receiver pair, low-frequency transmitter 110 and low-

frequency receiver(s) 112, may be designed for high-moment, low base frequency operation.
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The low-frequency transmitter-receiver pair may be configured to optimize performance at low
frequencies by, for example, increasing coil gain electronically or by turns-area or by a magnetic
core, and may include more suspension and a non-rigid connection to reduce resonant frequency
of system motion.

[0043] In contrast, the high-frequency transmitter-receiver pair may have a rigid connection
with no suspension system. In the high-frequency transmitter-receiver pair, measurement at
early delay times (for example, times shortly after turn-off) is important for obtaining near-
surface information and thus, the self-response time of the high-frequency receiver and the time
length of the signal turn-off need to be short. The design and configuration of the high-
frequency receiver may minimize its self-response time, for example, by having a small turns-
area. Further, by having fewer turns the transmitter current may be turned off quickly, such that
higher frequency energy is excited into the ground. Moreover, by null-coupling the high-
frequency transmitter-receiver pair (for example, disposing the receiver in a “null” position with
respect to the transmitter), the transmitter transients (for example, transient energy) may be
minimized to reduce their effect on the measured data.

[0044] The signals sensed by low-frequency receivers 112 and the signals sensed by the
high-frequency receiver 122 may be received, for example, at a processing or control portion
160, as depicted in FIGURE 1. Such a processing or control portion 160 may be disposed
onboard an aircraft (for example, airplane 100 or helicopter 200, discussed with reference to
FIGURE 2) or other vehicle or machine used for surveying or towed by the aircraft.
Alternatively, such a processing or control portion 160 may be disposed remotely.

[0045] FIGURE 2 illustrates a multiple bandwidth electromagnetic geophysical exploration
system 250 with a helicopter 200 in accordance with some embodiments of the present
disclosure. As depicted in FIGURE 2, a low-frequency transmitter loop 210 may be disposed
around a transmitter-receiver unit that may be towed by helicopter 200. Low-frequency
transmitter 210 may be a substantially circular coil, forming a loop around the transmitter-
receiver unit that may be suspended from helicopter 200. Alternatively, low-frequency
transmitter 210 may be a square, diamond, rectangle, or other polygonal shape. A low-frequency
receiver 212 is disposed substantially at the center of the loop formed by low-frequency
transmitter 210. Another embodiment may be to place the low-frequency receiver at the apex of
the set of cables supporting the low-frequency transmitter loop 210 or set of cables supporting

high-frequency loops. Similar to the low-frequency transmitter-receiver pair described above for
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arrplane 100 depicted in FIGURE 1, low-frequency transmitter 210 and low-frequency receiver
212 are configured to be optimized to operate in a low-frequency bandwidth.

[0046] A high-frequency transmitter 220 and a high-frequency receiver 222 may be
minimum-coupled. For example, as described above, high-frequency receiver may be arranged
with respect to high-frequency transmitter 220 to be proximate to a “null” location. Further,
high-frequency transmitter 220 and high-frequency receiver 222 may form a substantially
circular coil and may be disposed to form a loop surrounding low-frequency receiver 212, but
with a smaller diameter than low-frequency transmitter 210. For example, the null-coupled high-
frequency transmitter-receiver pair may be disposed such that a transmitter coil for high-
frequency transmitter 220 1s disposed such that an inner receiver coil and an outer recetver coil
for high-frequency receiver 222 surround the transmitter coil for high-frequency transmitter 220.
In other words, the transmitter coil for high-frequency transmitter 220 may be disposed between
an inner receiver coll and an outer receiver coil for high-frequency receiver 222, with each of the
coils being substantially circular. In some embodiments, any of low-frequency transmitter 210,
low-frequency receiver 212, high-frequency transmitter 220, and high-frequency receiver 222
may be polygonal, or any other suitable shape based on implementation.

[0047]  In operation, each transmitter may generate an electromagnetic excitatton. The
excitation of each transmitter loop may occur simultaneously or allow for some specified time
delay between excitations. Excitation of each transmitter may be performed at nearby locations
such that high-frequency and low-frequency information is obtained for the same area. The
bandwidth or frequency spectrum for the high-frequency transmitter-receiver pair includes
frequencies greater than the low-frequency transmitter-receiver pair, but the bandwidths may
overlap each other to allow for a continuous bandwidth from low-frequency to high-frequency to
be implemented. Thus, for example, the high-frequency transmitter-receiver pair may be
configured to sense earth properties from surface to approximately 100-200 meters depth, while
the low-frequency transmitter-receiver pair may be configured to sense earth properties from
approximately 50 meters beneath the surface to approximately 600-800 meters or greater beneath
the surface.

[0048]  FIGURES 3 and 4 illustrate graphs 300 and 400 of exemplary current waveforms 310
and 410 for a transmitted cycle in accordance with some embodiments of the present disclosure.
The excitation waveform for the two different transmitters 110 and 120 may be of different

shape, amplitude or repetition frequency, or a combination thereof For example, low-frequency
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transmitters 110 and 210, discussed with reference to FIGURES 1 and 2, respectively, may emit
a waveform with half sine pulses. As another example, high-frequency transmitters 120 and 220
may emit a waveform with substantially square pulses or trapezoidal pulses. As depicted in
FIGURE 3, a single cycle may include, for example, positive half sine pulses and positive square
pulses, separated by an off time and negative half sine pulses and negative square pulses.
Equally valid would be a series of positive and negative half sine pulses followed by a series of
positive and negative square or trapezoidal pulses. As depicted in FIGURE 4, a single cycle may
include, for example, positive half sine pulses and positive trapezoidal pulses, separated by an
off time and negative half sine pulses and negative trapezoidal pulses.

[0049] Data from each survey may be used independently for processing, interpretation,
modelling, or transforming from data to electrical properties or to geology. By using at least two
transmitter-receiver pairs, a system with two separate, overlapping bandwidths may better
measure a wider range of frequencies. In some embodiments, the two transmitter-receiver pairs
may be based on a single transmitter enabled to emit both low-frequency and high-frequency
signals that may be paired separately with two different receivers. Accordingly, more accurate
and robust information regarding earth properties may be obtained by combining the data from
the two transmitter-receiver pairs and performing simultaneous processing, modelling, or
transforming the data to electrical properties or geology. Further, modelling or interpreting data
from one of the transmitter-receiver pairs and subsequent modelling or interpretation of data
from the other transmitter-receiver set based on the results from the first set may also improve
the interpretation, model, or product. For example, the data from each of the low-frequency and
high-frequency transmitter-receiver pairs may be cross-correlated for improved signal noise
reduction. Additionally the overlapping bandwidths could be used to calibrate the overall system
response.

[0050] FIGURE 5 illustrates a flow chart of an example method SO0 for multiple bandwidth
electromagnetic geophysical exploration in accordance with some embodiments of the present
disclosure. The steps of method 500 are performed by a user, various computer programs,
models configured to process or analyze geophysical data, and combinations thereof. The
programs and models include instructions stored on a computer readable medium and operable to
perform, when executed, one or more of the steps described below. The computer readable
media includes any system, apparatus or device configured to store and retrieve programs or

instructions such as a hard disk drive, a compact disc, flash memory, or any other suitable
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device. The programs and models are configured to direct a processor or other suitable unit to
retrieve and execute the instructions from the computer readable media. Collectively, the user or
computer programs and models used to process and analyze geophysical dafa may be referred to
as a “computing system.” For illustrative purposes, method 500 is described with respect to data
based on control portion 160 of FIGURES 1 and 2. A particular survey may include many
cycles of transmitting and receiving electromagnetic signals and is not limited to any order of
processes described herein.

[0051] At step 510, a control portion may control a low-frequency transnutter to transmit a
low-frequency waveform in a lower frequency spectrum. At step 520, the control portion may
control an high-frequency transmitter to transmit a waveform in a higher frequency spectrum
after a specified time. The frequency spectrum emitted by the high-frequency transmitter may be
higher than the frequency spectrum emitted by the low-frequency transmitter, or may overlap the
frequency spectrum emitted by the low-frequency transmitter. In other words, at least a portion
of the higher frequency spectrum is greater than the lower frequency spectrum. Further, in some
embodiments, one transmitter may be utilized to transmit both the high-frequency and the low-
frequency signals. At step 530, the control portion receives signals that are sensed by a low-
frequency receiver and an high-frequency receiver. In some embodiments, the receivers may
receive signals during the time that the transmitter is transmitting a waveform, for example,
during the on-time of the transmitters. At step 540, the control portion may store and/or process
the received signals. Alternatively, the raw data from the received signals may be stored for
processing at a later time. At step 550, the control portion may analyze the received data and
detect earth properties from surface to varying depths beneath the surface. In method 500, the
steps may be performed in any appropriate order. For example, step 530 may be performed
concurrently with steps 510 and 520. As another example, step 520 may occur before or
concurrently with step 510.

[0052]  As described above, the design requirements for efficient transmitting and measuring
of low and high-frequency energy and signals requires tradeoffs and the present disclosure
represents an advantageous method to perform both simultaneously. Embodiments of the
present disclosure enable two independent time domain systems with different bandwidths, such
that multiple transmitters and multiple receivers may be implemented in a single system to
achieve optimized multiple bandwidth electromagnetic surveying in the single system. The

waveform transmitted by the low-frequency transmitter and the waveform transmitted by the
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high-frequency transmitter may be synchronized in time to accurately measure in both the low-
frequency spectrum and the high-frequency spectrum.

[0053]  An advantage of the present disclosure is overcoming certain shortcomings of
geophysical systems that are either broadband or optimized to one of deep or shallow
exploration. The present disclosure effectively achieves two optimized systems; one for near-
surface resolution and the other for deep exploration; in a single system. The present disclosure
achieves a commercial advantage by capturing all relevant information about earth properties of
prospective land without the need to conduct multiple surveys or the limitations of different
systems optimized for different depths and targets. Another advantage of the present disclosure
is that it provides increased sensitivity with respect to vertical resolution or spatial resolution and
depth of exploration. An advantage of the distinct transmitter-receiver sets of the present
disclosure may be realized because the electrical components for measurement of high and low-
frequency energy may be different. A further advantage of the distinct transmitter-receiver sets
of the present disclosure may be realized by the physical separation in space of the two
transmitter-receiver pairs and by a separation in time of the excitation from each of the
transmitters.

[0054]  FIGURE 6 illustrates a schematic diagram of an example system 600 that can be used
for multiple bandwidth electromagnetic geophysical exploration in accordance with some
embodiments of the present disclosure. System 600 includes one or more transmitters 602, one
or more receivers 604, and computing system 606, which are communicatively coupled via
network 608. Computing system 606 may include some or all components of control portion
160 discussed with reference to FIGURES 1 and 2.

[0055] Computing system 606 can operate in conjunction with transmitters 602 and receivers
604 having any structure, configuration, or function. Transmitters 602 may include low-
frequency transmitters and high-frequency transmitters, and receivers 604 may include low-
frequency receivers and high-frequency receivers. Further, a positioning system, such as a
global positioning system (GPS, GLONASS, etc.), may be utilized to locate or time-correlate
transmitters 602 and receivers 604.

[0056] Computing system 606 may include any instrumentality or aggregation of
instrumentalities operable to compute, classify, process, transmit, receive, store, display, record,
or utilize any form of information, intelligence, or data. For example, computing system 606

may be one or more mainframe servers, desktop computers, laptops, cloud computing systems,
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storage devices, or any other suitable devices and may vary in size, shape, performance,
functionality, and price. Computing system 606 may include random access memory (RAM),
one or more processing resources such as a central processing unit (CPU) or hardware or
software control logic, or other types of volatile or non-volatile memory. Additional components
of computing system 606 may include one or more disk drives, one or more network ports for
communicating ' with external devices, various input and output (I/O) devices, such as a
keyboard, a mouse, and a video display. Computing system 606 may be configured to permit
communication over any type of network 608. Network 608 can be a wireless network, a local
area network (LAN), a wide area network (WAN) such as the Internet, or any other suitable type
of network.

[0057]  Network interface 610 represents any suitable device operable to receive information
from network 608, transmit information through network 608, perform suitable processing of
information, communicate with other devices, or any combination thereof. Network interface
610 may be any port or connection, real or virtual, including any suitable hardware and/or
software (including protocol conversion and data processing capabilities) that communicates
through a LAN, WAN, or other communication system. This communication allows computing
system 606 to exchange information with network 608, other computing systems 606,
transmitters 602, receivers 604, or other components of system 600. Computing system 606 may
have any suitable number, type, and/or configuration of network interface 610.

[0058]  Processor 612 communicatively couples to network interface 610 and memory 614
and controls the operation and administration of computing system 606 by processing
information received from network interface 610 and memory 614. Processor 612 includes any
hardware and/or software that operates to control and process information. In some
embodiments, processor 612 may be a programmable logic device, a microcontroller, a
microprocessor, any suitable processing device, or any suitable combination of the preceding.
Computing system 606 may have any suitable number, type, and/or configuration of processor
612. Processor 612 may execute one or more sets of instructions to implement multiple
bandwidth electromagnetic surveying, including the steps described above with respect to
FIGURE 5. Processor 612 may also execute any other suitable programs to facilitate the
generation of broadband composite images such as, for example, user interface software to

present one or more GUIs to a user.
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[0059] Memory 614 stores, either permanently or temporarily, data, operational software, or
other information for processor 612, other components of computing system 606, or other
components of system 600. Memory 614 includes any one or a combination of volatile or
nonvolatile local or remote devices suitable for storing information. For example, memory 614
may include random access memory (RAM), read only memory (ROM), flash memory,
magnetic storage devices, optical storage devices, network storage devices, cloud storage
devices, solid-state devices, external storage devices, any other suitable information storage
device, or a combination of these devices. Memory 614 may store information in one or more
databases, file systems, tree structures, any other suitable storage system, or any combination
thereof. Furthermore, different types of information stored in memory 614 may use any of these
storage systems. Moreover, any information stored in memory may be encrypted or
unencrypted, compressed or uncompressed, and static or editable. Computing system 606 may
have any suitable number, type, and/or configuration of memory 614. Memory 614 may include
any suitable information for use in the operation of computing system 606. For example,
memory 614 may store computer-executable instructions operable to perform the steps discussed
above with respect to FIGURE 5 when executed by processor 612. Memory 614 may also store
any seismic data or related data such as, for example, raw seismic data, reconstructed signals,
velocity models, seismic images, or any other suitable information.

[0060] The foregoing detailed description does not limit the disclosure. Instead, the scope
of the disclosure is defined by the appended claims. The described embodiments are not limited
1o the disclosed configurations, and may be extended to other arrangements.

[0061] Reference throughout the specification to “one embodiment” or “an embodiment”
means that a particular feature, structure or characteristic described in connection with an
embodiment is included in at least one embodiment of the subject matter disclosed. Thus, the
appearance of the phrases “in one embodiment” or “in an embodiment™ in various places
throughout the specification is not necessarily referring to the same embodiment. Further, the
particular features, structures or characteristics may be combined in any suitable manner in one
or more embodiments.

[0062] Herein, “or” is inclusive and not exclusive, unless expressly indicated otherwise or
indicated otherwise by context. Therefore, herein, “A or B” means “A, B, or both,” unless
expressly indicated otherwise or indicated otherwise by context. Moreover, “and” is both joint

and several, unless expressly indicated otherwise or indicated otherwise by context. Therefore,
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herein, “A and B” means “A and B, jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.

[0063] This disclosure encompasses all changes, substitutions, variations, alterations, and
modifications to the example embodiments herein that a person having ordinary skill in the art
would comprehend. Similarly, where appropriate, the appended claims encompass all changes,
substitutions, variations, alterations, and modifications to the example embodiments herein that a
person having ordinary skill in the art would comprehend. Moreover, reference in the appended
claims to an apparatus or system or a component of an apparatus or system being adapted to,
arranged to, capable of, configured to, enabled to, operable to, or operative to perform a
particular function encompasses that apparatus, system, component, whether or not it or that
particular function is activated, turned on, or unlocked, as long as that apparatus, system, or
component is so adapted, arranged, capable, configured, enabled, operable, or operative. For
example, a receiver does not have to be turned on but must be configured to receive reflected
energy.

[0064] Any of the steps, operations, or processes described herein may be performed or
implemented with one or more hardware or software modules, alone or in combination with
other devices. In one embodiment, a software module is implemented with a computer program
product comprising a computer-readable medium containing computer program code, which can
be executed by a computer processor for performing any or all of the steps, operations, or
processes described. For example, the transmitting waveform, receiving sensed signals, and
processing of received signals processes may be performed through execution of computer
program code in a computer-readable medium.

[0065] Embodiments of the present disclosure may also relate to an apparatus for performing
the operations herein. This apparatus may be specially constructed for the required purposes,
and/or it may comprise a general-purpose computing device selectively activated or reconfigured
by a computer program stored in the computer. Such a computer program may be stored in a
tangible computer-readable storage medium or any type of media suitable for storing electronic
instructions, and coupled to a computer system bus. Furthermore, any computing systems
referred to in the specification may include a single processor or may be architectures employing
multiple processor designs for increased computing capability.

[0066]  Although the present disclosure has been described with several embodiments, a

myriad of changes, variations, alterations, transformations, and modifications may be suggested
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to one skilled in the art, and it is intended that the present disclosure encompass such changes,
variations, alterations, transformations, and modifications as fall within the scope of the
appended claims. Moreover, while the present disclosure has been described with respect to
various embodiments, it is fully expected that the teachings of the present disclosure may be
combined in a single embodiment as appropriate. Instead, the scope of the present disclosure is

defined by the appended claims.
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WHAT IS CLAIMED IS:

1. An electromagnetic geophysical exploration system comprising:

a first transmitter configured to transmit a first waveform in a first spectrum;

a first receiver configured to sense signals in the first spectrum,;

a second transmitter configured to transmit a second waveform in a second
spectrum, the second spectrum having a frequency higher than a frequency of the first
spectrum,;

a second receiver configured to sense signals in the second spectrum, the second
receiver configured to be minimum-coupled to the second transmitter, wherein a
transmitter coil of the second transmitter is disposed between an inner receiver coil and an
outer receiver coil of the second receiver, and the inner receiver coil and the outer receiver
coil of the second receiver surround the transmitter coil of the second transmitter; and

a control portion configured to:

control the first transmitter to transmit the first waveform in the first
spectrum,;

control the second transmitter to transmit the second waveform in the
second spectrum after a specified time delay;

receive signals sensed by the first receiver in the first spectrum; and

receive signals sensed by the second receiver in the second spectrum,

wherein the electromagnetic geophysical exploration system is

configured to be airborne.

2. The system of Claim 1, wherein the control portion is further configured

to store the received signals.

3. The system of Claim 2, wherein the control portion is further configured

to process the stored signals to analyze a subsurface formation.

4. The system of Claim 1, wherein the first waveform includes a different

waveform shape from the second waveform.

Date Regue/Date Received 2021-09-10
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5. The system of Claim 1, wherein the first spectrum and the second

spectrum include an overlapping bandwidth portion.

6. The system of Claim 1, wherein the second transmitter is configured to

minimize a turn-off time for the second waveform.

7. The system of Claim 1, wherein the first transmitter is a low-frequency

transmitter and the first receiver is a low-frequency receiver.

8. The system of Claim 1, wherein the second transmitter is a high-

frequency transmitter and the second receiver is a high-frequency receiver.

9. The system of Claim 1, wherein the signals sensed by the first receiver
in the first spectrum are sensed during transmission of the first waveform by the first

transmitter.

10. A method of electromagnetic geophysical exploration, comprising:

controlling a first transmitter to transmit a first waveform in a first spectrum,;

controlling a second transmitter to transmit a second waveform in a second
spectrum after a specified time delay, the second spectrum having a frequency higher than
a frequency of the first spectrum;

receiving signals sensed by a first receiver in the first spectrum; and

receiving signals sensed by a second receiver in the second spectrum, the second
receiver configured to be minimum-coupled to the second transmitter,

wherein a transmitter coil of the second transmitter is disposed between an inner
receiver coil and an outer receiver coil of the second receiver, and the inner receiver coil
and the outer receiver coil of the second receiver surround the transmitter coil of the second
transmitter, and

wherein the first transmitter, the second transmitter, the first receiver and the

second receiver are airborne.

11.  The method of Claim 10, further comprising storing the received signals.

Date Regue/Date Received 2021-09-10
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12, The method of Claim 11, further comprising processing the stored signals

to analyze a subsurface formation.

13.  The method of Claim 10, wherein the first waveform includes a different

waveform shape from the second waveform.

14.  The method of Claim 10, wherein the first spectrum and the second

spectrum include an overlapping bandwidth portion.

15.  The method of Claim 10, wherein the second transmitter is configured to

minimize a turn-off time for the second waveform.

16. A non-transitory computer-readable medium storing instructions that,
when executed by a processor, cause the processor to:

control a first transmitter to transmit a first waveform in a first spectrum;

control a second transmitter to transmit a second waveform in a second spectrum
after a specified time delay, the second spectrum having a frequency higher than a
frequency of the first spectrum;

receive signals sensed by a first receiver in the first spectrum; and

receive signals sensed by a second receiver in the second spectrum, the second
receiver configured to be minimum-coupled to the second transmitter,

wherein a transmitter coil of the second transmitter is disposed between an inner
receiver coil and an outer receiver coil of the second receiver, and the inner receiver coil
and the outer receiver coil of the second receiver surround the transmitter coil of the second
transmitter, and

wherein the first transmitter, the second transmitter, the first receiver and the

second receiver are airborne.

17 The medium of Claim 16, wherein the processor is further caused to store

the received signals.

Date Regue/Date Received 2021-09-10
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18.  The medium of Claim 17, wherein the processor is further caused to
process the stored signals to analyze a subsurface formation.

19.  The medium of Claim 16, wherein the first waveform includes a different

waveform shape from the second waveform.

20.  The medium of Claim 16, wherein the first spectrum and the second

spectrum include an overlapping bandwidth portion.

Date Regue/Date Received 2021-09-10
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