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Abstract

[0022] A method for reducing motion induced voltage in marine electromagnetic 

measurements includes measuring an electromagnetic field parameter at at least one 

position along a sensor cable towed through a body of water. Motion of the sensor 

cable is measured at at least one position along the cable; Voltage induced in the cable 

is estimated from the motion measurements. The measured electromagnetic field 

parameter is corrected using the estimated voltages.
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ORIGINAL COMPLETE SPECIFICATION 
STANDARD PATENT

Invention Title

Method and apparatus for reducing induction noise in measurements made with a towed 

electromagnetic survey system

The following statement is a full description of this invention, including the best method of 
performing it known to me/us:-

P/00/011
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Cross-reference to related applications

Not applicable.

Statement regarding federally sponsored research or development

Not applicable.

Background of the Invention

Field of the Invention

[0001] The invention relates generally to the field of electromagnetic surveying.

More specifically, the invention relates to a method and apparatus for reducing 

induction noise in measurements made with a towed electromagnetic survey system.

Background Art

[0002] Electromagnetic geophysical surveying of the Earth’s subsurface includes

“controlled source” and “natural source” electromagnetic surveying. Controlled 

source electromagnetic surveying includes imparting an electric field or a magnetic 

field into subsurface Earth formations, such formations being below the sea floor in 

marine surveys, and measuring electric field amplitude and/or amplitude of magnetic 

fields by measuring voltage differences induced in electrodes, antennas and/or 

interrogating magnetometers disposed at the Earth’s surface, or on or above the sea 

floor. The electric and/or magnetic fields are induced in response to the electric field 

and/or magnetic field imparted into the Earth’s subsurface, and inferences about the 

spatial distribution of conductivity of the Earth’s subsurface are made from recordings 

of the induced electric and/or magnetic fields. Natural source (magnetotelluric) 

electromagnetic surveying typically includes deploying multi-component ocean 

bottom receiver stations and by taking the ratio of perpendicular field components, it 

is possible to eliminate the need to know characteristics of the natural source.
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[0003] Controlled source electromagnetic surveying known in the art includes 

imparting a substantially continuous, time varying electromagnetic field into the 

subsurface formations by passing time varying electric current through a transmitter 

antenna. The alternating current has one or more selected discrete frequencies. Such 

surveying is known as frequency domain controlled source electromagnetic (f-CSEM) 

surveying. Another technique for controlled source electromagnetic surveying of 

subsurface Earth formations known in the art is transient controlled source 

electromagnetic surveying (t-CSEM). In t-CSEM, electric current passed through a 

transmitter at the Earth’s surface (or near the sea floor), in a manner similar to f- 

CSEM. The electric current may be direct current (DC). At a selected time, the 

electric current is switched off, switched on, or has its polarity changed, and induced 

voltages and/or magnetic fields are measured, typically with respect to time over a 

selected time interval, at the Earth’s surface or water surface. Alternative switching 

techniques are possible. Structure of the subsurface is inferred by the time 

distribution of the induced voltages and/or magnetic fields. For example, U.S. Patent 

Application Publication No. 2004/232917 and U.S. Patent No. 6,914,433, issued to 

Wright et al., describe a method of mapping subsurface resistivity contrasts by 

making multichannel transient electromagnetic (“MTEM”) measurements on or near 

the Earth's surface using at least one source, receiving means for measuring the 

system response and at least one receiver for measuring the resultant earth response. 

All signals from each source-receiver pair are processed to recover the comesponding 

electromagnetic impulse response of the earth and such impulse responses, or any 

transformation of such impulse responses, are displayed to create a subsurface 

representation of resistivity contrasts. The system and method enable subsurface fluid 

deposits to be located and identified and the movement of such fluids to be monitored.

[0004] The above methods for f-CSEM and t-CSEM have been adapted for use in 

marine environments. Cable-based sensors have been devised for detecting electric 

and/or magnetic field signals resulting from imparting electric and/or magnetic fields 

into formations below the bottom of a body of water. See, for example, U.S. Patent 

Application Publication No. 2006/0238200 filed by Johnstad. The amplitude of 

electric field signals detected by electrodes on cables such as described in the 

Johnstad publication may be on the order of fractions of a nanovolt. Accordingly, a
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particular consideration in the design and implementation of electromagnetic 

survey receiver systems is reducing the amount of noise that may be induced in the 

signals detected by the various sensing elements in the receiver system.

[0005] It is desirable to have a marine electromagnetic survey system in which

receivers can be towed in the water behind a survey vessel, analogously to a marine 

seismic survey. By towing the receivers, the efficiency of surveying may be 

substantially increased over methods known in the art in which receivers are 

deployed on the water bottom and retrieved after part of the subsurface is surveyed. 

A particular consideration in designing a towed electromagnetic receiver system is 

that velocity of parts of the system may result in voltages being induced in the 

system. Such voltages may be sufficiently large so as to make it impracticable to 

measure signals related to subsurface electromagnetic phenomena. There is a need 

for a towed marine electromagnetic receiver system which may have enhanced 

capability of attenuating induction noise in the signals detected with such system.

Summary of the Invention
[0006] According to the present invention there is provided an electromagnetic

sensor cable system, comprising:

a cable configured to be towed by a vessel through a body of water;

at least one electromagnetic sensor disposed along the cable;

at least one motion sensor disposed along the cable and configured to

measure a parameter related to motion of the cable through the body of water; and 

means for estimating a voltage induced in the cable from measurements

made by the at least one motion sensor.

[0007] The invention also provides a method for reducing motion induced voltage

in marine electromagnetic measurements, comprising:

measuring an electromagnetic field parameter at at least one position along 

a sensor cable towed through a body of water;

measuring a parameter related to motion of the sensor cable at at least one 

position along the cable;

estimating voltages induced in the cable from the measured parameter 

related to motion; and

correcting the measured electromagnetic field parameter using the estimated 

voltages.
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[0008] Other aspects and advantages of the invention will be apparent from the 

following description and the appended claims.

Brief Description of the Drawings

[0009] FIG. 1 shows an example marine electromagnetic survey system having a

towed sensor cable.

Detailed Description

[0010] An example marine electromagnetic survey system is shown schematically in

FIG. 1. A survey vessel 10 moves along the surface of a body of water 11 such as a 

lake or the ocean. The vessel 10 may include equipment, shown generally at 12 and 

referred to for convenience as a “recording system” that includes devices (none shown 

separately) for applying electric current to an antenna such as source electrodes 18 

and/or other devices disposed on or along a source cable 14 towed by the vessel 10. 

The recording system 12 may also include equipment for navigating the vessel 10, for 

determining the geodetic position of the vessel 10 and of components towed by the 

vessel 10 in the water 11, and for recording signals detected by one or more sensors 

on a sensor cable 16. As shown in FIG. 1, the sensor cable 16 may also be towed by 

the vessel 10.

[0011] The source cable 14 in the present example can include an antenna consisting 

of two source electrodes 18 disposed at spaced apart positions along the source cable 

14. At selected times certain of the equipment (not shown separately) in the recording 

system 12 conducts electric current across the source electrodes 18. The time varying 

component of such electric current produces an electromagnetic field that propagates 

through the water 11 and into the formations below the water bottom 19. The 

particular type of current conducted across the source electrodes 18 may be single or 

multiple discrete frequency alternating current as is used in frequency domain 

electromagnetic surveying, or various forms of switched direct current, such used in 

transient controlled source electromagnetic surveying. It is within the scope of the 

invention therefore to perform either or both frequency domain and transient 

controlled source electromagnetic surveying. It should also be understood that the 

arrangement of the source electrodes 18 shown in FIG. 1, referred to as a horizontal
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electric dipole antenna, is not the only type of electromagnetic transmitter antenna 

that may be used with the invention. The source cable 14 could also include, in 

addition to or in substitution of the horizontal electric dipole transmitter antenna 

shown in FIG. 1, any one or more of a vertical electric dipole antenna, and horizontal 

or vertical magnetic dipole antenna (current loop). Accordingly, the electromagnetic 

field source antenna configuration shown in FIG. 1 is not intended to limit the scope 

of the present invention.

[0012] In the example of FIG. 1, the vessel 10 can also tow at least one sensor cable

16. The sensor cable 16 can include at least one electromagnetic sensor 20, and 

preferably a plurality of such sensors at spaced apart positions along the sensor cable 

16. Each of the one or more electromagnetic sensors measures a parameter related to 

the electromagnetic field resulting from interaction of the electromagnetic field 

induced by the transmitter (e.g., source electrodes 18) with the subsurface formations 

below the water bottom 19. In the present example, the electromagnetic sensors may 

be a pair of receiver electrodes disposed at spaced apart positions along the sensor 

cable 16. An electric field component of the electromagnetic field resulting from 

interaction of the induced electromagnetic field with the formations below the water 

bottom 19 can induce voltages across each of the pairs of receiver electrodes, and 

such voltages may be detected by any form or voltage measuring circuit (not shown) 

known in the art. Such voltage measuring circuits (not shown) may be disposed in the 

sensor cable 16 and/or in the recording system 12.

[0013] Another example of an electromagnetic sensor that may be used in other

examples is a single axis or multi-axis magnetometer, such as a flux gate 

magnetometer.

[0014] The sensor cable 16 in some examples may also include seismic sensors, such 

as hydrophones and/or geophones, shown generally at 22, disposed at spaced apart 

locations along the sensor cable 16. For such examples where the sensor cable 16 

includes seismic sensors, the survey vessel 10 or another vessel may tow a seismic 

energy source 24 such as an air gun or array of air guns. The seismic energy source 

24 may be actuated at selected times by certain equipment (not shown separately) in 

the recording system 12 and signals detected by the seismic sensors 22 may be 

recorded by a signal recording device (not shown separately) in the recording system

5
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12. During survey operations, seismic signals may be acquired substantially 

contemporaneously with electromagnetic signals detected by the electromagnetic 

sensor 20 or may be acquired at other times.

[0015] It should be understood that the example system of FIG. 1 including only one 

sensor cable 16 is shown to illustrate how to make and use a sensor cable according to 

various aspects of the invention. A sensor cable according to the various aspects of 

the invention may be used with acquisition systems that include a plurality of laterally 

spaced apart sensors cables towed by the survey vessel 10 and/or by another vessel in 

a selected configuration to provide “in line” and “cross line” electromagnetic and/or 

seismic signals. Accordingly, the number of sensor cables and their particular 

geometric configuration in the water 11 are not limits on the scope of the present 

invention.

[0016] As described above, the receiver electrodes measure voltages induced by the

electromagnetic field generated as a result of the interaction of the induced 

electromagnetic field with the formations below the water bottom 19. It will be 

appreciated by those skilled in the art that motion of the survey vessel 10 and motion 

of the sensor cable 16 are not uniform through the water 11. Such non-uniform 

motion results from currents in the water and acceleration of the vessel 10 (change on 

velocity) transferred to the sensor cable 16 through the towing equipment. Such non- 

uniform motion of the sensor cable 16 can induce voltages along electrical conductors 

(not shown) in the receiver cable 16 as well as in the electromagnetic sensors 20. The 

motion-induced voltages can be calculated or estimated if the motion of sensor cable 

16 proximate the electromagnetic sensors 20 is known. In the present example, 

motion sensors 25 may be disposed at selected positions along the sensor cable 16. In 

the example of FIG. 1, the motion sensors 25 are each shown as located proximate to 

one of the electromagnetic sensors 20. The example number of motion sensors 25 

and their placement as shown in FIG. 1 are not intended to limit the number of motion 

sensors or their particular geometric configuration that may be used in other examples 

of an electromagnetic sensor cable according to the invention. The signals measured 

by the motion sensors 25 may be detected and processed by certain equipment (not 

shown) in the recording system 12, and may be used, as will be explained below, to 

estimate magnitude of induced voltages resulting from motion of parts of the sensor
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cable 16 with respect to the electromagnetic field induced by the transmitter cable 14 

and with respect to the Earth’s magnetic field. Such estimates may be used in 

processing measurements made from the electromagnetic sensors 20 on the sensor 

cable 16 to reduce the effects of the motion induced voltages on the measurements 

made by the electromagnetic sensors 20.

[0017} Faraday’s Law of Induction states that an induced electromotive force

(voltage) in an electrical conductor is related to the rate of change with respect to time 

of magnetic flux through the electrical conductor. As the system shown in FIG. 1 is 

towed through the water 11, the sensor cable 16 is moved within the electromagnetic 

field induced by the transmitter (e.g., current across transmitter electrodes 18) and the 

Earth’s magnetic field. Thus, any acceleration (change in velocity) of any part of the 

sensor cable 16 can change the magnetic flux passing through electrically conductive 

parts of the sensor cable 16 and induce voltages, which may be detected by the one or 

more electromagnetic sensors 20.

[0018] The motion sensors 25 may be, for example accelerometers, gyroscopes

(including rate gyroscopes), magnetic compasses, or any other type of motion sensor 

that can make a measurement corresponding to the motion of sensor cable 16. Such 

measurements of motion of the sensor cable 16 from the one or more motion sensors 

25 may be used, for example, with a numerical model applying Faraday’s Law of 

Induction to provide an estimate of the motion-induced voltages. The estimates of the 

motion-induced voltages may then be used to correct or adjust the measurements 

made by the electromagnetic sensors 20. In some examples, the induced voltage may 

be further compensated by measuring the magnetic field at a fixed location, for 

example, on the water bottom, and using any time variation in the magnetic field 

amplitude to provide a further calculation of induced voltage. The calculations 

explained above may be performed in the recording system 12, or may be performed, 

for example, by a computer (not shown) at a location other than in the recording 

system 12. In some examples, the motion sensors 25 may be strain gauges arranged 

to measure axial elongation and/or bending of the sensor cable 16. Such 

measurements of axial elongation and/or bending may be used to estimate motion of 

the sensor cable 16.
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[0019] In some examples, a single component or multiple component magnetic field 

sensor 30 may be disposed at a substantially fixed location, such as on the water 

bottom 19. Measurements made during the acquisition of electromagnetic signals as 

explained above may be further compensated, adjusted or corrected using 

measurements made by the magnetic field sensor 30. One example of such a 

magnetic field sensor that may be used in some examples is described in U.S. Patent 

No. 6,842,006 issued to Conti et al. and incorporated herein by reference. The 

magnetic field sensor 30 may include autonomous recording devices (not shown) 

therein, or may include an electrical connection to a buoy (not shown) at the water 

surface. Such buoy may include wireless signal communication devices for 

communicating recorded data to the recording system 12. The manner and place of 

recording signals detected by the magnetic field sensor 30 are not limitations on the 

scope of the present invention. The magnetic field measurements made by the 

magnetic field sensor 30 may be used, for example, to correct measurements made by 

the electromagnetic sensors 20 for any time-dependent variations in the Earth’s 

magnetic field.

[0020] A marine electromagnetic survey cable made according to the invention may

provide more accurate electrical field measurements of undersea formations than 

other types of cables used for marine electromagnetic surveying.

[0021] While the invention has been described with respect to a limited number of

embodiments, those skilled in the art, having benefit of this disclosure, will appreciate 

that other embodiments can be devised which do not depart from the scope of the 

invention as disclosed herein. Accordingly, the scope of the invention should be 

limited only by the attached claims.

The reference in this specification to any prior publication 
(or information derived from it), or to any matter which is 
known, is not, and should not be taken as an acknowledgment 
or admission or any form of suggestion that that prior 
publication (or information derived from it) or known matter 
forms part of the common general knowledge in the field of 
endeavour to which this specification relates.
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Throughout this specification and the claims which follow, 
unless the context requires otherwise, the word "comprise", 
and variations such as "comprises" and "comprising", will 
be understood to imply the inclusion of a stated integer or 
step or group of integers or steps but not the exclusion of 
any other integer or step or group of integers or steps.

9
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. An electromagnetic sensor cable system, comprising:

a cable configured to be towed by a vessel through a body of water;

at least one electromagnetic sensor disposed along the cable;

at least one motion sensor disposed along the cable and configured to measure a

parameter related to motion of the cable through the body of water; and

means for estimating a voltage induced in the cable from measurements made by

the at least one motion sensor.

2. The system of claim 1 wherein the electromagnetic sensor comprises a pair of 

electrodes.

3. The system of claim 1 wherein the motion sensor comprises an accelerometer.

4. The system of claim 1 wherein the motion sensor comprises a gyroscope.

5. The system of claim 1 wherein the motion sensor comprises a compass.

6. The system of claim 1 wherein the motion sensor comprises a strain gauge.

7. A method for reducing motion induced voltage in marine electromagnetic 

measurements, comprising:

measuring an electromagnetic field parameter at at least one position along a sensor 

cable towed through a body of water;

measuring a parameter related to motion of the sensor cable at at least one position 

along the cable;

estimating voltages induced in the cable from the measured parameter related to 

motion; and

correcting the measured electromagnetic field parameter using the estimated 

voltages.
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8. The method of claim 7 wherein the electromagnetic field parameter comprises 

voltage.

9. The method of claim 8 further comprising measuring a magnetic field parameter at 

a substantially fixed position and using the magnetic field parameter measurements to 

correct measurements of the electromagnetic field parameter for time-dependent magnetic 

field variations.

10. The method of claim 9 wherein the time-dependent magnetic field variations 

comprise variations in the Earth's magnetic field.

11. The method of claim 7 wherein the motion related parameter comprises 

acceleration.

12. The method of claim 7 wherein the motion related parameter comprises geodetic 

direction.

13. The method of claim 7 wherein the motion related parameter comprises at least one 

of axial strain and bending strain.

14. An electromagnetic sensor cable system substantially as hereinbefore described 

with reference to the accompanying drawings.

15. A method for reducing motion induced voltage in marine electromagnetic 

measurements substantially as hereinbefore described with reference to the accompanying 

drawings.
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