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PUCT PATENTAPPLICATION

SENSOR FOR MEASURING THE ELECTROMAGNETIC
FIELDS ON LAND AND UNDERWATER

INVENTORS: Alberto F. MARSALA
Andrew . HIBRS

BACKGROUND OF THE INVENTION

1. Field of the Invention

186811 The present invention pertains to measwring low frequency electromagnetic fields at

carthen surface, either on land or at the Hloor beneath a body of water,

2. Description of the Related Arxt

{6682 Electromagnetic {EM) soundings probe the electrical conductivity as a function of
depth in the ground. Typical targets of interest are hydrocarbons, water, and ore bodies.
Since the conductivities of such targets and the surrounding mediuvm are generally quite
dissimilar; they can, in theory, be discriminated by mecans of measurement of the subsurface
conductivity. Using this methodology, the depth, thickness and lateral extent of materials of
interest can be determined, depending on the availability of naturally produced low frequency

EM waves or an EM source with the appropriate configuration aund power,

166631 A number of measurement scenarios are enploved, including electric and/or magnetic
sources, surface methods with many different source receiver geometrigs, borehole-to-surface
methods, and cross borehole measurements. The principal passive sounding method is the
magunctotelturic (MT) techuique, 1o which the electric and roagnetic amplitudes of long-
period waves from natural planctary EM sources are monitored near the surface in order to
determine the subsurface electrical trmpedance as a function of wave skin depth.  Active
methods include both spectral and time domain roeasurements of the fields 1o response to
artificially generated waves. In the time domain, the decay of secondary magnetic fields

generated from subsurface currents in response to an EM pulse under operator control can be
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recorded to estimate subsurface conductivity. Specific arrangements of sensors can be used

to tailor the sensitivity o target subsurtace features.

[3604] A common factor in electromagnetic soundings 18 the need to emplace and move
sensors. For an electric field, the local clectric potential 15 measured in two locations by
glectrically conducting electrodes buried near the ground surface. The difference between
these measurements divided by the separation distance between the electrodes gives the
clectric ficld along the line of separation. For a maguetic field, a single sensor is placed upon
the ground or buried at a shallow depth. Generally, it is desired to record the electric and
magnetic fields i multiple orthogonal axes. For surveys on land, individual sensors are
eraplaced separately. As a rosult, so far as 18 known, the tiroe taken to deploy the sensors and
ensure they are oriented in the desired directions and with the desired orthogonally can be

significant.

[36065] U. S. Patent No. 5,770,945 related to a scafloor magnetoteliuric system for
measurement of clectromagnetic fields underwater having two electric ficld sensor axes and
two ragnetic field sensor axes. Systems of this type weighed several hundred kilograms (kg)
in air and were deployed and retrieved via a crane on a boat.  Another sensing system (U, 5.
Published Patent Application No. 2008/0246485) measured three compounents of both the
electric and maguetic ficld. However, this type of system still weighed 1o excess of 100 kg,

making its use on land a significant operational challenge.

30686 1n some cases it has been desivable to collect electromagnetic data both on land and in
adjacent locations underwater. Given the effort necessary to mobilize sensors to areas of use,
many of which are remote, it would be desirable to bave a dual mode sensor systern that can
work on land and underwater. In addition, it would only be necessary for g survey provider to
purchase one dual mode set of sensor equipment rather than two individual sets that can work

only in one environment.

166071 Tn the prior art, the technologies to make electric field rocasurements on land and
underwater were entirely different. Sea water provided a very favorable medium for coupling
to electrical potentials, having high conductivity and a ready supply of reactive chloride ions

that exchanged charge with standard mctal salt electrodes.

[BGO8] On land, priov geophysical electrodes fell into two categories depending on the

frequency of operation. Above | Hz solid metal eloctrodes (stainless steel, phosphor bronze)
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were generally hammered into the ground. Below 1 Hz, metal/metal salt combination
electrodes (Ag/AgCl, CwCalSQy, PH/PBCL) were buried in excavated holes.  The metal
electrode was eoncased in a pot filled with wet mud (e.g., bentonite) that comtained the
required ions (Ag, Cu, Pb, and Cl). For improved performance, the pot was buried in a hole
backfilled by the original ground material mixed with electrolyte. The pot coupled to the
prepared  ground, by means of the salt solution slowly leaking into the swrrounding
environment through a porous section of the pot.  For convenience, both solid metal and
metal/metal sait clectrodes are for the purposes of the present imvention termed salt
electrodes. They operated based on electrochemical principles and relied on an exchange of
ions with the ground in order to transter electric charge, and thereby measure the local

electric potential.

13869} In contrast, magnetic field sensors used in geophysics on land and underwater could
be the same for both purposes. However, electric field sensors generally provided the bulk of
geophysical measureraents, with arrays of up to 1000 sensors being used, while as fow as two
magnetic field sensors were needed.  Accordingly, the sigonificant difference in the
configuration of the electrodes used on land and underwater has up until now precluded a
single E-field sensor in particular, and a single electromagnetic sensor unit in geueral, from

being used in both environments.

16616} Capacitive clectric field systems existed that coupled to local electric potentials via
electromagnetic rather than electrochemical coupling. Capacitive sensors have the capability
to operate both on land and underwater. However, the electrical contact iropedance when
coupling to water and dry ground arc quite different. Asg a result, so far as is known, present
capacitive E-field measurement systems are adapted to one type of environment (land or

water) but did not operate adequately in both.
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SUMMARY OF THE INVENTION

16611} Briefly, the present invention provides a new and improved method of measunng with
a sensor, which has electrodes for capacitive coupling to an ambient electric ficld, the clectric
ficlds produced within the earth by a geophysical source. According to the present invention,
at least one sensor is located on the earth’s surface. Electrical potentials in the local
environment are capacitively coupled with the electrodes of the seunsors.  The ambient
clectrical potential is sensed with the sensor electrodes, and a measure of the sensed ambient

clectrical potential is formed.



WO 2014/200824 PCT/US2014/041200

BRIEF DESCRIPTION OF THE DRAWINGS

[8612] Figure | is an isometric view of a sensor according to the present invention,

18613} Figure 2 is a schematic diagram of a sensor according to the present invention

deploved in a body of water.

6314} Figure 3 is a schematic diagram of 3 sensor according to the present invention
deploved on land.

[80315] Figore 4 1s a side view of a capacttive electrode of the sensor of Figure

{3816} Figure 5 is a schomatic diagram of signal processing electronic circutiry of the seosor
of Figure 2.

8617} Figure 6 1s an example plot of waveformos of measures of sensed magnetic ficlds and

electric potentials observable according to the present invention.
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BETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

18618} Tn the drawings, the letter S indicates a sensor according to the present invention that
measures the electric ficld on land and underwater. As will be set forth, the sensor according
to the present invention can be located or emplaced on a surface of the ground when on land
or on a floor of a body of water, such as a2 seabed. The sensor 8 can be located on land
without requiring burial or modification of the local environmental properties in any way,
The sensor is capacitively coupling to an ambient electric field and at the same time forming
a measure of the magnetic field induced by a geophysical source, such as a borehole to

surface electromagnetic (or BSEM) swrvey.

6619} Referning to Figure 1, the sensor S includes a pressure vessel 20 that can withstand the
target water depth for voderwater surveys and measurements. The pressure vessel 20 has one
or more arms 22 extending outwardly from an lower end or base 24. Preferably, the length of
the arms 22 is in the range 0.2 m to 3 m. If desired, the arms 22 can be extendable to provide
a range of lengths that can be adjusted in the ficld as vequired. The arms 22 can be solid, or
also can be hollow pressure vessels themselves that house magnetic field sensors 26 (Figure
5), batteries or other supporting electronics. Electrie field sensing electrodes 28 (Figures 1
and 5) are mounted at an outer end 22a of the arms 22 for sensing the ambient electric field E
by capacitive coupling. As will be set forth, first stage amplifiers 28a are provided in close

proxinuty to cach of the electrodes 28.

13628} Electrical conductors 3¢ are mounted extending through fluid tight ports in the base
24 of the pressure vessel 20. The conductors 30 furnish the signals measured by the
clectrodes 28 and magnetic sensors 26 1o a processing roodule P (Figure 5) contained within
the pressure vessel 20. A data connector port 32 (Figure 1 and 5) 15 mounted on a upper
portion of the pressure vessel 20 to permit connection for telemetry or data transfer of data
from the processing modale P to an external processor or database for further processing and
analysis.

16621} In the processing module P (Figure 53, measures of the electric ticld sensed by each of
the clectrodes 28 are received by voltage reduction amplifiers 34 to reduce the incoming
voliages to prevent saturation and maxiroize the dynamic range of the final measurements, as

will be set forth. Fach of the voltages from the electrodes 28 after processing by the

-6 -
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associated voltage reduction amplifier 34 is provide to a bank of differential amplifiers 36

along with a voltage from one of the other voltage redaction amplifiers 34,

[6622] The banks of differential amplifiers 36 thus form a measure of the differential of
ambicnt electric field sensed between each pair of the group of sensing electrodes 28, and
thus a voltage proportional to the electric field at the location the sensor S is deployed. The
outputs from the differential amphfiers 36 arve then provided to a selectable filtering stage
composed of a corresponding nursber of selectable filters 38 and provided as analog inputs
to a data acquisition unit 40. A suitable data acquisition unit, for example, is a Model MT24

from Schiumberger, Ltd. although it should be understood that others could be used.

18623} The data acquisition anit 40 performs analog-to-digital conversion of the electric field
gathered from the electrodes 28, and the converted digital data provided as analog outputs
from the data acquisition unit 40 for storage and telemetry. The data acquisition unit 40 may
be located in the pressure vessel 20 as shown in Figure § or internally as an option as shown

at 404,

18624} Measures of the magnetic field B (Figure 6) scused by each of magnetic sensors 26
{Figure 5) are received in the data acquisition unit 40 by voltage reduction amplifiers 42 to
also reduce the incoming voltages to prevent satoration and maximize the dynamic range of
the final mcasurements. Each of the voltages from the magnetic sensors 26 18 received ina
selectable filtering stage composed of a corresponding number of selectable filters 44 and

provided as analog cutputs from the data acquisition unit 40 for storage and telemetry.

6825} The data acquisition unit 40 also 1s provided with external global positioning satellite
or GPS data fromn an external source in the sensor S as indicated at 48 in order to obtain
sensor location data with a global satellite positioning time reference concurrently with the

step of sensing the ambient electrical potential and the magnetic field by the sensor S.

18626} The capacitive electric field sensor 28 of the present invention may take the form of
an electrode component forroed by a conductor that is exposed to the environmental potential
in order to provide capacitive coupling. The conductor 28 is immersed in the water, and/or
placed adjacent to the ground where the potential of interest is to be measured. The
conductor clectrode 28 is, as described, connected to the associated first stage amplifier 28a
{Figure 4) that acts primarily as an impedance conversion stage and is connected to the filters

and amplifiers in the data acquisition unit 40 as described above,

-3
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16627} In order to minimize pickup of external environmental potentials which would
interfere with the measurement of the ground potential, the first stage amplifier 28a should be
located in close proximity to the conductor 28, External potentials to be rejected include
manmade clectrical interference and impulse signals due to the passage of wind-blown
charged dust particles past the sensor S in land surveys.  The conductor 28 is electrically
msulated 1o order to prevent an electrochemical reaction occurring between i and the
environment. Other conductors present in the sensor should also be electrically insulated in
order to prevent the occurrence of interface potentials and electrochemical noise which might

arise from ionic exchange with the euvironment.

18628] The sensitivity of an amplifier is determined by a tradeoff between the voltage and
current noise present at its input. The voltage noise V, determines the minimurn detectable
signal at the amplifier input, while the current noise 1, acts on the input impedance Z;, present
at the amplifier iuput to produce a farther voltage noise which the product of the current noise
Iy and input frapedance Zi, that adds 1o gquadrature 1o V,. The effect of the current noise thus

depends on input impedance and in many cases can be larger than the amplifier voltage noise.

18629} For an electric field sensor, 7, 1s set by the contact impedance of the conductor to s
environment. Because of its high electrical conductivity, the contact impedance of a sensor
10 sea water 15 always higher than on land. Accordingly, the contribution of current noise 1,
of a sensor in contact with scawater is lower than for the same amplifier and conductor in

contact with land.

6838} Oue approach to address the noise content difference 13 to optimize two separate first
stage amplifiers, cach connected 1o the same sensing conductor, one araplifier optiraized for
fow current noise to be used when on land, and the other amplifier having higher current

noise but optimized for lower voltage noise for use underwater.

18631} Another approach is based on environmental noise due to water motion in shallow (<
30010 depths) water being rouch higher than the minimur achicvable amplifier voltage noise.
In this second approach, rather than two amplifiers, the contact impedance and amplifier and
current noise are jointly optimized for use on land at the conductor spacing to be used in the

survey, and for water at the intended depth of deployment.

3032} The first stage aroplifier 28a is designed to provide the lowest internal noise referred

to the sensor input. Accordingly, the gain of the first stage amplifier 28a is set to a low level,
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typically less than 10db. Additional gain may be provided by a second stage amplifier and
possibly further amplifier stages. The output voltage range of the voltage sensor 28 1s set to
be from about 10 to 50 times the smallest detectable voltage of the digitizing system to
minimize the effect of environmental noise coupled into the cable connecting the sensor ©
the data acquisition unit. Within the processing module P, the voltage is reduced by a factor

of frorn about 4 to about 20 to maximize the dynamic range of the final measurcmoent.

3833} For operation in shallow water (Figure 2), it 15 possible to deploy and retrieve the
system using a rope 60 or similar flexible connection as shown in Figure 2. The rope 60 is
connected to a buoy 62 at the water surface and rests as indicated at 64 on the seabed 66 at
some distance frora the sensor S, This arrangement reduces the coupling of motion of the
buoy 62 and rope 60 to the sensor below. The sensor S can be simply lowered to the seabed
66 via the rope 60 and later pulled back to the surface. This arrangement removes the need
for attaching a heavy anchor to the sensor S for deployment and for incorporating floatation
clements to return U to the surface. For use on land, the rope 15 not used or connected. The
reduction in weight from not using an anchor and flotation clement is of particular benefit for

use on land.

18634} Tt desired, the sensors may transmit the data obfained to the buoy where they can be
observed or transmitted to another location. Accessing the data in this way allows ongoing
quality assurance of the collected information that can be used to change the test conditions

or repeat one orf more parts of the survey

(6835} For land application, the conductor 28 should be a mostly flat plate oriented parallel
to the ground in order to maxirsize the capacitance coupling it to the ground potential. For
convenience the conductor may have spike-like protrusions 50 as shown in Figure 4 which
penetrate the ground in order to mechanically anchor the conductor 28 to the ground. The
protrusions 50 have the further benefit of mereasing the coupling capacitance as well. The
protrusions 50 should be short and narrow enough that they can be pressed into the ground
manually. If desired, one or more sensors can be buried, for exampie to protect the sensor
from damage or theft, or to measure potentials deeper within the ground. Underwater, the

shape of the conductor does not matter because i can be simply iomersed.

[6636] On land the impedance presented to the clectrodes 28 is much higher than in water,

This impedance can be the dominant source of electrical noise and reduce the sensitivity of
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the electric field measurement accordingly. To ameliorate this problem the electrodes 28 can
be made detachable so that they can be removed from the arms and placed at a larger
separation, as shown in Figure 3. To enable a large separation, the fitst stage arplifier 28a
should be integrated in close proxumity to clectrode 28 in a waterproof package 52, as shown

schematicaily in Figure 4.

38371 As shown in Figore 3, a cable 54 connects the output of the first stage amplifier 28a
back to the data processing module P. The cable 54 can be removed and a shorter one
inserted when an clectrode is connected directly to an arm, or alternatively, the cable 54 can
be cotled to reduce its length. When removed, the electrodes 28 can be aligned with the axes

of the arms using 4 laser bearn as a guide.

13638} In the preforred mode of operation, sensor systems built according to the preseunt
invention are placed at desired positions based on survey requirements on the ground for fand
operations as shown in Figure 1 or Figure 3. For water operations, the sensor S is lowered to
the seabed at the desired positions as shown in Figure 2. A source of EM ficlds is located on
land or in a borchole within the range of the sensor S and other like sensors required by the
survey. Data are collected for a predetermined period and then the sensors are moved 0 new

positions.

16639 Figure 6 18 an plot of such measured clectric field data E and magnetic field data B
obtained with the present inveantion. The calculate the electric field it is necessary to multiply
the voltage output the differential amplifiers 36 by a suitable calibration constant to account
for the electronic gain of the amplifier chain. The resulting number 15 the true voltage
difference, measured tn units of volts between the two individual sensors used to measure the
potential in the environment. The lincar distance between the two sensors is determined cither
by the known dimensions of the instrument, or by direct measurement when deployed in the
environment. This physical distance may be adjusted by a correction factor to account for
distortion of the ambient electric ficld that may be caused by the instrument itself, for
example by pressure vessel 20. Generally, the correction factor is close to 1 and may be 1.
The electric field s given by dividing the true voltage difference by the corrected linear
distance between the sensors, Tn Figure 6 Er, is the horizontal clectric ficld i the radial
direction relative to a central point, and Et, the clectric field in the tangential direction. Br and

Bt are similarly the radial and tangential magnetic fields, while Bz is the vertical field.

- 10 -
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18648} On completing collection of the data underwater, the sensor(s} S can be moved by
lifting them off the subsurtace a small distance and moving the support vessel to drag the onit
through the water to a new position.  On land, preferably the sensors are slid aloung the
ground. Typically the sensors are moved in 50m to 200m increments. [n this way an array of
sensors S can be rapidly reconfigured and an extensive map of the electromagnetic fields

within the carth can be obtained in a short period of time.

[B041] From the foregoing, it can be scen that the present inmvention provides  an
clectromagnetic sensor system that can operate with adequate electric ficld measurement
sensitivity and accaracy on land and underwater. In particular, the present invention applies
10 a system and roethod that is capable of operating in both land and water envivonments, In
addition, the present invention provides a system that is casier to deploy and recover than the
prior art. For land use the system should be much lighter than present underwater
measurements systems but should be folly integrated to allow the complete system to be
moved as 4 unit. Applications of significant commercial and rescarch interest exist in areas
that require both on-land and underwater measurements, and when purchase price and
mobilization cost favor the use of a single dual use sensor system over separate system for
use on land an underwater. A particular application s 1o survey oil ficlds that are close to, or

extend under, bodies of water.

166427 The invention has been sufficiently described so that a person with average
knowledge in the matter may reproduce and obtain the results mentioned in the invention
heremn described. Nonetheless, any skilled person in the field of technigue, subject of the
imvention herein, may carry out modifications not described in herein, to apply these
modifications to a determined structure, or in the manufacturing process of the same, requires
the claimed matter in the following claims; such structures shall be covered within the scope

of the invention.

163043] 1t should be noted and understood that there can be improvemenis and modifications
made of the present imvention described in detail above without departing from the spirit or
scope of the fnvention. Although described with reference to preferred embodiments of the
imnvention, it should be readily understood that various changes and/or modifications can be
made to the invention without departing from the spirit thereof. In general, the invention is

only intended to be limited by the scope of the following claims.

- 11 -
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CLAIMS
What is claimed 1s:

1. A method of measuring with a sensor, having electrodes for capacitive coupling to an
ambient electric field, electric fields produced within the carth by a geophysical source,

comprising the steps of:
iocating at least one sensor on the carth’s surface;

capacitively coupling to the electrical potentials in the local environment with the

clecirodes of the sensors;
sensing the ambicnt clectrical potential with the sensor electrodes; and

forming a measure of the sensed ambient electrical potential.

2. The method of Claim wherein the step of locating comprises:

placing the sensor on a land ground surface without modification of the ground
surface.
3. The method of Claim 2, wherein the sensor electrodes are mounted in sensor arms

which are mechanically detachable from a main body of the sensor, and further inclading the

steps oft
detaching the sensor arms from the sensor body; and
g ¥

placing the sensor electrodes at spaced positions from the sensor body during the step

of placing the sensor on 2 land ground surface.

4. The method of Claim 3, further including the step of maintaining data communication
between the sensor body and the electrodes after the step of detaching the sensor arms from

the sensor body.
5. The method of Claim 1, further including the step of

obtaining sensor location data with a glabal satellite positioning time reference

concurrently with the step of sensing the ambient electrical potential
6. The method of Claim wherein the step of locating comprises:
lowering the sensor to a surface in a body of water.

7. The roethod of Claim 6, further including the step of!

-12 -
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transferring the formed measure of the sensed ambient electrical potential to data

storage on the surtace of the body of water.
8. The method of Claim 6, further tnchuding the step of:
attaching a tether for deployment and retrieval of the sensor from the body of water.

9. The method of Claim 1, wherein the sensor includes magnetic ficld sensors and

further inchiding the step of:
forming a measure of a magnetic field induced by the geophysical source,

i0.  The method of Claim 9, wherein the geophysical source 13 a borchole to surface

clectromagnetic source for a borchole to surface electromagnetic survey.
11, The method of Claim wherein the step of locating comprises the step of'

iocating a plurality of sensors on the earth’s surface,
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