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(57) ABSTRACT 

Methods are disclosed employing seismic Waves having 
infrasonic frequencies in the range of about 01-20 HZ for 
generating electromagnetic Waves of similar infrasonic fre 
quency in hydrocarbon bearing subterranean formations 
located at depths up to about 5000 meters, said electromag 
netic Waves having su?icient voltage amplitudes for detec 
tion at the earth’s surface. Also disclosed are seismic sources 
capable of generating infrasonic seismic Waves of sufficient 
amplitude for generating electromagnetic Waves in hydro 
carbon bearing formations at depths up to 5000 meters, said 
electromagnetic Waves having voltage amplitudes sufficient 
for detection at the earth’s surface. 
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SYSTEM FOR GEOPHYSICAL PROSPECTING 
USING INDUCED ELECTROKINETIC EFFECT 

APPLICATION FOR LETTERS PATENT 

[0001] Claiming priority of Provisional Application 
60/541643 ?led Feb. 4, 2004 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to the acquisition of geo 
physical data including that produced by induced electro 
magnetic e?‘ect, seismic, and coupled phenomena thereto, 
such as electromagnetic propagation velocity dispersion 
effects in lossy media. 

[0004] 2. Description of the Prior Art 

[0005] It is a Well knoWn phenomena that electromagnetic 
?elds impinge on the earth’s surface at all times and create 
both electric ?elds and magnetic ?elds that are detectable 
utiliZing proper techniques and apparatus. Such ?elds, for 
example, are generated by solar activity and ionospheric 
activity in the earth’s oWn atmosphere. It has been knoWn 
since the 1930’s that seismic Waves generated in seismic 
exploration techniques can generate Induced Electrokinetic 
(IEK) effects in the form of electromagnetic Waves emanat 
ing from the earth formation structures impinged upon by 
the seismic Waves. Prior art patents, such as US. Pat. No. 
3,975,674 to McEuen, have taught that the electrokinetic 
e?‘ect radiation may be used for determining, remotely, 
resistivity and equivalent salinity of ?uids saturating pore 
space in subterranean formations. 

[0006] Although the McEuen patent and other more recent 
patents have indicated an interest in prospecting for geo 
physical data using induced electrokinetic (IEK) e?‘ect elec 
tromagnetic radiation, most researchers have conceded that 
the depth of investigation of such techniques is limited. 
Papers as lately as the mid 1990’s have indicated that a depth 
of approximately 500 meters from the earth’s surface Was 
about the limit from Which useful data concerning induced 
electrokinetic (IEK) e?‘ect electromagnetic radiation. 

[0007] During the interim since the l930’s, (and the 
discovery of the electrokinetic effect in its ?rst publication), 
seismic data processing has undergone remarkable 
advances. More sensitive detectors, tWo dimensional arrays 
of detectors on land, and offshore exploration by seismic 
streamer cable toWing ships together With the advancement 
of computer technology have enabled seismic data to be 
processed and corrected for the time migration or “move 
out” of such data. This correction is needed to convert time 
line arrival data onto actual depth due to acoustic Wave 
velocity dispersion and velocity differences in subsurface 
media. The earth’s true acoustic velocity pro?le in its layers 
is usually unknown at the time of seismic exploration. 

[0008] The present invention incorporates techniques for 
acquisition and processing of seismic data When necessary 
in order to verify or enhance induced electrokinetic electro 
magnetic radiation e?‘ects Which are measured simulta 
neously thereWith or in timed sequence thereWith at the 
earth’s surface. Experimental data gathered With the system 
of the present invention and practicing the methods thereof 
have successfully differentiated betWeen dry hole prospects 
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and producing Wells in knoWn hydrocarbon producing for 
mations. Further these techniques have explained the dis 
crepancies betWeen the initial seismic survey data and the 
later induced electrokinetic electromagnetic radiation survey 
data over the same area. 

[0009] Moreover, the present invention provides a means 
for directly detecting hydrocarbon interfaces at depth doWn 
to 5000 meters. This sharply contrasts With the previous 
published results as late as the mid 1990’s and indicates that 
the invention is a signi?cant advance in the art of geophysi 
cal prospecting. 

SUMMARY OF THE INVENTION 

[0010] NoW, according to the present invention, I have 
discovered improved methods for direct prospecting for 
hydrocarbon bearing formations in subsurface earth strata, 
Which methods comprise: 

[0011] 
[0012] a). applying acoustic Waves, having a substantial 

portion of Wave energy in the infrasonic frequency 
range, to earth strata in the geographical area of interest 
With su?icient acoustic energy for the acoustic Waves to 
penetrate the earth strata at least to a depth of interest 
for prospecting for hydrocarbon bearing formations; 

In a geographical area of interest: 

[0013] b). detecting, in seismic receivers, re?ected seis 
mic response from earth strata traversed by the applied 
acoustic Waves; 

[0014] c). detecting induced infrasonic electromagnetic 
?eld response in infrasonic electromagnetic Wave 
receivers; 

[0015] d). applying an electromagnetic sounding signal 
to the earth strata With su?icient electromagnetic 
energy for the electromagnetic sounding signal to pen 
etrate the earth strata to the depth of interest; 

[0016] e). Detecting re?ected electromagnetic sounding 
response from the penetrated earth strata in an electro 
magnetic sounding receiver; 

[0017] f). processing the re?ected seismic response, the 
induced infrasonic electromagnetic Wave response and 
the re?ected electromagnetic sounding response for; 

[0018] determining the presence or absence of hydro 
carbon bearing formations in the earth strata; and 

[0019] determining the depth and areal extent of such 
hydrocarbon bearing formations. 

The above and other features and advantages of the 
present invention Will become apparent from the 
detailed description of the preferred embodiments 
thereof for both onshore and offshore exploration 
Which folloW. The present invention is explained 
With particularity in respect to the draWings and 
disclosures to folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a schematic diagram illustrating the 
principle of the induced electrokinetic electromagnetic 
radiation from subsurface formations When stimulated by 
seismic energy impinging thereon. 
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[0021] FIG. 2 is a schematic diagram illustrating a portion 
of the system of the present invention used in acquiring the 
induced electrokinetic electromagnetic radiation measured. 

[0022] FIG. 2a is a plot illustrating the dependence of 
electromagnetic Wave velocity through earth formations as a 
function of electromagnetic Wave frequency. 

[0023] FIG. 3 illustrates an offshore induced electrokinetic 
and electromagnetic radiation acquisition system toWed by a 
ship at speeds betWeen 0.5 to 7 knots. 

[0024] FIG. 4 is a schematic representation of a transmit 
ting portion of the acquisition system of FIG. 3. 

[0025] FIG. 5 is a more detailed enlargement of an acous 
tic source. 

[0026] FIG. 6 is a schematic representation of induced 
electrokinetic and electromagnetic radiation received over a 
productive reservoir in an actual ?eld experiment and shoW 
ing hydrocarbon indications. 

[0027] FIG. 7 is a graphical representation of electromag 
netic radiation data obtained from induced electrokinetic 
effects generated over a knoWn gas condensate accumulation 
employing an acquisition system as shoWn in FIG. 3 in the 
same geographical area as for FIG. 6. 

[0028] FIG. 8 is a graphical representation of electromag 
netic radiation data obtained from induced electrokinetic 
effects over a dry structure in the same geographical area as 
for the previous ?gures. 

[0029] FIG. 9 shoWs schematically an induced electroki 
netic e?fect electromagnetic radiation ?eld over a knoWn gas 
condensate accumulation and refers to the same geographi 
cal area. 

[0030] FIG. 10 shoWs an induced electrokinetic electro 
magnetic radiation elfect measurement ?eld over a dry 
structure in the same geographical area as the previous 
?gures. 
[0031] FIG. 11 is a seismic “bright spot” presentation 
format of data corresponding to that of FIG. 10. 

[0032] FIG. 12 is a three dimensional “bright spot” display 
corresponding to the data shoWn in FIG. 11, hoWever, draWn 
With a perspective vieW to illustrate the three dimensional 
effect in tWo dimensions. 

DESCRIPTION OF THE INVENTION 

[0033] The present invention relates to improved methods 
and apparatus for detecting subsurface deposits of hydro 
carbons employing electrokinetic phenomenon. It is Well 
knoWn that seismic Waves, generated by acoustic sources, 
generate electromagnetic dipoles Within subterranean earth 
formations With Which the seismic Waves interact. These 
electromagnetic dipoles generate electromagnetic Waves 
Which propagate through the earth and may be detected at 
the earth’s surface. These electromagnetic Waves provide 
information concerning the subterranean formations Within 
Which the electromagnetic Waves Were generated. As With 
seismic or acoustic (mechanical) Wave velocities, the elec 
tromagnetic (EM) Waves can also suffer attenuation and 
velocity dispersion due to the electric and magnetic prop 
er‘ties of the earth’s materials. In some instances, these may 
be substantial enough to require taking into account in ?eld 
data interpretation. 
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[0034] FIG. 1 of the draWings is a schematic vieW of a 
section through the earth from the earth surface 101 to a 
subterranean earth formation 103 Wherein the generation of 
electromagnetic (EM) Waves 107 by the interaction of 
seismic Waves 105 With subterranean earth formation 103, 
and propagation of the electromagnetic Waves 107 to 
receiver 104 at the earth surface 101 is illustrated. 

[0035] In FIG. 1, acoustic source 102, located at or near 
the earth surface 101, provides a seismic impulse to the earth 
106 and generates seismic Waves 105 Which pass through 
the subterranean strata 106 at the speed of acoustic Wave 
curves (i.e. the speed of mechanical Wave propagation). The 
seismic Waves 105 are generated in a spectrum of frequen 
cies, at least from infrasonic, (01-20 Hz) through the sonic 
range up to 1000 HZ. The frequency spectrum and amplitude 
of the seismic Waves 105 generated are determined by the 
characteristics of the seismic source 102 selected for use. 
The seismic Waves 105 propagate at the speed of sound 
(sonic propagation velocity) through earth formations Which 
comprise the body of the earth 106 The seismic Wave 
velocity in each formation traversed by seismic Waves 105 
is determined by the physical characteristics of the forma 
tion. 

[0036] Seismic Waves 105 propagating through the earth 
106 encounter sub-surface formations, represented by for 
mation 103 in FIG. 1. Upon encountering a sub-surface 
formation, such as formation 103, seismic Waves 105 inter 
act With the solid matrix and ?uids present in pore space of 
the formation 103. Upon interaction of seismic Waves 105 
With formation 103 an electromagnetic dipole 109 is gen 
erated in each pore of formation 103. Electromagnetic 
dipoles 109 generate electromagnetic Waves 107 Which 
propagate through the body of the earth 106 at the speed of 
electromagnetic (EM) Wave propagation Which usually is 
many times faster than sonic Wave propagation velocity. The 
electromagnetic velocity in each formation traversed by 
electromagnetic Waves 107 is determined by the physical 
characteristics of the formation An example of the depen 
dence of the electromagnetic velocity on speci?c restivity of 
formation is shoWn in FIG. 2a. 

[0037] Referring noW to FIG. 2a, the graphs of depen 
dence of electromagnetic Wave velocity on frequency for 
different geological media is shoWn. In FIG. 2a, curves 201a 
and 20211 Were calculated for media With speci?c electrical 
resistivity of 0.3 Ohm*m and 1.0 Ohm*m, respectively. 
These curves shoW hoW loW electromagnetic Wave velocity 
can be (less than 1000 m/s). In some cases seismic and 
electromagnetic Waves velocities can have not much differ 
ence. It is important in some instances to knoW both seismic 
Wave velocity and also electromagnetic Wave velocity in an 
investigated area. Therefore the transmitting portion of the 
acquisition system (FIG. 4) is provided With a dipole elec 
tromagnetic antenna to create an electromagnetic Wave 
impulse for electromagnetic soundings of the area.. 

[0038] Electromagnetic Waves 107 resulting from induced 
electrokinetic e?fect (FIG. 1) have about the same frequency 
spectrum as seismic Waves 105 from Which the electromag 
netic Waves 107 are generated. The electromagnetic Waves 
107 propagate to the earth surface 101 Where they are 
detected by receiver 104 and Where the times of arrival and 
voltage amplitudes of electromagnetic Waves 107 are 
recorded and processed to yield useful information concem 
ing formation 103, as Will be discussed beloW. 
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[0039] Arrival time of IEK signal after activation of 
acoustic source 102 can be estimated by the equation: 

la=ls+le 

[0040] Where: ta is IEK arrival time 

[0041] ts is arrival time of an acoustic Wave at forma 
tion 103 

[0042] te is propagation time of an electromagnetic 
Wave from 

[0043] formation 103 to receiver 104. 

Obviously if arrival time, seismic and electromagnetic 
Wave velocities are knoWn, the depth 108 to formation 
103 is measured. 

[0044] As stated above electromagnetic Waves 107 have 
the same frequency spectrum as the seismic Waves 105, from 
Which electromagnetic Waves 107 are generated. Seismic 
Waves 105 are amplitude attenuated as they propagate 
through earth formations comprising the body of the earth 
106, thereby having less amplitude as they penetrate deeper 
into the earth 106. Consequently, the amplitude of seismic 
Waves 105 Which interact With subsurface formations, such 
as formation 103, become less as the depth 108 to forma 
tions 103 increases. Additionally, the higher frequency com 
ponents of seismic Waves 105 are attenuated to a greater 
extent than loWer frequency components of seismic Waves 
105 as the seismic Waves 105 are propagated deeper into the 
earth 106. Therefore, as seismic Waves 105 penetrate to 
greater depths in the earth 106, the amplitudes of seismic 
Waves 105 are attenuated at an uneven rate according to 

frequency. That is, the higher frequency components of 
seismic Waves 105 are attenuated more than the loWer 
frequency components of seismic Waves 105. The amplitude 
of seismic Waves 105 at any depth determines, in part, the 
voltage amplitude of electromagnetic (EM) Waves 107 gen 
erated by interaction of seismic Waves 105 With formation 
103. Thus, as the depth 108 to formation 103 increases, the 
voltage amplitude of electromagnetic Waves 107 generated, 
in general, decreases as a result of the attenuation of seismic 
Waves 105. 

[0045] As shoWn above, the voltage amplitude of electro 
magnetic Waves 107 are also attenuated as electromagnetic 
Waves 107 propagate through the earth 106. Attenuation of 
the voltage amplitudes of electromagnetic Waves 107 
increases With the distance the electromagnetic Waves 107 
travel through earth 106. Thus, as the depth 108 to formation 
103 increases, attenuation of electromagnetic Waves 107 
reaching receiver 104 increases. Also, the higher frequency 
components of the electromagnetic Waves 107 are more 
highly attenuated than the loWer frequency components as 
the electromagnetic Waves 107 propagate through the earth 
106. The EM Wave propagation velocity also varies as a 
function of multiple properties of the rock matrix and ?uid 
content of earth media 106. 

[0046] As a consequence of the increased attenuation of 
seismic Waves 105 and increased attenuation of the electro 
magnetic Waves 107 as the distance such Waves travel 
through the earth 106 increases, the depth 108 of a formation 
103 from Which meaningful information may be recovered 
is limited. That is, the voltage amplitude of the electromag 
netic Waves 107 reaching receiver 104 must be suf?cient to 
be detected and recorded, and just so With the seismic Waves 
reaching seismic detector. 
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[0047] According to the present invention, I have discov 
ered that by employing a seismic source 102 Which produces 
a substantial proportion of its seismic energy in the form of 
seismic Waves 105 having frequencies in the infrasonic 
range, (that is, from about 0.1 to about 20 HZ), alloWs 
generation of electromagnetic Waves 107, having a similar 
frequency range in hydrocarbon bearing formation 103 at a 
depth 108 of up to about 5,000 meters or more, Which 
electromagnetic Waves 107 have su?icient voltage ampli 
tude to be recorded and processed in receiver 104. The 
voltage amplitudes of such electromagnetic Waves 107 are in 
part determined by the relatively loW frequencies, in the 
infrasonic range, and the presence of hydrocarbons, particu 
larly oil, in the formation 103. 

[0048] Seismic Waves 105 and electromagnetic Waves 
107, having frequencies in the infrasonic range, are attenu 
ated less than seismic and electromagnetic Waves having 
higher frequencies. Hydrocarbons, particularly oil, present 
in formation 103, have a high electrical resistivity and 
consequently contribute to generation of electromagnetic 
Waves 107 having higher voltage amplitudes than electro 
magnetic Waves generated in formations Which do not 
contain hydrocarbons. In common cases, speci?c electrical 
resistivity of natural hydrocarbons is 8-10 orders of magni 
tude higher than that of contact brines Which also occur. The 
reduced attenuation at infrasonic frequencies of seismic 
Waves 105 leads to generation of higher amplitude electro 
magnetic Waves 107 due to the higher resistivity of hydro 
carbons in formation 103. These larger amplitude (at infra 
sonic frequencies) Waves 107 alloWs detection of the 
electromagnetic Waves 107 generated at greater depth 108 
from hydrocarbon bearing rock matrices than from non 
hydrocarbon bearing rock matrices. 

[0049] A seismic Wave generator Which produces a sub 
stantial portion of its seismic energy in the infrasonic range 
(about 0.1 to about 20 HZ) is preferably used as sonic source 
102. For example, explosives, thumpers, vibrators, and other 
seismic generators Which convert substantial portions of 
their seismic energy into infrasonic seismic Waves may be 
employed in the present invention. A preferred seismic 
generator Which may be used as seismic source 102 is shoWn 
in FIG. 5 of the draWings, as Will be described beloW. 

[0050] Referring noW to FIG. 2, the concept for acquiring 
measurements of the data previously described in FIG. 1 
from the induced electrokinetic (IEK) effect is shoWn sche 
matically. The system shoWn in FIG. 2 is only for the 
acquisition of the data. HoWever, it does contain information 
for controlling and for ?ring the sources corresponding to 
the seismic source 102 in FIG. 1. For purposes of describing 
FIG. 2, the source 205 corresponds to the source S in FIG. 
1. 

[0051] In FIG. 2, a cable 201 and sensors may comprise 
dipole antennae Which Will be described in more detail 
subsequently, and are connected to provide inputs to a meter 
circuit ?rmware and data formatting system 202 Which also 
Will be described in someWhat more detail subsequently. 

[0052] Generally speaking, the metering and formatting 
circuitry 202 comprises an analog to digital converting 
system and computer ?rmWare, hardWare and softWare to 
provide inputs to a computing system. The computing 
system comprises computers 203 and 204 Which are inter 
connected to each other as indicated by line 206. The system 
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may be thought of as tWo separate computing components 
203 and 204 Which are interconnected by line 206 as 
previously stated. However, from a practical standpoint a 
single multi programmable general purpose digital computer 
can serve to provide the function of the separate individual 
computers 203 and 204. Further, it Will be appreciated by 
those skilled in the art that it is understood that the com 
puting system used in this data acquisition and control may 
comprise anything from personal computers or PC’s, to 
mainframe high speed digital processing systems. 

[0053] While in FIG. 2, a connecting line 207 is shoWn 
betWeen the formatting and digital conversion meter 202 
Which connects it to the data processing portion of the 
system, in practicality the entire acquisition hardWare sys 
tem may comprise a single special purpose dedicated sys 
tem. Such a system may have, for example, digital, analog 
and/ or a mixed hybrid of each such circuitry type, as desired. 

[0054] FIG. 3 of the draWings is a schematic representa 
tion of apparatus and instrumentation in position for obtain 
ing induced Infrasonic Electrokinetic data from subterra 
nean formations beloW the surface of a body of Water such 
as the ocean or a sea. In FIG. 3, ship 301 is toWing an 
acoustic source 302 and a plurality of IEK and electromag 
netic Wave receivers and hydrophones 303 through the Water 
at a speed su?icient to maintain the seismic source 302 and 
receivers/hydrophones 303, in linear alignment. For 
example, a ship 301 speed of about 4 knots Will serve to 
maintain the array of seismic source 302 and receivers 303 
in alignment and provide suf?cient headWay for an eco 
nomical survey over an extended distance. 

[0055] In FIG. 3, seismic source 302 is connected via line 
307 to a DC poWer supply, not shoWn, on board ship 301. 
Seismic source 302 is maintained beloW Water surface 304 
at a depth beloW the area of Wave action in an attitude such 
that seismic Waves 309 generated upon ?ring seismic source 
302 are directed substantially vertically doWnWard for pen 
etration of the earth surface 305 and subsequent interaction 
With subterranean formations such as formation 306, for 
generation of electromagnetic Waves 310. IEK receivers 303 
are attached in lineal alignment With one another and are 
electrically connected by line 308 to an acquisition system, 
not shoWn, on board ship 301. Electromagnetic Waves 310, 
emanating upWard from formation 306, are detected by IEK 
receivers 303 Wherein the voltage amplitudes and time of 
arrival of the electromagnetic Waves 310 are measured. The 
voltage amplitudes of the electromagnetic Waves 310 and 
their times of arrival are transferred from IEK receivers 303 
via line 308 to the acquisition system on board ship 301 for 
recording and processing. Simultaneously, signals received 
by hydrophones 303 are transferred via line 308 to the 
seismic acquisition system. This information Will be used to 
determine seismic velocity in the earth media. 

[0056] Referring noW to FIG. 4, the data acquisition and 
control system previously described in FIG. 2 is shoWn in 
someWhat more detail but still schematically. An alternating 
current poWer source comprising a 480 volt generator 401 is 
shoWn connected to a poWer transformer 402. Transformer 
402 converts the 480 volt output of source 401 to any desired 
voltage betWeen 480 and 1000 volts to poWer the system 
either for onshore or o?fshore use as desired. An alternating 
current to direct current converter 403 is supplied With 
alternating current from transformer 402 and provides oper 
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ating poWer to a capacitor bank or rechargeable battery 404 
for ?ring the sparker sources to be described in more detail 
herein subsequently. A sWitching system 405 and 406 is 
shoWn for supplying sWitching functions necessary to pro 
vide poWer from the capacitor bank 404 to the sparker 407 
via a poWer cable 409 as shoWn. It Will be observed in FIG. 
4 that all poWer cables 409 are labeled With the same 
numeral because they are simply electrical connections. TWo 
separate electrical cables or electrical connections 410 and 
411 Which come from the data acquisition system provide 
feedback and control functions to and from the computer 
portion of the system. Alternatively interface hardWare to 
perform this function to the sWitching portion of the system 
405 and 406 is shoWn schematically in FIG. 4. A single 
transducer 407 is illustrated in FIG. 4 but it Will be appre 
ciated by those skilled in the art that multiple such sparker 
signal generators may be employed in the system as desired. 

[0057] It Will be observed in FIG. 4 that the positive 
terminal of a capacitor bank 404 is connected to the outer 
barrel portion of the sparker 407. The capacitor bank 404 is 
connected as Well as to a terminal labeled B on the surface 
Which provides a positive ground connection at point B of 
FIG. 4. This provides a current return from the negative 
electrode 412 of the sparker barrel or sparker gun 407 
previously described. A negative return from the capacitor 
bank 404 is supplied to a portion of the sWitching system 
406 via line 413. This return is also supplied to portion 405 
of the sWitching system via line 414. This places the ground 
rod located at A at the surface (or in salt Water for offshore 
acquisition) in connection directly to a return ground elec 
trode. This places a negative potential on the outer barrel of 
the sparker 407. The outer barrel is thus at the same 
electrical potential, hoWever, With opposite polarity, as the 
center conductor 412 of the sparker gun 407 illustrated in 
FIG. 4. This rather unusual feature of the system, Which goes 
aWay from conventional sparker gun electrical polarity, as 
shoWn in US. Pat. Nos. 5,205,287 and 4,764,906, has 
proven to be very useful in the acquisition of data When 
using the system of the present invention. It has been found 
that it provides an advantage over systems having conven 
tional polarity from experimental results obtained in both 
laboratory and ?eld application. 

[0058] Referring again to FIG. 4, the AC poWer source 
401 comprises a 3 to 60 kiloWatt 480 volt source as 401 
together With transformer 402 Which is connected to an AC 
to DC converter 403. A large capacitor bank 404 is charged 
up With the polarity indicated. In operation a signal from the 
acquisition system via either line 410 or 411 is used to 
appropriately sWitch the source on to ?re, or to turn on the 
sensors and formatting hardWare in order to provide an 
electromagnetic ?eld measurement or IEK and a seismic 
measurement (if desired). A data stream is provided on lines 
410 and 411 Which are used for both ?ring and timing the 
?ring of both the sparker devices or for receiving return 
signals sensed from the earth’s surface. Preferably, the 
distance betWeen points C and B of FIG. 4 is about 10 meters 
or less. In the “close in” limit, the outside surface of the 
sparker gun 407 barrel itself can serve the role of electrode 
B. 

[0059] In general, the distances betWeen A, B and C Will 
be chosen for an individual survey for geophysical data. 
These distances Will depend on the depth and siZe of 
hydrocarbon accumulation suspected to be present. They 
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Will also be affected by the depth of the ocean (in offshore 
exploration), and the physical properties of the subterranean 
earth media (such as conductivity and resistivity). High 
conductivity tends to attenuate electromagnetic return sig 
nals. These distances, of course, Will be customized on any 
individual survey made With the system of the present 
invention. 

[0060] FIG. 5 is a schematic section vieW of a sparker gun 
500 Which, in operation, oproduces high energy acoustic 
Waves having a substantial portion of acoustic Wave energy 
in the infrasonic frequency range. A sparker gun designed to 
the speci?cations of sparker gun 500 has been found to 
produce acoustic Waves having about 50% of Wave energy 
in the infrasonic range of about 0.1 to about 20 HZ. 

[0061] In FIG. 5, sparker gun 500 comprises a cylindrical 
barrel member 501, having a closed top 502, an inner Wall 
513 and an open bottom 508, and a plasma injector electrode 
503. Plasma injector electrode 503 is axially positioned 
Within the interior of barrel 501 at a distance 509 equivalent 
to at least about 3 times the internal diameter 510 of barrel 
501. Barrel 501 internal diameter 510 is equivalent to about 
3 times the diameter of a plasma sock 512 (shoWn in dotted 
outline) generated upon ?ring sparker gun 500, as described 
beloW. 

[0062] Barrel 501 is comprised of electrically conductive 
material, such as steel or copper, and is of su?icient strength 
to maintain it’s shape in use. Electrode 503 is electrically 
conductive and preferably comprises copper. Plasma injec 
tor-electrode 503 is connected via an electrical supply line 
504 to the negative pole of a DC electric poWer source, not 
shoWn. Barrel 501 is electrically connected via line 505 to 
the positive pole of the DC electric poWer source or to 
electrical ground, not shoWn. Electrical supply line 504 is 
electrically insulated doWn to its connection With electrode 
503. 

[0063] The dimensions of sparker gun 500 are determined 
by the electrical energy to be discharged in operation. For 
example, for the discharge of electrical energy of approxi 
mately 1000 amps at a voltage from about 600-2500 volts, 
barrel 501 may have a diameter 510 in the range of about 7 
inches to 25 inches. Electrode 503 is of a diameter su?icient 
to carry the electric current Without overheating When 
sparker gun 500 is ?red. For the electrical load above, 
(600-2500 volts; 1000 amps), a copper electrode 503 may 
have a diameter in the range of about 0.2-1.0 inches. 
Preferably, electrode 503 forms a sharpened tip 511, such 
that electrical energy Will discharge from electrode tip 511 
at a high energy density. 

[0064] In operation, sparker gun 500 is aligned such that 
barrel bottom 508 is oriented toWard a earth strata Which is 
of interest for study according to the method of the present 
invention. The interior of barrel 501 is ?lled With an 
electrically conductive ?uid 507, such as salt Water or brine. 
When employed in an offshore situation Within a body of 
Water, as Will be hereinafter be described, bottom 508 of 
barrel 501 may be open such that barrel 501 is ?lled With 
incident Water from the body of Water. When employed in an 
onshore operation, as Will be hereinafter described, barrel 
open bottom 508 may be sealed With a resilient member 506, 
and barrel 501 ?lled With an electrically conductive ?uid 
507, such as salt Water or brine. Resilient member 506 Will 
have su?icient strength to contain the electrically conductive 
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?uid 507 Within barrel 501 Without substantial leakage, but 
not be so rigid as to unduly attenuate the acoustic Waves 
generated upon ?ring of sparker gun 500. Resilient member 
506 may conveniently comprise a resilient rubber or plastic 
membrane attached to the open bottom 508 of barrel 501. 

[0065] In operation, sparker gun 500, With barrel 501 ?lled 
With electrically conductive ?uid 507 and having bottom 
508 directed toWard the subsurface formations of interest, is 
discharged by passing a DC electric current from a poWer 
source, not shoWn, through line 504, to electrode 503. From 
electrode 503, electric current is discharged from electrode 
point 511 through the electrically conductive ?uid 507 to the 
inner Wall 513 of barrel 501. From barrel 501 the electric 
current ?oWs via line 505 to the positive pole of the 
electrical poWer source or to an electrical ground, not shoWn 
In an offshore situation, barrel 501, in contact With the 
incident body of Water, ay serve as electrical ground.. 
Discharge of electrical energy from electrode point 511 into 
conductive ?uid 507 generates a volume of plasma and 
vapor, the plasma sock 512, in conductive ?uid 507. The 
generation of plasma sock 512 creates a mechanical energy 
impulse Which is discharged from the interior of barrel 501 
through barrel bottom 508, generating acoustic Waves Which 
pass into a body of Water, (for offshore operations), or into 
the earth, (for onshore operations), With Which sparker gun 
500 is in contact. Sparker gun 500, as shoWn and described 
herein above, advantageously generates acoustic Waves hav 
ing about 50% or more of their energy concentrated in 
acoustic Waves having a frequency in the infrasonic range of 
about 0.1-20 HZ. 

[0066] FIG. 6 is a graphical representation of voltage 
amplitudes versus time for electromagnetic (EM) Waves 
detected by three receivers similar to receivers 303 in FIG. 
3 during a ?eld trial. In FIG. 6, the vertical axis is voltage, 
measured in microvolts, and the horiZontal axis is time in 
seconds. Curve 601 is a plot of voltages received by a ?rst 
receiver, curve 602 is a plot of voltages received by a second 
receiver and curve 603 is a plot of voltages received by a 
third receiver. The ?rst, second and third receivers Were 
linearly aligned in a traverse across the offshore GolitZino 
Field in the Black Sea. The voltages recorded are the voltage 
amplitudes of electromagnetic Waves arriving at each of the 
three receivers. The electromagnetic Waves Were induced in 
subterranean formations by interaction thereWith of seismic 
Waves generated by a seismic source similar to sparker gun 
500 of FIG. 5. About 50% of the energy of the seismic 
source Was converted into seismic Waves having an infra 
sonic frequency in the range of about 0.1 to 20 HZ. Conse 
quently, a major portion of the electromagnetic Waves gen 
erated have a frequency in the infrasonic range, since the 
frequency spectrum of IEK electromagnetic Waves is at 
generally the same frequency spectrum as the mechanical or 
sonic Waves inducing the electromagnetic ?eld. 

[0067] In FIG. 6, time 0 corresponds to the time at Which 
a seismic source such as sparker gun, 500 of FIG. 5, Was 
?red. Seismic Waves generated by the seismic source pass 
doWnWard through the Water and earth strata at the velocity 
of sound in the Water and earth media traversed. Upon the 
seismic Waves contacting a subterranean formation, such as 
formation 306 of FIG. 3, electromagnetic Waves are induced 
Which propagate at the speed of EM Wave propagation 
through the earth and Water to the receivers. The time of 
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arrival and voltage amplitude of the electromagnetic Waves 
detected by the receivers are recorded in FIG. 6. 

[0068] A time delay of less than about 0.5 seconds after 
?ring the seismic source Was imposed before the recording 
of the voltage amplitudes received Was initiated. At a time 
of about 0.5 seconds, the detected voltage amplitudes from 
the three receivers reach peaks 604, 605 and 606. These 
voltage amplitude peaks 604, 605 and 606 correspond to a 
knoWn hydrocarbon bearing formation at a depth of about 
500 meters in the GolitZino ?eld. Further, at a time of about 
1.4 seconds, the voltage amplitudes detected by the three 
receivers reach peaks 607, 608 and 609 Which correspond to 
a knoWn hydrocarbon bearing formation at a depth of about 
2200 meters in the GolitZino ?eld. The voltage amplitude 
peaks of electromagnetic Waves received from the knoWn 
hydrocarbon bearing formations, compared to the loWer 
voltage amplitudes of electromagnetic Waves received from 
non-hydrocarbon bearing formations, demonstrate the utility 
of the methods and apparatus of the present invention for 
detecting the presence of hydrocarbon bearing formations. 

[0069] In addition to detecting the presence of hydrocar 
bon bearing formations, application of the method of the 
present invention provides information Which alloWs deter 
mination of the depths to the hydrocarbon bearing forma 
tions and of the relative amounts of hydrocarbon in the 
formations. 

[0070] As to depth of the formation, seismic Waves gen 
erated by the seismic source are propagated through the 
overlying Water and the intervening earth formations at 
sonic velocities and the induced electromagnetic Waves are 
propagated back at the speed of EM Wave propagation. 
Depth determination, hoWever, is not a straight forWard 
calculation because the speed at Which the seismic Waves 
and electromagnetic Waves traverse the Water and each 
intervening formation may vary. Also, the seismic and 
electromagnetic Waves may be refracted in some of the 
formations traversed. Thus the speed of sound and degree of 
refraction of seismic Waves must be determined for each 
formation through Which the seismic Waves pass, and a 
“migrated” path and velocity of seismic Waves from the 
seismic source to the formation of interest must be deter 
mined. This determination of the time migrated path and 
velocity of seismic Waves is a Well knoWn and Widely 
practiced art in the ?eld of seismic exploration of subterra 
nean formations and Will not be further described herein. 
Upon determination of the migrated path and sonic veloci 
ties of the seismic Waves, the depth to a formation of interest 
may be calculated, provided the EM Wave propagation 
velocity can be determined. Electromagnetic sounding 
Waves can be used to determine the EM propagation veloc 
ity. 

[0071] An indication of the amount of hydrocarbon in a 
formation may be obtained from the voltage amplitude of 
the induced IEK electromagnetic Waves received from the 
formation. The greater the voltage amplitude of induced 
electromagnetic Waves received from a formation of interest 
compared to the voltage amplitudes of electromagnetic 
Waves received from other formations at similar depths and 
distances from the receivers, then, the greater the amount of 
hydrocarbon present in the formation of interest. 

[0072] FIGS. 7 through 12 are schematic illustrations, in 
various forms, of data Which Were actually acquired using a 
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system according to the concepts of the present invention in 
the ?eld. The plots depicted in these ?gures are based on the 
common data Which Was useful in interpreting the results of 
previously drilled Wells into areas previously suspected to 
contain knoWn structures bearing hydrocarbon (or thought to 
be so) beneath the earth’s surface. The structural maps 
depicted in FIGS. 7 through 12 contain multiple Wells, some 
of Which resulted in hydrocarbon production and some of 
Which turned out to be dry holes. These initial Wells Were 
drilled and completed at depths indicated by purely seismic 
data prospecting over the area. The data presentation in 
FIGS. 7 through 12 Which combines the seismic measure 
ments With measurements made by the system of the present 
invention, for measuring induced electrokinetic IEK energy, 
shoW in several cases Why some Wells Were successfully 
completed and produced hydrocarbon, While at least one 
other Well investigated produced only a dry hole. Altogether, 
FIGS. 7 through 12 indicate that techniques according to the 
concepts of the present invention give results Which are 
consistently explainable in terms of previous “seismic only” 
surveys. Also they shoW that the present invention may be 
used to correct or enhance previously made seismic surveys. 

[0073] Pure seismic data is reliant on a knoWledge or 
assumption concerning the acoustic Wave propagation rate 
in the rock media beneath the earths surface. This is neces 
sarily so since the speed of acoustic Wave propagation is so 
sloW that it may take several seconds for a single energy 
impulse of acoustic energy to travel to deeper rock layers 
and return to the surface. In contrast to this, the return of the 
Induced Electrokinetic Effect (IEK) electromagnetic EM 
Wave ?eld occurs generally faster. This is essentially the 
same in all subsurface media. It Will be noted, of course, that 
attenuation of the amplitude of electromagnetic energy in 
subsurface media varies more than does attenuation of 
acoustic energy through the same media. In some instances, 
particularly in cases Where the subsurface formation media 
are more electrically conductive than insulative, such media 
tend to rapidly attenuate electromagnetic Wave propagation. 

[0074] In spite of these variations, hoWever, the propaga 
tion of the electromagnetic EM Wave energy through earth 
formations for geophysical prospecting may be assumed to 
be a determinable function of time from the time it is 
generated and transmitted until the time it is received and 
impinges upon the surface or near surface receivers. A 
distance versus time plot of IEK return signals can require 
some “move out” or Wave migration processing corrections. 
Such corrections are knoWn to be necessary With seismic 
Waves in order to correct for velocity dispersion and to 
migrate the seismic Waves to true depth. Similarily, the 
technique of the present invention includes those for cor 
recting the EM Wave ?eld to true depth. 

[0075] In FIG. 7 four Wells Which are the same Wells and 
Which Will be referred to With respect to other Figures are 
numbered 701, 702, 703 and 704. These four Wells roughly 
lie along the same straight line in the structure being 
prospected using the techniques of the present invention. 
Also in FIG. 7, the horizontal and vertical axes both repre 
sent spatial distances While the Z axis (into the paper) 
represents depth to structure. Equal contour depths based on 
the seismic data and Well drilling data from this structure are 
given on the contour lines in the ?gure. They range from 
approximately 1000 feet to approximately 9000 feet beloW 
the surface of the earth as may clearly be seen from FIG. 7. 








