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,. c/ fi magnetically permeable material using electromagnetic radiation. The magneti
cally permeable material reacts to the electromagnetic radiation by producing 
heat. In some embodiments, a fracturing fluid is made magnetically permeable, 
injected into the formation to fracture the formation, and heated in response to 
eiectromagnetic radiation appfied to the magnetically permeabie materiaf. In 
some embodiments, electromagnetically heated material is caused to explode. 
In some embodiments, the magnetically permeable material is tracked or moni- 

j- tored for fluid or fracture propagation. A system inciudes a fluid treatment tool
(100, 200) disposed on a tubing string (118, 208, 318, 518) for injecting mag
netically permeable material and an electromagnetic wave generator (300, 400, 
500, 602, 702) disposed on the tubing string proximate the fluid treatment ap
paratus for applying electromagnetic radiation to the magnetically permeable 
material.
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FORMATION TREATMENT USING 
ELECTROMAGNETIC RADIATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Application Serial 

No. 61/054,459 filed May 19, 2008, entitled “Formation Fracturing Using Electromagnetic 

Radiation”.

BACKGROUND

[0002] When drilling a wellbore in the earth, a drilling fluid may be pumped down a drill string 

and through a drill bit attached to the end of the drill string. The drilling fluid may also flow 

through a bottom hole assembly (“BH2A”) located in the drill string above the bit. The BHA 

may house any number of tools or sensors for performing operations while the drill string is in 

the wellbore. The drilling fluid is generally used for lubrication and cooling of drill bit cutting 

surfaces while drilling, transportation of “cuttings” (pieces of formation dislodged by the cutting 

action of the teeth on a drill bit) to the surface, controlling formation pressure to prevent 

blowouts, maintaining well stability, suspending solids in the well, minimizing fluid loss into 

and stabilizing the formation through which the well is being drilled, fracturing the formation in 

the vicinity of the well, and displacing the fluid within the well with another fluid. When 

drilling is completed, the wellbore remains filled with the drilling fluid.

[0003] After drilling, casing is often placed in the wellbore to facilitate the production of oil and 

gas from the formation. The casing is a string of pipes that extends down the wellbore, through 

which the oil and gas will eventually be extracted.

[0004] The region between the casing and the wellbore itself is known as the casing annulus. 

To fill up the casing annulus and secure the casing in place, the casing is usually “cemented” in 

the wellbore. Before and even after casing is installed, the well may require wellbore treatment 

that is referred to as stimulation. Stimulation involves pumping stimulation fluids such as 

fracturing fluids, acid, cleaning chemicals, and/or proppant laden fluids into the formation to 

improve wellbore production. The stimulation fluids are pumped through the casing and then 

into the wellbore. If the casing is installed and more than one zone of interest of the formation is 

treated, tools may be run into the casing to isolate fluid flow at each zone.

[0005] In the case of hydraulic fracturing using fracturing fluids, the fluids are pumped at high 

pressure and rate into the reservoir interval to be treated, causing a vertical fracture to open. 

Proppant, such as grains of sand of a particular size, is mixed with the treatment fluid to keep 

the fracture open when the treatment is complete, thereby creating a plane of high-permeability 

sand through which fluids can flow.
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[0006] Instead of stimulating the formation after installing casing, the well operator may choose 

to stimulate an uncased portion of a wellbore. To do so, the operator may run a liner extending 

from the surface into the uncased section of the wellbore with inflatable element packers to 

isolate the portions of the wellbore. Multiple packers allow the operator to isolate segments of 

the uncased portion of the wellbore so that each segment may be individually treated to 

concentrate and control fluid treatment along the wellbore. Generally, the packers are run for a 

wellbore treatment, but must be moved after each treatment if it is desired to isolate other 

segments of the well for treatment.

[0007] The tubing work string, which conveys the treatment fluid, may include a fracturing or 

jetting tool for delivering the treatment fluid to the cased or uncased borehole. Alternatively, 

the tubing string can include ports or openings for the fluid to pass into the wellbore and 

ultimately to the casing or the formation. Where more concentrated fluid treatment is desired in 

one position along the wellbore, a small number of larger ports may be used. Where it is desired 

to distribute treatment fluids over a greater area, a perforated tubing string may be used having a 

plurality of spaced apart perforations through its wall. The perforations can be distributed along 

the length of the tube or only at selected segments. The open area of each perforation can be pre

selected to control the volume of fluid passing from the tube during use.

[0008] While the introduction of stimulation fluids to the formation can increase formation 

fluid flow therein and production therefrom, such as by fracturing the formation to create 

additional fluid flow paths, further fluid flow enhancement will optimize production. Well 

stimulation deficiencies are overcome by the principles taught herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a more detailed description of the embodiments, reference will now be made to the 

following accompanying drawings:

[0010] FIG. 1 is a schematic, partial cross-section view of a fluid stimulation tool in an 

operating environment;

[0011] FIG. 2 is a cross-section view of a fluid pressurizing well stimulation assembly;

[0012] FIG. 3 is a cross-section of an apparatus for generating electromagnetic radiation in 

accordance with at least one of the embodiments;

[0013] FIG. 4 is a cross section at a perforation showing a schematic of an apparatus for 

generating electromagnetic radiation in accordance with another embodiment;

[0014] FIG. 5 is a cross-section of an apparatus for generating electromagnetic radiation in 

accordance with a further embodiment;
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[0015] FIG. 6 is an example system for monitoring the position of magnetically permeable 

fluids in a formation; and

[0016] FIG. 7 is another example system for monitoring the position of magnetically permeable 

fluids in a formation.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0017] In the drawings and description that follows, like parts are marked throughout the 

specification and drawings with the same reference numerals. The drawing figures are not 

necessarily to scale. Certain features of the disclosure may be shown exaggerated in scale or 

in somewhat schematic form and some details of conventional elements may not be shown in 

the interest of clarity and conciseness. The present disclosure is susceptible to embodiments 

of different forms. Specific embodiments are described in detail and are shown in the 

drawings, with the understanding that the present disclosure is to be considered an 

exemplification of the principles of the invention, and is not intended to limit the invention to 

that illustrated and described herein. It is to be fully recognized that the different teachings of 

the embodiments discussed below may be employed separately or in any suitable combination 

to produce desired results.

[0018] In the following discussion and in the claims, the terms “including” and “comprising” 

are used in an open-ended fashion, and thus should be interpreted to mean “including, but not 

limited to ...”. Any use of any form of the terms “connect”, “engage”, “couple”, “attach”, or 

any other term describing an interaction between elements is not meant to limit the interaction 

to direct interaction between the elements and may also include indirect interaction between 

the elements described. Reference to up or down will be made for purposes of description 

with “up”, “upper”, “upwardly” or “upstream” meaning toward the surface of the well and 

with “down”, “lower”, “downwardly” or “downstream” meaning toward the terminal end of 

the well, regardless of the well bore orientation. In addition, in the discussion and claims that 

follow, it may be sometimes stated that certain components or elements are in fluid 

communication. By this it is meant that the components are constructed and interrelated such 

that a fluid could be communicated between them, as via a passageway, tube, or conduit. The 

various characteristics mentioned above, as well as other features and characteristics 

described in more detail below, will be readily apparent to those skilled in the art upon 

reading the following detailed description of the embodiments, and by referring to the 

accompanying drawings.

[0019] FIG. 1 schematically depicts an exemplary operating environment for a fluid treatment 

or stimulation tool 100. The tool 100 may be a pressurizing or hydrojetting tool. A drilling
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rig 110 is positioned on the earth’s surface 105 and extends over and around a well bore 120 

that penetrates a subterranean formation F for the purpose of recovering hydrocarbons. The 

well bore 120 may drilled into the subterranean formation F using conventional (or future) 

drilling techniques and may extend substantially vertically away from the surface 105 or may 

deviate at any angle from the surface 105. In some instances, all or portions of the well bore 

120 may be vertical, deviated, horizontal, and/or curved.

[0020] At least the upper portion of the well bore 120 may be lined with casing 125 that is 

cemented 127 into position against the formation F in a conventional manner. Alternatively, 

the operating environment for the fluid stimulation tool 100 includes an uncased well bore 

120. The drilling rig 110 includes a derrick 112 with a rig floor 114 through which a work 

string 118, such as a cable, wireline, E-line, Z-line, jointed pipe, coiled tubing, or casing or 

liner string (should the well bore 120 be uncased), for example, extends downwardly from the 

drilling rig 110 into the well bore 120. The work string 118 suspends a representative 

downhole fluid stimulation tool 100 to a predetermined depth within the well bore 120 to 

perform a specific operation, such as perforating the casing 125, expanding a fluid path 

therethrough, or fracturing the formation F. The drilling rig 110 is conventional and therefore 

includes a motor driven winch and other associated equipment for extending the work string 

118 into the well bore 120 to position the fluid stimulation tool 100 at the desired depth.

[0021] While the exemplary operating environment depicted in FIG. 1 refers to a stationary 

drilling rig 110 for lowering and setting the fluid stimulation tool 100 within a land-based well 

bore 120, it is noted that mobile workover rigs, well servicing units, such as slick lines and e

lines, and the like, could also be used to lower the tool 100 into the well bore 120. It should be 

understood that the fluid stimulation tool 100 may also be used in other operational 

environments, such as within an offshore well bore or a deviated or horizontal well bore. The 

exemplary tools and operating environment of FIGI., and FIG. 2 below, can be used in 

conjunction with the various embodiments described herein.

[0022] Referring now to FIG. 2, in another embodiment, the schematic fluid jetting tool 100 

comprises an exemplary well completion assembly 200. The well completion assembly 200 

is disposed in the well bore 120 coupled to the surface 105 and extending down through the 

subterranean formation F. The completion assembly 200 includes a conduit 208 extending 

through at least a portion of the well bore 120. The conduit 208 may or may not be cemented 

to the subterranean formation F. In some embodiments, the conduit 208 is a portion of a 

casing string coupled to the surface 105 by an upper casing string, represented schematically 

by work string 118 in FIG. 1. Cement is flowed through an annulus 222 to attach the casing
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string to the well bore 120. In some embodiments, the conduit 208 may be a liner that is 

coupled to a previous casing string. When uncemented, the conduit 208 may contain one or 

more permeable liners, or it may be a solid liner. As used herein, the term “permeable liner” 

includes, but is not limited to, screens, slots and preperforations. Those of ordinary skill in 

the art, with the benefit of this disclosure, will recognize whether the conduit 208 should be 

cemented or uncemented and whether conduit 208 should contain one or more permeable 

liners.

[0023] The conduit 208 includes one or more pressurized fluid apertures 210. Fluid apertures 

210 may be any size, for example, 0.75 inches in diameter. In some embodiments, the fluid 

apertures 210 are jet forming nozzles, wherein the diameter of the jet forming nozzles are 

reduced, for example, to 0.25 inches. The inclusion of jet forming nozzles 210 in the well 

completion assembly 200 adapts the assembly 200 for use in hydrojetting. In some 

embodiments, the fluid jet forming nozzles 210 may be longitudinally spaced along the 

conduit 208 such that when the conduit 208 is inserted into the well bore 120, the fluid jet 

forming nozzles 210 will be adjacent to a local area of interest, e.g., zones 212 in the 

subterranean formation F. As used herein, the term “zone” simply refers to a portion of the 

formation and does not imply a particular geological strata or composition. Conduit 208 may 

have any number of fluid jet forming nozzles, configured in a variety of combinations along 

and around the conduit 208.

[0024] Once the well bore 120 has been drilled and, if deemed necessary, cased, a fluid 214 

may be pumped into the conduit 208 and through the fluid jet forming nozzles 210 to form 

fluid jets 216. In one embodiment, the fluid 214 is pumped through the fluid jet forming 

nozzles 210 at a velocity sufficient for the fluid jets 216 to form perforation tunnels 218. In 

one embodiment, after the perforation tunnels 218 are formed, the fluid 214 is pumped into 

the conduit 208 and through the fluid jet forming nozzles 210 at a pressure sufficient to form 

cracks or fractures 220 along the perforation tunnels 218.

[0025] The composition of fluid 214 may be changed to enhance properties desirous for a 

given function, i.e., the composition of fluid 214 used during fracturing may be different than 

that used during perforating. In certain embodiments, an acidizing fluid may be injected into 

the formation F through the conduit 208 after the perforation tunnels 218 have been created, 

and shortly before (or during) the initiation of the cracks or fractures 220. The acidizing fluid 

may etch the formation F along the cracks or fractures 220, thereby widening them. In certain 

embodiments, the acidizing fluid may dissolve fines, which further may facilitate flow into 

the cracks or fractures 220. In another embodiment, a proppant may be included in the fluid
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214 being flowed into the cracks or fractures 220, which proppant may prevent subsequent 

closure of the cracks or fractures 220. The proppant may be fine or coarse. In yet another 

embodiment, the fluid 214 includes other erosive substances, such as sand, to form a slurry. 

Complete well treatment processes including a variety of fluids and fluid particulates may be 

understood with reference to Halliburton Energy Service’s SURGIFRAC® and 

COBRAMAX®. The fluid component embodiments described above may be used in various 

combinations with each other and with the other embodiments disclosed herein.

[0026] Disclosed is a method and system for stimulating a formation using electromagnetic 

radiation. In at least some of the embodiments, in a formation that has been or is being 

stimulated or fractured, the flow of fluids is increased by heating the formation and the fluids 

via the coupling of electromagnetic radiation to materials that have been injected or “fracced” 

into the formation. In certain embodiments, an injectable or fracturing fluid is made 

magnetically permeable. The magnetically permeable fluid is injected into the formation, or 

in the case of fracturing operation, the fluid is injected with such pressure so as to fracture or 

split the formation. From the borehole, such as via the work string or the casing, 

electromagnetic radiation is directed to the magnetically permeable fluids. The magnetically 

permeable fluids are heated in response to the electromagnetic radiation. The produced heat 

also heats the surrounding formation and formation fluids. The heat reduces the viscosity of 

the formation fluids, thereby increasing the flow of the formation fluids. In at least some of 

the embodiments, a means is provided for monitoring the progression of stimulating or 

fraccing fluids into a formation.

[0027] In at least one embodiment, the fluidic material that is injected or fracced into the 

formation is magnetically permeable. In some embodiments, the fluidic material is made 

magnetically permeable by using a ferrofluid. In other embodiments, the fluidic material is 

made magnetically permeable by suspending magnetically permeable balls in the fluid. In 

certain embodiments, the fluidic material is made magnetically permeable by suspending 

magnetized balls in the fluid. In exemplary embodiments, the ball size is approximately 1 

micron.

[0028] In at least one embodiment, a system is provided for fraccing magnetically permeable 

materials from the well bore into the formation, and to heat the formation and formation 

fluids by also sending from the well bore electromagnetic waves to the magnetically 

permeable materials. The reaction between the electromagnetic waves and the magnetically 

permeable materials produces heat that reduces viscosity and improves the fluid flow of
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formation fluids. In further embodiments, heating the fracced fluids and formation fluids 

causes reactions that can be used to locate the fracture.

[0029] In at least one embodiment, a system is provided for fraccing explosive balls into the 

formation. Application of heat in accordance with the principles herein causes the balls to 

explode to further increase the efficiency of the fraccing operation.

[0030] In at least one embodiment, a system is provided for fraccing chemicals into the 

formation. Application of heat in accordance with the principles herein causes the chemicals 

to release to deteriorate the formation and further increase the efficiency of the fraccing 

operation. For example, an acid may be released by heat into the formation to deteriorate the 

formation.

[0031] In at least one embodiment, a fluid is enhanced with a magnetically permeable 

material to form a magnetically permeable fluidic material. The magnetically permeable 

fluidic material is injected or fracced into a subterranean formation during stimulation or 

fracturing operations. In some embodiments, the magnetically permeable material is 

magnetized.

[0032] In some embodiments, the magnetically permeable material includes a ferrofluid. In 

other embodiments, the injectable fluid contains magnetically permeable objects or target 

particles. The objects or target particles may include magnetically permeable balls or 

magnetically permeable ellipsoids. The term “ball” or “balls” may refer to spheres, spheroids, 

ellipsoids, or any of these with a cavity. In some embodiments, the target objects are 

nanoparticles. In still further embodiments, the injectable fluid contains magnetized objects. 

In certain embodiments, the objects may be magnetized as they are being injected into the 

formation so as to avoid clumping. In some embodiments, the injectable magnetically 

permeable material comprises primarily the balls or magnetically permeable ellipsoids. In 

exemplary embodiments, the magnetically permeable objects or target particles comprise any 

ferromagnetic material with a Curie temperature above, or alternatively well above, the 

temperature to which the formation is to be heated for increased formation fluid flow.

[0033] Next, a low frequency electromagnetic wave generator disposed within the borehole, 

for example on a workstring or drillstring, radiates or emits energy toward the magnetically 

permeable target material. Referring to FIG. 3, an apparatus 300 is coupled to a work string 

318 and may be used to generate electromagnetic radiation directed into the formation F. In 

some embodiments, the apparatus 300 is disposed proximate the fluid treatment tools 

described herein. The apparatus 300 is disposed adjacent perforations 320 in a casing 325. 

The apparatus 300 may include one or more electromagnets 314 and an electrical coil or
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solenoid 315. In embodiments with a plurality of electromagnets, the electromagnets are 

driven so as to focus the time varying magnetic field onto the fracture in such a way as to 

launch surface waves. The apparatus 300 is powered and radiates electromagnetic waves 

which then couple with the magnetically permeable target material already disposed in the 

formation F, such as in the fluid 214 disposed in the perforation tunnels 218 in FIG. 2. The 

electromagnetic energy is converted to heat energy in the magnetically permeable materials. 

[0034] In some embodiments, heat is generated through hysteretic cycling the magnetically 

permeable materials. The electromagnetic waves are converted to heat energy as a result of 

cycling of the magnetic material around its permeability loop, wherein heat energy is created 

as the integral of the product of the electric field intensity and the magnetic flux density. In 

other embodiments, heat is generated through viscous drag of the magnetically permeable 

balls that are displaced by an oscillating magnetic field. At low frequencies, the oscillating 

magnetic field can induce flipping and spin of the magnetic particles in the magnetically 

permeable target material that emit heat into the formation via viscous drag.

[0035] Referring to FIG. 4, a radial cross-section of a borehole including a casing 425 is 

shown. The casing includes a perforation 420 resulting from a stimulation or fracturing 

operation. An electromagnetic wave generating apparatus 400, similar to the apparatus 300, is 

disposed in the casing 420 adjacent the perforation 420. The cross-sectional view shows an 

embodiment including two solenoids 415, although other embodiments may include more 

solenoids. Included, but not shown, are bucking magnets above and below the solenoids 415, 

similar to the permanent magnets 314 shown in FIG. 3. The purpose of the bucking magnets 

is to polarize the casing to drive its AC permeability close to that of free space. Such a 

configuration of the casing due to the solenoids and the bucking magnets will further the 

desirable emission of electromagnetic waves from the wave generator apparatus 300, 400 into 

the formation.

[0036] Still referring to FIG. 4, the axis 418 along the borehole will be defined as the z-axis 

and will be positive when directed downward. Polar coordinates are used with the center of 

the borehole 418 as the radial reference and a line 430 from the center of the borehole 418 

through the center of the perforation 420 as the zero-reference for the polar angle. The two 

solenoids 415 may be oriented along the z-axis, and may be represented by ideal dipole fields 

of certain frequencies and relative phases. In some embodiments, the relative phase between 

the dipoles may be a function of time. In some embodiments, the frequencies may be a 

function of time. In some embodiments, when sensing the depth of fracturing, the solenoids
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can be pulsed. In some embodiments, the dipoles need not be on opposite sides of the plane 

of initiation 422 of a fracture.

[0037] In some embodiments, the electromagnetic field can be put into the formation F by 

magnetically polarizing the casing into saturation with a permanent magnet or a DC 

electromagnet, in accordance with the embodiment described herein. Then, the oscillating the 

magnetic field is superimposed on the casing.

[0038] In other embodiments, and with reference to FIG. 5, an apparatus 500 is conveyed by 

a work string 518 into an open, uncased borehole. The apparatus 500 includes a solenoid 515 

or series of solenoids, and the permanent magnets are removed. The apparatus 500 and 

solenoid 515 are powered to direct electromagnetic waves toward the formation F and the 

magnetically permeable materials deposited therein, such as in fractures 520. Thus, in some 

embodiments, the solenoid dipole fields can be disposed along the drill string or other work 

string 518, or along the tool 500 axis.

[0039] Since a treatment fracture in the formation may be on the order of 1 mm wide at its 

inception, several meters high and tens to hundreds of meters long, the presence of the 

fracture can be conducive to propagation of surface electromagnetic waves. Even when the 

fraccing fluid is electrically insulating, the high relative permeability of the fluid created by 

the introduction of magnetically permeable materials can result in the speed of 

electromagnetic waves in the fluid being significantly less than the speed of electromagnetic 

waves in the surrounding formation. Such waves can be induced by placing an oscillating 

magnetic or electromagnetic dipole, as described herein, in an opening in the casing that has 

been provided to allow fraccing of the formation. The dipole axis is aligned with the long- 

axis of the opening in the casing. Alternatively, the openings are made directly in the uncased 

formation, as previously described, and the dipoles are disposed along the drill string, work 

string or tool axis.

[0040] In other embodiments, where the injectable fluids include high conductivity compared 

to the conductivity of the surrounding formation, such circumstances can be conducive to the 

launch of a surface wave.

[0041] By directing the magnetic field as described herein, the field can be made to skirt 

along the surface of the fracture. This is explained in terms of Maxwell's equations as 

follows:

at
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where is the magnetic flux density, JSis a source

current term, and is the displacement vector.

[0042] There will be no source terms in the region of interest, and the frequency are such that 

the time derivative of the displacement vector can be neglected. Therefore:

v M = o

[0043] In words, the tangential component of 1 ± is conserved across a boundary while the 

normal component of is conserved across the same boundary.

[0044] These boundary conditions imply that the larger the magnetic permeability of the fluid 

in the fracture can be made relative to the magnetic permeability of the formation, which is 

typically extremely close to the magnetic permeability of free space (4 p*10-7H/m),  the more 

the magnetic field will be aligned with the fracture plane itself.

[0045] At higher frequencies, where induction or propagation is considered, the resultant 

field is a surface wave. Energy propagated via a surface wave can interact directly with 

magnetic material along the fracture plane, deposited according to the principles described 

herein, causing it to heat up.

[0046] In some embodiments, when target objects are used as the magnetically permeable 

material, the objects may include a cavity into which a small amount of explosive charge is 

placed. The explosive charge is configured to detonate at a pre-defined temperature and 

pressure, and may be selected from any suitable material for downhole explosions. In further 

embodiments, acoustic waves emitted by such explosions will help promote the fraccing 

process and also provide acoustic emissions from which the propagation of the fraccing 

material can be monitored and the progress of the fracturing operation can otherwise be 

tracked.

[0047] In additional embodiments, the locations of the injected target objects or the fractures 

can be determined by the scattered return of magnetic or electromagnetic signals, and from a 

single wellbore. In one embodiment, a transmitter is powered to transmit a substantially 

constant frequency into the formation while monitoring for scattered electromagnetic signals 

at the same frequency using a separate antenna. The progression of fraccing is monitored by 

canceling a portion of the direct signal, and then tracking the change with time of the 

amplitude and phase of the received signal, where the phase is referenced to the transmitter. 

In a second embodiment, heating of the formation is periodically terminated and the
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electromagnetic wave signal for heating is replaced by an electromagnetic pulse. A receiver 

with source cancellation capabilities similar to those described with reference to the first 

embodiment receives echoes of the pulse. The times of the echoes, coupled with knowledge 

of the electrical properties of the formation and the electromagnetic properties of the 

stimulation fluid or the stimulation fluid with suspended magnetically permeable materials is 

used to determine the distance from which the echo was generated, and hence provide a lower 

limit to the depth of penetration of the fracturing process. In a third embodiment, a technique 

similar to nuclear magnetic resonance (NMR) echo measurements can also be used to 

generate a pulse and listen for a return. This is similar to the technique in the second 

embodiment above, but in addition to echoes, the exponential decay of the echoes is analyzed 

indicating, in those cases where balls are used as the magnetically permeable target objects, 

how much viscous drag is acting on the balls.

[0048] In some embodiments, monitoring the progression of the stimulation or fracturing 

process is achieved. In at least one embodiment shown in FIG. 6, a monitoring system 600 is 

provided that can be embedded in the various embodiments described above. System 600 

includes a reference that is provided from a signal that is injected into the formation from a 

wave form generator 602 and a transmitter 604 in accordance with the principles herein. In 

some embodiments, the signal is a sine wave at a fixed frequency and phase. The reference is 

provided as the reference signal to a lock-in amplifier 608. A receiver 606 is also connected 

to the lock-in amplifier 608. The lock-in amplifier 608 is coupled to a computer control 612 

in some embodiments. The computer control 612 establishes the amplitude and phase of that 

component of the transmitted signal that interferes with the received signal. The output from 

the lock-in amplifier 608 is input into a differencing amplifier along with the output of the 

receiver 606 so as to subtract out the direct interference from the transmitter in the receiver. 

The output of the differencing amplifier is then connected to a separate lock-in amplifier 610 

that is computer controlled. The output amplitude of the lock-in amplifier 610 is determined 

as a function of phase. Peaks in an amplitude/phase plot correspond to reflections from 

magnetic inhomogeneities in the fracturing fluid and thus trace the progression of the 

fracturing. The larger the phase, the further out the fraccing process has progressed.

[0049] In an alternative embodiment shown in FIG. 7, a system 700 includes a waveform 

generator 702 connected to a transmitter 704. In normal operation, the waveform generator 

702 puts out a high power single frequency sine wave. However, when it is desired to 

determine how far the fraccing operation has penetrated the formation, the waveform 

generator 702 is switched by a switch 714 to a pulse generating mode. Under computer
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control 712, a pulse is initiated, and upon termination of the pulse, a transmitting antenna 718 

is disconnected from a power amplifier, snubbed, and a receiving antenna is switched by a 

switch 716 into a signal amplifier. In some embodiments, the receiving antenna is the 

transmitting antenna 718. The computer 712 monitors the signal amplitude from the receiving 

antenna 718 and a receiver 706 for echoes of the transmitted pulse. In some embodiments, 

monitoring is executed by magnetic resonance signal processing.

[0050] While specific embodiments have been shown and described, modifications can be 

made by one skilled in the art without departing from the spirit or teaching of this disclosure. 

The embodiments as described are exemplary only and are not limiting. Many variations and 

modifications are possible and are within the scope of the invention. Accordingly, the scope of 

protection is not limited to the embodiments described, but is only limited by the claims that 

follow, the scope of which shall include all equivalents of the subject matter of the claims.
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15 Claims:

1. A method of treating a subterranean formation including:

providing a fracturing fluid containing a magnetically permeable material including 

an explosive material;

injecting the magnetically permeable fracturing fluid into the formation;
fracturing the formation with the fracturing fluid;

sending electromagnetic radiation into the formation from a borehole;

heating the magnetically permeable material in response to the electromagnetic 
radiation; and

exploding the explosive material in response to the heating.

2. The method of claim 1, further comprising tracking the acoustic emissions of the 

electromagnetically heated and exploded material.

3. The method of claim 1, wherein the explosive material is disposed in a cavity 

formed in the magnetically permeable material.

4. The method of claim 1, wherein the explosive material is to detonate at a 

predetermined temperature, pressure, or temperature and pressure.

5. The method of claim 1, further comprising fracturing the formation via acoustic 

emissions produced by the exploding.

6. The method of claim 1, further comprising heating the formation and formation 

fluids responsive to the heating of the magnetically permeable material.

7. The method of claim 1, wherein the magnetically permeable material is at least one 

of a magnetically permeable ball and a magnetized ball.
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15 8. The method of claim 1, further comprising monitoring a return electromagnetic 

signal from the electromagnetic radiation.

9. The method of claim 1, further comprising generating an electromagnetic pulse, 

and monitoring a return electromagnetic signal from the electromagnetic pulse.

10. The method of claim 1, further comprising propagating a surface electromagnetic 

wave along a fracture in the formation to track the progress of the fracture in the formation.

11. A system for treating a subterranean formation, comprising:

a fluid treatment apparatus that injects a fracturing fluid containing a magnetically 

permeable material including an explosive material into the formation; and

an electromagnetic wave generator that sends electromagnetic radiation into the 

formation from a borehole to heat the magnetically permeable material, and 

to explode the explosive material via the heat.

12. The system of claim 11, further comprising a sensor that tracks the acoustic 

emissions of the electromagnetically heated and exploded material.

13. The system of claim 11, wherein the explosive material is to detonate at a 

predetermined temperature, pressure, or temperature and pressure.

14. The system of claim 11, wherein acoustic emissions produced by the explosive 

material are to fracture the formation.

15. The system of claim 11, wherein heat produced by the magnetically permeable 

material heats the formation and formation fluids.

16. The system of claim 11, wherein the magnetically permeable material is at least 

one of a magnetically permeable ball and a magnetized ball.
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15 17. The system of claim 11, further comprising a receiver that monitors a return 

electromagnetic signal from the electromagnetic radiation.

18. The system of claim 11, wherein the electromagnetic wave generator propagates a 

surface electromagnetic wave along a fracture in the formation to track the progress of the 

fracture in the formation.

19. The system of claim 11, further comprising a lock-in amplifier coupled to the wave 

generator, a receiver coupled to the lock-in amplifier, and a computer control coupled to 

the lock-in amplifier.

20. The system of claim 11, further comprising a switch coupled between the wave 

generator and a transmitter, an antenna coupled between the transmitter and a 

receiver, and a switch coupled between the receiver and a computer.

21. The system of claim 11, wherein the electromagnetic radiation induces heating of 

the magnetically permeable material via hysteretic cycling or viscous drag.
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