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METHOD AND APPARATUS FOR MEASURING 
CHARACTERISTICS OF GEOLOGICAL 

FORMATIONS 

[0001] This is a Continuation-in-Part of US. application 
Ser. No. 09/610,573 ?led on Jul. 5, 2000, Which is a division 
of US. application Ser. No. 09/290,156 ?led on Apr. 12, 
1999, Which claimed priority of a provisional U.S. Appli 
cation Serial No. 60/081,653, ?led on Apr. 13, 1998 and 
entitled “ELECTROMAGNETIC INDUCTION METHOD 
AND APPARATUS FOR THE MEASUREMENT OF THE 
ELECTRICAL RESISTIVITY OF ROCK FORMATIONS 
BETWEEN DRILL HOLES CASED WITH STEEL.” 

FIELD OF THE INVENTION 

[0002] The present invention relates to Well logging using 
electromagnetic measurements. More particularly, the 
invention relates to determining subsurface formation prop 
erties using electromagnetic induction tomography in a 
borehole lined With a conductive tubular or casing. 

BACKGROUND OF THE INVENTION 

[0003] Geological formations forming a reservoir for the 
accumulation of hydrocarbons in the subsurface of the earth 
contain a netWork of interconnected paths in Which ?uids are 
disposed that may ingress or egress from the reservoir. To 
determine the behavior of the ?uids in the aforementioned 
netWork, knoWledge of both the porosity and permeability of 
the geological formations is desired. From this information, 
ef?cient development and management of hydrocarbon res 
ervoirs may be achieved. For eXample, the resistivity of 
geological formations is a function of both porosity and 
permeability. Considering that hydrocarbons are electrically 
insulative and most Water contains salts, Which are highly 
conductive, resistivity measurements are a valuable tool to 
determine the presence of hydrocarbon reservoir in geologi 
cal formations. 

[0004] To that end, there have been many prior art 
attempts to model geological formations. In tWo articles, 
“Crosshole Electromagnetic Tomography: A NeW Technol 
ogy for Oil Field Characterization,” The Leading Edge, 
March 1995, by Wilt et al. and “Crosshole Electromagnetic 
Tomography: System Design Considerations and Field 
Results,” Society of Exploration Geophysics, Vol. 60, No. 3 
1995, by Wilt et al., measurement of geological formation 
resistivity is described employing a loW frequency electro 
magnetic system. 

[0005] FIG. 1 shoWs typical equipment used in the mea 
surement of geological formation 10 resistivity betWeen tWo 
drill holes 12a and 12b using electromagnetic induction. A 
transmitter T is located in one borehole, While a receiver R 
is placed in another borehole. The transmitter T typically 
consists of a coil (not shoWn) having a multi-turn loop 
(Which consists of NT turns of Wire) Wrapped around a 
magnetically permeable core (mu-metal or ferrite) With a 
cross section, AT. The transmitter T may further comprise a 
capacitor (not shoWn) for tuning the frequency of the coil. 
When an alternating current, IT, at a frequency of f0 HZ 
passes through this multi-turn loop, a time varying magnetic 
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moment, MT, is produced in the transmitter. This magnetic 
moment is de?ned as folloWs: 

[0006] The magnetic moment MT can be detected by the 
receiver R as a magnetic ?eld, B0. The transmitter T, 
receiver R, or both are typically disposed in boreholes (e.g., 
12a and 12b) in the earth formation 10. In this case, the 
detected magnetic ?eld, B0, is proportional to the magnetic 
moment of the transmitter, MT, and to a geological factor, k1, 
as folloWs: 

[0007] The geological factor, k1, is a function of the spatial 
location and orientation of a ?eld component of the mag 
netic ?eld, BO, With respect to the magnetic moment of the 
transmitter, MT. 

[0008] The receiver R typically includes one or more 
antennas (not shoWn). Each antenna includes a multi-turn 
loop of Wire Wound around a core of magnetically perme 
able metal or ferrite. The changing magnetic ?eld sensed by 
the receiver R creates an induced voltage in the receiver coil 
(not shoWn). This induced voltage (VR) is a function of the 
detected magnetic ?eld (BR), the frequency (fo), the number 
of turns (NIQ of Wire in the receiver coil, the effective 
cross-sectional area of the coil (AR), and the effective 
permeability (pR) of the coil. Thus, VR can be de?ned as 
folloWs: 

VR=75f 03 RN RARpR (3) 

[0009] While f0 and NR are knoWn, the product, ARpR, is 
dif?cult to calculate. In practice, these constants may be 
grouped together as kR and equation (3) may be simpli?ed 
as: 

VR=kRB R (4) 

[0010] Where kR=rcfONRARpR. Thus, instead of determin 
ing the product ARpR, it is more convenient to determine kR 
according to the folloWing procedures. First, the receiver 
coil is calibrated in a knoWn ?eld, at a knoWn frequency. 
Then, the eXact value for kR is derived from the magnetic 
?eld (BIQ and the measured voltage (VR) according to the 
folloWing equation: 

[0011] When this system is placed in a conducting geo 
logical formation, the time-varying magnetic ?eld, BO, 
Which is produced by the transmitter magnetic moment, 
produces a voltage in the geological formation, Which in turn 
drives a current therein, L1. The current, L1, is proportional 
to the conductivity of the geological formation and is 
generally concentric about the longitudinal aXis of the 
borehole. The magnetic ?eld proximate to the borehole 
results from a free space ?eld, called the primary magnetic 
?eld, While the ?eld resulting from current L1 is called the 
secondary magnetic ?eld. 

[0012] The current, L1, is typically out of phase With 
respect to the transmitter current, IY. At very loW frequen 
cies, Where the inductive reactance is small, the current, L1, 
is proportional to dB/dt and is 90° out of phase With respect 
to IY. As the frequency increases, the inductive reactance 
increases and the phase of the induced current, L1, increases 
to be greater than 90°. The secondary magnetic ?eld induced 
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by current L1 also has a phase shift relative to the induced 
current L1 and so the total magnetic ?eld as detected by 
receiver R is complex. 

[0013] The complex magnetic ?eld detected by receiver R 
may be separated into tWo components: a real component, 
IR, Which is in-phase With the transmitter current, IY, and an 
imaginary (or quadrature) component, II, Which is phase 
shifted by 90°. The values of the real component, IR, and the 
quadrature component, II, of the magnetic ?eld at a given 
frequency and geometrical con?guration uniquely specify 
the electrical resistivity of a homogeneous formation pierced 
by the drill holes. In an inhomogeneous geological forma 
tion, hoWever, the complex ?eld is measured at a succession 
of points along the longitudinal axis of the receiver borehole 
for each of a succession of transmitter locations. The mul 
tiplicity of measurements thus obtained can then be used to 
determine the inhomogeneous resistivity betWeen the holes. 

[0014] In both cases, i.e., measuring homogeneous geo 
logical formation resistivity or measuring inhomogeneous 
geological formation resistivity, the measurements are typi 
cally made before extraction of hydrocarbons takes place. 
This is because the boreholes typically are cased With 
conductive liners (e.g., metallic casing; see 16a and 16b in 
FIG. 1) in order to preserve the physical integrity of the 
borehole during hydrocarbon extraction. The conductive 
tubular liners interfere With resistivity measurements and are 
dif?cult and costly to remove from the borehole once they 
are installed. As a result, prior art systems such as that shoWn 
in FIG. 1 are not suitable for analyZing hydrocarbon reser 
voirs once extraction of the hydrocarbons begins. 

[0015] The problems presented by conductive liners (16a 
and 16b in FIG. 1) are described by Augustin et al., in “A 
Theoretical Study of Surface-to-Borehole Electromagnetic 
Logging in Cased Holes,” Geophysics, Vol. 54, No. 1 
(1989); Uchida et al., in “Effect of a Steel Casing on 
Crosshole EM Measurements,” SEG Annual Meeting, Texas 
(1991); and Wu et al., in “In?uence of Steel Casing on 
Electromagnetic Signals,” Geophysics, Vol. 59, No. 3 
(1994). These prior art references shoW that coupling 
betWeen a transmitter and a conductive liner is independent 
of the surrounding geological formation conductivity for a 
Wide range of practical formation resistivities encountered in 
the ?eld and that the magnetic ?eld produced inside the 
conductive liner at a distance of a feW meters or less from 
the transmitter depends only on the conductive liner prop 
erties and not on the formation properties. 

[0016] The net or effective moment, Meg, of a transmitter 
inside a conductive liner is dictated by the inductive cou 
pling betWeen the transmitter and the conductive liner. 
Physically, the resistivity of the conductive liner is very loW 
and the inductance relatively high. This property results in a 
current of almost the same magnitude as that of the trans 
mitter current being induced in the conductive liner. LenZ’s 
LaW predicts that the magnetic ?eld generated by this 
induced current in the conductive liner Will oppose the 
time-varying magnetic ?eld produced by the transmitter 
current. Thus, the magnetic ?eld generated by the transmit 
ter is mostly cancelled out by the magnetic ?eld generated 
by the conductive liner. As a result, the magnetic ?eld 
external to the conductive liner is greatly reduced, and its 
magnitude is proportional to the difference in currents in the 
transmitter and the conductive liner. In effect, the conductive 
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liner “shields” the transmitter from any receiver positioned 
outside of the conductive liner. An analogous situation is 
present With respect to a receiver if it is surrounded by a 
conductive liner, and the situation is exacerbated if both the 
transmitter and the receiver are surrounded by conductive 
liners. 

[0017] To overcome the shielding problem, various tech 
niques have been suggested. For example, US. Pat. No. 
5,646,533, entitled “Induction Measurement in the Presence 
of Metallic, Magnetic Walls” and issued to Locatelli, et al., 
discloses a method of magnetically saturating the metallic 
Wall to overcome this problem. Alternatively, gapped casing 
has been used to achieve a similar effect. Another approach 
is to determine the conductive liner properties (e.g., radius, 
thickness, conductivity, and permeability) and then compen 
sate for the these properties. HoWever, the correction needed 
to compensate for the conductive liner properties may be 
several orders of magnitude larger than the magnetic ?eld 
sensed by the receiver outside the casing. Any inaccurate 
correction for the conductive liner properties Would have an 
enormous impact on the accuracy of the “corrected ?eld.” 
Furthermore, conductive liners often are not homogeneous 
(e.g., due to variation in thickness, corrosion, or rust for 
mation); such variations may further compromise the accu 
racy of the “corrected ?eld.” For this reason, the prior art 
correction methods are not useful in practice. 

[0018] It therefore is desirable to have better methods to 
overcome the effects of conductive liners so that dynamic 
measurements of the resistivity of geological formations 
While hydrocarbons are being extracted from reservoirs 
contained in the geological formations Would be possible. 

SUMMARY OF INVENTION 

[0019] One aspect of the invention relates to electromag 
netic tomography systems for determining properties of 
geological formation penetrated by at least one borehole 
lined With a conductive casing. One embodiment of the 
invention comprises a transmitter disposed in the cased 
borehole and adapted to induce a magnetic ?eld, a ?rst 
receiver disposed in the cased borehole in close proximity to 
the transmitter and adapted to detect the magnetic ?eld 
induced in the conductive casing, and a second receiver 
adapted to detect the magnetic ?eld induced in the geologi 
cal formation. Another embodiment further comprises a 
second transmitter disposed in close proximity to the second 
receiver. 

[0020] Another aspect of the invention relates to methods 
for determining a conductive casing correction constant for 
use in electromagnetic induction tomography in a borehole 
lined With a conductive casing. One method comprises 
generating a magnetic ?eld inside a representative piece of 
the conductive casing; determining a ?rst magnetic ?eld 
amplitude inside the representative piece of the conductive 
casing at a location proximate to a position of the generating 
a magnetic ?eld, determining a second magnetic ?eld ampli 
tude outside the representative piece of the conductive 
casing, and deriving the conductive casing correction con 
stant from a ratio of the ?rst magnetic ?eld amplitude and 
the second magnetic ?eld amplitude. 

[0021] Yet another aspect of the invention relates to meth 
ods for determining properties of geological formation pen 
etrated by at least one borehole lined With a conductive 
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casing. One method comprises generating a magnetic ?eld 
inside a representative piece of the conductive casing, deter 
mining a ?rst magnetic ?eld amplitude inside the represen 
tative piece of the conductive casing at a location proXimity 
to a position of the generating a magnetic ?eld, determining 
a second magnetic ?eld amplitude outside the representative 
piece of the conductive casing, deriving a conductive casing 
correction constant from a ratio of the ?rst magnetic ?eld 
amplitude and the second magnetic ?eld amplitude, gener 
ating a magnetic ?eld in the formation from Within a ?rst 
borehole; measuring a reference magnetic ?eld amplitude 
inside the ?rst borehole; measuring a formation magnetic 
?eld amplitude in the geological formation; correcting the 
reference magnetic ?eld amplitude and the formation mag 
netic ?eld amplitude using the conductive casing correction 
constant, and deriving a formation property from the cor 
rected reference magnetic ?eld amplitude measurement and 
the corrected formation magnetic ?eld amplitude measure 
ment. 

[0022] Other aspects of the invention Will become appar 
ent from the folloWing discussion. 

BRIEF DESCRIPTION OF DRAWINGS 

[0023] FIG. 1 is a schematic diagram illustrating a prior 
art cross-hole electromagnetic tomographic system. 

[0024] FIG. 2 is a schematic diagram of one embodiment 
of the electromagnetic tomography system according to the 
invention. 

[0025] FIG. 3 is a schematic diagram of another embodi 
ment of the electromagnetic tomography system according 
to the invention. 

[0026] FIG. 4 is a schematic diagram of another embodi 
ment of the electromagnetic tomography system according 
to the invention. 

DETAILED DESCRIPTION 

[0027] Embodiments of the present invention utiliZe an 
auXiliary receiver, an auXiliary transmitter, or both to facili 
tate the correction of shielding effects of conductive casings. 
In one embodiment, as shoWn in FIG. 2, system 19 
employed to analyZe the geological formation 10 typically 
includes a transmitter 20 disposed in borehole 12a and a 
receiver 24 disposed in borehole 12b. Alternatively, trans 
mitter 20 and receiver 24 may be disposed in the same 
borehole for single borehole tomography (not shoWn). A 
transmitter typically comprises multi-turn Wires Wound 
around a magnetically permeable (e.g., mu-metal or ferrite) 
core and other electronic control components (e.g., a capaci 
tor; not shoWn). A receiver typically comprises more than 
one antenna (not shoWn). These antennas may point to the X, 
y, and Z directions, respectively, to detect different magnetic 
?eld components. These antennas similarly comprise multi 
turn Wires Wound around magnetically permeable metal 
cores so that an eXternal magnetic ?eld Will induce a current 
to How through the Wire(s). The receiver also comprises 
other electronic components (not shoWn) to detect the cur 
rent (or voltage) thus induced. It Will be appreciated by those 
skilled in the art that other types of antenna con?gurations 
may be used to implement the invention (e.g., saddle coils, 
segmented antennas, tri-aXial antennas, etc.). Transmitter 20 
and receiver 24 may be deployed using standard seven 
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conductor Wireline Winches, cables, and standard seven-pin 
Gerhard-OWens cable connectors, shoWn generally as 26. 
System 19 is operated using a computer (not shoWn) 
included in surface station 28, Which is in data communi 
cation With transmitter 20 and receiver 24. 

[0028] Table 1 shoWs various operational parameters of a 
representative transmitter. Note that this is but one eXample; 
different transmitters With different physical characteristics 
Will have different operational parameters. As shoWn in 
Table 1, this transmitter provides large magnetic moments at 
loW (alternating current) frequencies Where the inductive 
reactance of the transmitter is small. This reactance 
increases With the frequency; as a result, the magnetic 
moment of the transmitter decreases. That higher frequen 
cies produce loWer magnetic moments is generally true With 
any transmitter; this is not unique to this particular trans 
mitter. HoWever, higher frequencies afford better resolution 
of maps of geological formations. Therefore, in practice, it 
is often desirable to ?nd a compromised (optimum) fre 
quency for the analysis of a geological formation. The 
optimum operating frequency depends on the borehole sepa 
ration and formation resistivity. Too loW a frequency limits 
the resolution, While too high a frequency reduces the 
effective transmitter magnetic moment, hence the range of 
detection. Table 1 shoWs that reduction in the transmitter 
moment becomes more signi?cant at frequencies of 90 HZ 
and above. It is apparent from Table 1 that this transmitter 
Will provide suf?cient moments at frequencies beloW 370 
HZ. HoWever, if conductive casings are used, it Will be 
necessary to operate the transmitter at an even loWer fre 
quency because conductive casings act as loW-pass ?lters. 

[0029] As discussed above, a receiver may include mul 
tiple antennas (not shoWn), pointing to the X, y, and Z 
directions, respectively, With the Z direction being along the 
aXis of the borehole. Due to geometric constraints, the 
antennas in the X and y directions are not as long as that in 
the Z direction. As a result, the Z antenna is more sensitive, 
i.e., the ?eld (BZ) sensed by the Z antenna typically has loWer 
noise than that sensed by the X or y antenna (see BX in Table 
1). 

TABLE 1 

Typical Receiver Noise 

Frequency MaX Moment BZ noise Bx noise 1 3000 30 80 

5 3000 25 60 
10 3000 15 50 
24 3000 12 50 
45 2800 8 25 
90 2100 5 18 

190 1600 3 15 
370 900 3 15 
759 300 6 15 
1848 180 9 15 

[0030] The range of operation for an electromagnetic 
tomography system (e.g., system 19 in FIG. 2) and the 
operating procedures are someWhat dependent on the for 
mation resistivity and the presence (or absence) of conduc 
tive Well casing (16a and 16b in FIG. 2). Using transmitters 
and receivers commonly available in the art, a typical system 
may have a maXimum range of about one kilometer in 
?berglass cased Wells or open holes (i.e., in the absence of 
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conductive casing). This range is reduced to approximately 
400 meters if one of the Wellbores is cased With conductive 
materials. Assuming a maximum tool separation of approxi 
mately 1 kilometer, the borehole separation should probably 
be no more than 650 meters so that transmitter 20 and 
receiver 24 Will remain Within the maximum separation of 1 
kilometers When they travel up and doWn the boreholes. 

[0031] Before commencing analysis of geological forma 
tions, a desired frequency of operation should be selected. 
Because higher frequencies produce better resolution in the 
images of the formations, the desired operating frequency 
typically Would be the highest frequency With Which reliable 
data may be collected over the entire pro?le length (the axial 
length of the borehole). This frequency may be established 
based on tWo simple relations: the primary ?eld relation and 
the skin depth equation. 

[0032] The primary magnetic ?eld is the ?eld present in 
the absence of a geological formation for the vertical mag 
netic ?eld This is given by the simple expression 
provided beloW. This equation is applicable When transmit 
ter 20 and receiver 24 are position at the same vertical level, 
but it may be used as a rough estimate When vertical levels 
of transmitter 20 and receiver 24 differ someWhat. The 
primary ?eld relation is de?ned as folloWs: 

100M (7) 
B1: R3 

[0033] Where M is the transmitter moment in A.m2, R is 
the separation betWeen the boreholes in meters, and BZ is the 
vertical (Z direction) magnetic ?eld in nano Teslas (nT, 10-9 
T). 
[0034] The skin depth (6) is de?ned as the distance 
through Which an electromagnetic plane Wave of frequency 
f propagates before attenuation to 1/e (0.37) of its initial 
amplitude. At tWo skin depths, the attenuation is 1/e2 
(0.135), and at four skin depths, it is 1/e4 (0.018). While this 
relationship is not strictly applicable at locations close to the 
transmitter, it is an approximate measure of hoW much of a 
supplied primary ?eld is converted into the induced currents, 
Which in turn produce the secondary ?elds required for 
electromagnetic imaging. The skin depth (6) is a function of 
the formation resistivity p and the electromagnetic Wave 
frequency f. Thus, skin depth 6 may be de?ned approxi 
mately as folloWs: 

(3) p 
6 z 500 — 

[0035] 
mation. 

Where p is the resistivity (in Ohm-m) of the for 

[0036] From equations (7) and (8) and the source moment, 
the approximate ?eld level at any cross-hole distance can be 
estimated. For example, assuming a separation of 200 m 
betWeen boreholes and a transmitter magnetic moment of 
1000, the maximum primary ?eld, When transmitter 20 and 
receiver 24 are at the same vertical level, from Equation 7 
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is 0.0125 nT. This is Well above the receiver noise for any 
frequency of operation (see Table 1). 

[0037] During operation, transmitter 20 and receiver 24 
are positioned at various vertical levels above, Within, and 
beloW the area of interest. Thus, transmitter 20 and receiver 
24 Will typically be separated by a distance more than that 
betWeen the boreholes. For a borehole separation of 200 
meters, transmitter 20 and receiver 24 might be separated up 
to 400 meters during operation. At a diagonal separation of 
400 meters betWeen transmitter 20 and receiver 24, equation 
(7) shoWs that the primary ?eld Would be reduced to 
approximately 0.0016 nT, Which is still above the receiver 
noise for any frequency of operation (see Table 1). 

[0038] Equation (8) indicates that at a transmitter fre 
quency of 200 HZ and a formation resistivity of 8 Ohm-m, 
the skin depth of the transmitter moment is about 100 meters 

] 8 
[6 = 500 E = 100]. 

[0039] Therefore, the borehole separation (200 m) in the 
above example is about tWice the skin depth, and so the ?eld 
(0.0125 nT as calculated above) Would be further attenuated 
by the formation by a factor of 0.135 to 0.0017 nT, When 
transmitter 20 and receiver 24 are at the same level. If 
transmitter 20 and the receiver 24 are not at the same level, 
the ?eld Would be further attenuated by the increased 
separation betWeen them; for example, by a factor of 0.018 
When transmitter 20 and receiver 24 have a diagonal sepa 
ration of 400 m (four times the skin depth). Thus, at a 
diagonal separation of 400 m, the ?eld strength Will be about 
2.8><10_5 nT or 28 f1“ (0.0016 nT><0.018=2.8><10_5 nT), 
Which is only a feW times the noise level at 200 HZ (about 
3 fT, see Table 1). This calculation indicates that a diagonal 
separation of about 400 m betWeen transmitter 20 and 
receiver 24 may be approaching the maximum range under 
the circumstances (i.e., 200 HZ transmitter frequency and 8 
Ohm-m formation resistivity). 

[0040] As a general rule, an operating frequency is chosen 
by using the skin depth relation de?ned by equation (8) such 
that it Will produce a skin depth about half the distance 
betWeen the boreholes. In other Words, the separation 
betWeen the boreholes should generally be tWice the skin 
depths. This is shoWn quantitatively as folloWs: 

p (9) 
Separation, R, = 26 = 1000 7 

[0041] Where R is the separation betWeen the boreholes in 
meters and p is the formation resistivity in Ohm-m. Once a 
frequency is selected by using equation (10), the magnetic 
moment for the transmitter Will be knoWn. With the mag 
netic moment, the magnetic ?eld level can then be estimated 
using equation This magnetic ?eld Will be multiplied by 
the attenuation factor as described above to estimate the 
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minimum ?eld for the farthest diagonal separation betWeen 
the receiver and the transmitter. If the minimum ?eld is 
above the system noise level (e.g., those shoWn in Table 1), 
then the frequency is suitable. If the minimum signal level 
falls beloW the system noise level, the operating frequency 
should be reduced. It is preferred to reduce the frequency 
than to collect incomplete data pro?les. 

[0042] If one of the boreholes (e.g., 12a) is cased With a 
conductive liner (e.g., 16a; see FIG. 3), calculations should 
include casing attenuation effects because a conductive liner 
effectively “shields” a transmitter from a receiver. Table 2 
provides estimates of the signal attenuation due to a “typi 
cal” oil ?eld conductive liner (e.g., steel casing). To use this 
table, multiply the expected ?eld by the corresponding 
coef?cient given in the table. Using the example discussed 
above, it is found that the liner attenuation at 190 HZ is 
0.005, and about 0.004 at 200 HZ. The minimum expected 
vertical magnetic ?eld (BZ) from the above example (at 200 
HZ), therefore, can be determined using the equation: 
BZz0.0016><0.004 z6.4><10_6 nT (or 6.4 Note that this 
value is approaching the noise level listed in Table 1, and it 
Would be preferred to decrease the operating frequency to a 
loWer frequency (e.g., 90 HZ). 

TABLE 2 

Frequency Attenuation 

1 1.0 
5 .9 

10 .6 
24 .3 
45 .1 
90 .08 
190 .005 
370 .001 
759 .00001 

1848 .0000001 

[0043] In addition to general attenuation, the conductive 
casings present further problems because they are often not 
perfectly homogenous. As discussed above, such inhomo 
geneity renders the prior art correction methods impractical. 
One embodiment of the present invention permits correction 
of these casing effects by the presence of an auxiliary 
receiver 54 in the proximity of transmitter 20 (see FIG. 2). 
In this embodiment, the presence of auxiliary receiver 54 
permits detection of a magnetic ?eld that is solely dependent 
on the casing properties, but not on the formation properties. 
This magnetic ?eld can then be used to correct casing effects 
in the magnetic ?eld that is sensed by receiver 24. Speci? 
cally, a magnetic ?eld B8 is induced in the auxiliary receiver 
54. The magnetic ?eld B8 is proportional to the effective 
magnetic moment, Meg, of transmitter 20 and can be 
expressed as folloWs: 

[0044] Where KT is a function of the separation betWeen 
auxiliary receiver 54 and transmitter 20, as Well as the 
properties of conductive liner 16a. Because auxiliary 
receiver 54 is inside liner 16a and in close proximity (e.g., 
20.5 m) to transmitter T, the ?eld Ba sensed by auxiliary 
receiver 54 is dominated by the properties of the conductive 
liner 16a, Whereas the in?uence from the formation prop 
erties is negligible. Close proximity refers to a distance 
Within Which the magnetic ?eld sensed by auxiliary receiver 
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54 is in?uenced only by the conductive casing, but not by the 
formation. This distance is typically less than a feW meters 
from transmitter 20. In contrast, if auxiliary receiver 54 is far 
aWay (e.g., 210 m) from transmitter 20, the magnetic ?eld 
sensed by auxiliary receiver 54 Will also depend on the 
formation properties. 

[0045] Auxiliary receiver 54 is preferably placed in close 
proximity to transmitter 20, for example less than 0.5 meter. 
In this case, KT is not a function of the formation properties. 
With a ?xed separation betWeen auxiliary receiver 54 and 
transmitter 20, KT becomes a function of only the conduc 
tive liner properties (e.g., radius, thickness, conductivity, 
and permeability). The factor KT could presumably be 
calculated given the properties of conductive liner 16a and 
the dimensions and properties of transmitter 20. It is pre 
ferred, hoWever, to experimentally determine KT by placing 
transmitter 20 inside a representative piece of a conductive 
liner and determining MSEE by measuring the magnetic ?eld, 
B, outside the conductive casing, in free space, at a distance 
of a feW meters. In this case, the medium outside the casing 
is air, Which has essentially Zero conductivity. The ?eld 
measured by the outside receiver Will be that from the 
transmitter attenuated by the conductive casing, With no 
contribution from the outside medium. It should be noted 
that KT need not be accurately determined, nor need it re?ect 
variations in the properties of an inhomogeneous liner. That 
KT need not be accurately determined Will become apparent 
from later discussion. Once KT is determined, the effects of 
the properties of conductive liner 16a may be compensated 
for When sensing a magnetic ?eld With a receiver disposed 
far (2 10 m) aWay from transmitter 20. Note that this 
receiver could be a receiver (not shoWn) disposed in the 
same borehole 12a or a receiver (e.g., receiver 24) disposed 
in borehole 12b. In other Words, embodiments of the inven 
tion are applicable in either single borehole or cross-bore 
hole tomography. 

[0046] The folloWing discussion assumes application of 
the invention in cross-borehole tomography; this discussion 
is equally applicable to single-hole applications. The mag 
netic ?eld BI sensed by receiver 24 in borehole 12b is a 
function of both the effective moment, Meg, and the geo 
logical formation resistivity as folloWs: 

[0047] Where kfis a function of both the conductive liner 
properties and the formation resistivity. This is in contrast to 
KT, Which describes the magnetic ?eld Ba sensed by auxil 
iary receiver 54 and is a function of conductive liner 
properties only (i.e., KT is independent of formation resis 
tivity). 

[0048] From equation (12), the factor kfmay be derived as 
folloWs: 

B, B, (13) 

kf B, (14) 

[0049] Where the value of the effective magnetic moment, 
Meg, is substituted from equation (10). It is apparent from 
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equation (14) that contribution of conductive liner properties 
Will cancel out in the ratio 

/(f B, 
K—T or 7a 

[0050] leaving only the contribution of formation resistiv 
ity. This is true even if the conductive liner is not perfectly 
homogeneous. In other Words, any changes in the casing 
properties While transmitter 20 or receiver 24 travel up and 
doWn the borehole (e.g., due to inhomogeneous casing) Will 
shoW up in both BI and Ba and be cancelled out in the ratio 

R. 
Ba I 

[0051] Thus, by providing auxiliary receiver 54 in the 
same borehole in close proximity to transmitter 20, the 
present invention provides a convenient Way to cancel out 
changes in casing properties using the measurement of Ba 
from auxiliary receiver 54 and equation (13). Furthermore, 
because of such cancellation, the value of KT, as pointed out 
earlier, need only be knoWn approximately from calculations 
or measurements on a representative segment of casing. 

[0052] In addition to frequency, other important survey 
parameters include the length of the data pro?les and the 
spacing betWeen receiver points. These parameters deter 
mine the duration of the ?eld survey as Well as the resolution 
of the images. Ideally, individual data pro?les should be 
tWice as long as the borehole separation and the spacing 
betWeen receiver data points should be about ?ve percent 
(5%) of the Well separation. For example, Were the bore 
holes spaced 200 meters apart, the pro?les should be 400 
meters long (along the axial length of the borehole) With a 
receiver 24 spaced every 10 meters in each of the boreholes. 
Note that data are collected continuously as the transmitter 
moves in one of the boreholes, so the physical spacing 
betWeen transmitter readings is much closer than spacing 
betWeen the transmitter 20 and receiver 24. 

[0053] Sometimes the imaging target lies Within a 
restricted depth interval. For example, a particular oil sand 
undergoing Water ?ooding. In this case the tomography can 
be substantially focused on this interval and the pro?le 
length reduced. It is recommended that a pro?le length equal 
to the distance betWeen Wells and a receiver spacing of ?ve 
percent (5%) of the borehole spacing in the region of 
interest, but ten (10%) above or beloW these depths. The 
resulting image Will provide good detail in the region of 
interest but less above or beloW. 

[0054] Additionally, there are often physical restrictions 
on a survey. For example, imaging boreholes are frequently 
completed to the depth of the primary hydrocarbon bearing 
Zone. It is useful, hoWever, to extend the measurements to 
beloW this interval, but this is not possible if existing Wells 
are utiliZed. The output of images taken under these less than 
ideal conditions is not alWays predictable. Usually the 
resolution is someWhat reduced as compared to full cover 
age data, but often the data are suf?cient for resolving large 
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scale structures. In addition, these data are often still quite 
valuable for process monitoring applications, such as in 
Water or steam ?oods. 

[0055] During operation, receiver 24 is positioned at vari 
ous ?xed depths Within the borehole 12b, While transmitter 
20 is pulled up continuously at a constant rate, vice versa. 
Therefore, for every position of receiver 24, there are 
measurements made at a plurality of positions of transmitter 
20, de?ning a run of data. Aplurality of runs of data is taken, 
With receiver 24 positions at different depths for each run. In 
this manner, one complete set of tomography data Within the 
depth range of interest is achieved. Usually, the intervals 
betWeen different positions of receiver 24 is about 5% of the 
distance betWeen the boreholes. Receiver 24 may be ?rst 
moved by tWice this interval at a plurality of positions. After 
the desired region has been measured, receiver 24 is moved 
back to acquire the data at points equal-distance from 
adjacent positions of the aforementioned plurality of posi 
tions. 

[0056] During data acquisition, procedures should be 
undertaken to ensure high quality measurements. To that 
end, initial tests may include the magnetic ?elds generated 
and sensed by system 19 With both transmitter 20 and 
receiver 24 suspended in ambient above the boreholes. This 
facilitates determining the primary magnetic ?eld Without 
the effect of the earth. 

[0057] In addition, a linearity test may be conducted after 
transmitter 20 and receiver 24 have been loWered in their 
respective borehole. A measurement at the standard operat 
ing voltage is made, folloWed by a second measurement at 
a loWer voltage. The ratio of the resultant magnetic ?elds to 
the transmitter ?ux should be Within about ten percent for 
each voltage level. If the ratios differ by more than 30 
percent, there is probably a system ground loop. This may be 
related to the grounding of the logging cable and can often 
be repaired. 

[0058] After passing the linearity and primary ?eld tests, 
normal logging operations may commence. It is preferred 
that the initial tWo logging runs be reserved for a repeat 
ability test. These back-to-back logs should agree to Within 
about one percent in amplitude and about one degree in 
phase for logging to proceed. “Warm” transmitter 20 and 
receiver 24 response should be Within the one percent 
tolerance. Tests may also be performed during logging. 

[0059] Tests may also be conducted on the measurements 
after the data collection is complete. One such test is referred 
to as a pro?le tie in Which transmitter 20 is maintained at a 
?xed position near the top of the pro?le and sequentially 
moves receiver 24 to all of the depths it previously occupied 
during the analysis. A careful measurement is made at each 
depth of receiver 24. This procedure is then repeated for a 
second position of transmitter 20 Within the borehole. The 
measurements made during the pro?le tie are used to tie the 
individual pro?les together. 

[0060] An additional test conducted on the measurements 
is referred to as a reciprocity test. It is preferred to perform 
a reciprocity test When the logging data repeats Well, but 
does not ?t to a layered model or folloWs the usual appear 
ance of pro?le data. This reciprocity test involves exchang 
ing the positions of transmitter 20 and receiver 24. It is 
preferred to measure reciprocity by establishing at least 



US 2004/0145370 A1 

three positions at known depths, in the boreholes: shallow, 
intermediate and deep. Measurements are then made With 
transmitter 20 and receiver 24 in each position in each 
borehole. This involves measuring the data in the present 
logging position and then interchanging the transmitter 20 
and the receiver 24 and making the measurements a second 
time. These measurements serve to test the depth control of 
system 19, as Well as the stability and linearity of the signals 
propagating betWeen transmitter 20 and receiver 24. 

[0061] Although the foregoing has been described With 
only borehole 12a being lined With a conductive liner 16a, 
in practice either borehole 12a or 12b, or both may be lined. 
An analogous technique may be employed to determine the 
reduction in the magnetic ?eld sensed by receiver 24 by 
conductive liner 16b. As before, the incident magnetic ?eld 
induces a current in conductive liner 16b, Which acts accord 
ing to LenZ’s laW to reduce the magnetic ?eld inside the 
borehole 12b. That is, conductive liner 16b shields receiver 
24 from the incident magnetic ?eld in a Way similar to hoW 
conductive liner 16a shields and attenuates the magnetic 
?eld generated by transmitter 20. 

[0062] The effects of conductive liner 16b may be deter 
mined by the presence of an auxiliary transmitter 72 in close 
proximity to receiver 24, as shoWn in another embodiment 
of the present invention (see FIG. 3). The magnetic ?eld 
generated by transmitter 72 is reduced by a factor kRC When 
it is detected by receiver 24, Where kRC depends on the 
properties of the conductive liner 16b. Similarly, an external 
?eld, BO, Will be reduced by some factor kR When detected 
by receiver 24, Where kR depends on both the properties of 
conductive liner 16b and the properties of the formation. 
Thus, this constant may be reWritten as kR=[3kRc, Where [3 
is a constant that is independent of the properties of the 
conductive liner 16b. 

[0063] Because auxiliary transmitter 72 uses an active 
source to generate an easily measurable ?eld for determining 
kRc, it should be operated at a frequency (fO+Af) slightly 
different from that (f0) of transmitter 20. HoWever, kRC is 
frequency dependent. Therefore, kRC determined at fre 
quency fO+Af should be extrapolated back to frequency f0. 
In practical implementation, kRC are determined at tWo 
frequencies each on either side of f0 (i.e., fO+Af and fO—Af). 
Then, linear interpolation of these tWo measurements are 
performed to arrive at an accurate measure of kRC at f0. 

[0064] As in the case of transmitter 20, calibration for the 
system may be achieved by placing receiver 24 and auxiliary 
transmitter 72 inside a representative piece of a conductive 
liner located in free space and subjecting it to a knoWn 
magnetic ?eld at a knoWn distance. At the same time the 
magnetic ?eld is measured to derive at constant kR. Asimilar 
determination is made With a ?eld generated by auxiliary 
transmitter 72. This measurement Would establish the value 
of kRc. With kR and kRC knoWn, the correction factor for the 
conductive liner can be then determined. 

[0065] While the embodiments shoWn in FIG. 2 and FIG. 
3 are for single-hole cased applications, the embodiment 
illustrated in FIG. 4 can be used When both boreholes are 
cased With conductive materials. In this embodiment, system 
19 includes both an auxiliary receiver 54 and an auxiliary 
transmitter 72 (see FIG. 4). Thus, auxiliary receiver 54 can 
be used to correct the effects of the inductive liner 16a, While 
auxiliary transmitter 72 can be used to correct the effects of 
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the inductive liner 16b. The procedures for performing such 
corrections are the same as described above. 

[0066] The magnetic ?eld data obtained from the tomog 
raphy are used in electromagnetic (EM) modeling to derive 
the resistivity distribution betWeen the boreholes. EM mod 
eling may employ approximate methods for forWard solu 
tions or use a least square inversion technique to ?t the data. 
These techniques are Well knoWn in the art, and any such 
technique may be used. In this process, it may be more 
convenient to assume a cylindrical symmetry and Born 
approximation (loW contrast scattering). Alternatively, a 
tWo-dimensional rectangular geometry may be assumed and 
more general loW scattering assumption may be included. In 
one method, a three-dimensional EM modeling is used, 
though this approach requires more computer resources. 

[0067] While the invention has been described using a 
limited number of embodiments, those skilled in the art, 
having the bene?t of this disclosure, Will appreciate that 
other variations are possible Without departing from the 
scope of the invention as disclosed herein. Accordingly, the 
scope of the invention should be limited only by the attached 
claims. 

What is claimed is: 
1. An electromagnetic tomography system for determin 

ing properties of a geological formation penetrated by at 
least one borehole lined With a conductive tubular, compris 
mg: 

a transmitter disposed in the at least one borehole and 
adapted to induce a magnetic ?eld; 

a ?rst receiver disposed in the at least one borehole and 
adapted to detect a magnetic ?eld induced in the 
conductive tubular by the transmitter; and 

a second receiver adapted to detect a magnetic ?eld 
induced in the geological formation by the transmitter. 

2. The electromagnetic tomography system of claim 1, 
Wherein the ?rst receiver is disposed at a distance from the 
transmitter selected so that the ?rst receiver is mainly 
sensitive to the magnetic ?eld induced in the conductive 
tubular by the transmitter. 

3. The electromagnetic tomography system of claim 2, 
Wherein the distance is no more than 0.5 meter. 

4. The electromagnetic tomography system of claim 1, 
Wherein the second receiver is disposed in the at least one 
borehole at a distance from the transmitter selected so that 
the second receiver is primarily sensitive to the magnetic 
?eld induced in the geological formation by the transmitter. 

5. The electromagnetic tomography system of claim 4, 
Wherein the distance betWeen the second receiver and the 
transmitter is at least 10 meters. 

6. The electromagnetic tomography system of claim 1, 
Wherein the second receiver is disposed in a second bore 
hole. 

7. The electromagnetic tomography system of claim 1, 
further comprising a second transmitter disposed at a dis 
tance from the second receiver selected so that the second 
receiver is mainly sensitive to a magnetic ?eld induced in the 
conductive tubular by the second transmitter. 

8. An electromagnetic tomography system for determin 
ing properties of a geological formation penetrated by at 
least one borehole lined With a conductive tubular, compris 
mg: 
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a ?rst transmitter adapted to induce a magnetic ?eld in the 
geological formation; 

a receiver disposed in the at least one borehole and 
adapted to detect the magnetic ?eld induced in the 
geological formation by the ?rst transmitter; and 

a second transmitter disposed in the same borehole as the 
receiver at a distance from the receiver selected so that 
the receiver is mainly sensitive to a magnetic ?eld 
induced in the conductive tubular by the second trans 
mitter. 

9. The electromagnetic tomography system of claim 8, 
Wherein the distance betWeen the receiver and the second 
transmitter is no more than 0.5 meter. 

10. The electromagnetic tomography system of claim 8, 
Wherein the ?rst transmitter is disposed in the same borehole 
as the receiver at a distance selected so that the receiver is 
primarily sensitive to the magnetic ?eld induced in the 
geological formation by the ?rst transmitter. 

11. The electromagnetic tomography system of claim 10, 
Wherein the distance betWeen the receiver and the ?rst 
transmitter is at least 10 meters. 

12. The electromagnetic tomography system of claim 8, 
Wherein the ?rst transmitter is disposed in a second bore 
hole. 

13. An electromagnetic tomography system for determin 
ing properties of geological formation penetrated by at least 
one borehole lined With a conductive tubular, comprising: 

a means disposed in the at least one borehole for inducing 
a magnetic ?eld; 

a ?rst means for detecting a magnetic ?eld induced in the 
conductive tubular, the ?rst means being disposed in 
the same borehole as the means for inducing the 
magnetic ?eld; and 

a second means for detecting a magnetic ?eld induced in 
the geological formation. 

14. A method for determining a conductive tubular cor 
rection constant for use in electromagnetic induction tomog 
raphy in a borehole lined With a conductive tubular, com 
prising: 

generating a magnetic ?eld inside a representative piece 
of the conductive tubular; 

determining a ?rst magnetic ?eld amplitude inside the 
representative piece of the conductive tubular at a 
location proXimate to a position of the generating the 
magnetic ?eld; 

determining a second magnetic ?eld amplitude outside the 
representative piece of the conductive tubular; and 

deriving the conductive tubular correction constant from 
a ratio of the ?rst magnetic ?eld amplitude and the 
second magnetic ?eld amplitude. 

15. The method of claim 14, Wherein the representative 
piece of the conductive tubular is disposed in a medium 
having substantially Zero conductivity. 

16. A method for determining a conductive tubular cor 
rection constant for use in electromagnetic induction tomog 
raphy in a borehole lined With a conductive tubular, com 
prising: 

generating a ?rst magnetic ?eld inside a representative 
piece of the conductive tubular; 
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determining an amplitude of a ?rst magnetic ?eld inside 
the representative piece of the conductive tubular at a 
location proximate to a position of the generating the 
?rst magnetic ?eld; 

determining an amplitude of a second magnetic ?eld 
inside the representative piece of the conductive tubu 
lar, the second magnetic ?eld being generated outside 
the representative piece of the conductive tubular; and 

deriving the conductive tubular correction constant from 
a ratio of the ?rst magnetic ?eld amplitude and the 
second magnetic ?eld amplitude. 

17. The method of claim 16, Wherein the representative 
piece of the conductive tubular is disposed in a medium 
having substantially Zero conductivity. 

18. A method for determining properties of a geological 
formation penetrated by at least one borehole lined With a 
conductive tubular, comprising: 

generating a magnetic ?eld inside a representative piece 
of the conductive tubular; 

determining a ?rst magnetic ?eld amplitude inside the 
representative piece of the conductive tubular at a 
location proximate to a position of the generating the 
magnetic ?eld inside the representative piece of the 
conductive tubular; 

determining a second magnetic ?eld amplitude outside the 
representative piece of the conductive tubular; 

deriving a conductive tubular correction constant from a 
ratio of the ?rst magnetic ?eld amplitude and the 
second magnetic ?eld amplitude; 

generating a magnetic ?eld in the geological formation 
from Within the at least one borehole; 

measuring a reference magnetic ?eld amplitude inside the 
at least one borehole; 

measuring a formation magnetic ?eld amplitude at a 
distance from a position of the generating the magnetic 
?eld in the geological formation selected so that the 
formation magnetic ?eld amplitude is related to the 
magnetic ?eld strength in the geological formation; 

correcting the reference magnetic ?eld amplitude mea 
surement and the formation magnetic ?eld amplitude 
measurement using the conductive tubular correction 
constant; and 

deriving a formation property from the corrected refer 
ence magnetic ?eld amplitude measurement and the 
corrected formation magnetic ?eld amplitude measure 
ment. 

19. The method of claim 18, Wherein the measuring a 
formation magnetic ?eld amplitude comprises measuring 
inside the at least one borehole. 

20. The method of claim 18, Wherein the selected distance 
is at least 10 meters. 

21. The method of claim 18, Wherein the measuring a 
formation magnetic ?eld amplitude in the geological forma 
tion comprises measuring from a second borehole. 

22. The method of claim 21, further comprising repeating 
the measuring a formation magnetic ?eld amplitude at a 
plurality of aXial positions along the second borehole. 
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23. The method of claim 18, further comprising repeating 
the generating a magnetic ?eld in the formation at a plurality 
of aXial positions along the at least one borehole. 

24. The method of claim 18, Wherein the deriving a 
formation property comprises at least one of least square 
inversion and three-dimensional electromagnetic modeling. 

25. The method of claim 18, Wherein the formation 
property comprises resistivity. 
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26. The method of claim 18, Wherein the generating a 
magnetic ?eld comprises generating an alternating magnetic 
?eld at a selected frequency. 

27. The method of claim 26, Wherein the selected fre 
quency is optimiZed based on geological formation resistiv 
ity and a separation betWeen a position of the generating the 
magnetic ?eld in the geological formation and a position of 
the measuring the formation magnetic ?eld amplitude. 

* * * * * 


