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(57) ABSTRACT

A resistivity device for downhole use with a nonconducting
mud 1njects a current at a frequency suiliciently high to pass
capacitively through the mud and a mud cake into the forma-
tion. The frequency 1s further selected so that the impedance
due to the dielectric constant of the formation 1s small com-
pared to the formation resistivity. Dual frequency measure-
ments may be used to further mimimize the effects of the mud
and mud cake resistivity. When multiple frequency measure-
ments are used, frequency focusing may be used to get an
estimate of formation resistivity that 1s independent of near
borehole effects.

14 Claims, 7 Drawing Sheets
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APPARATUS AND METHOD FOR
WELLBORE RESISTIVITY
MEASUREMENTS IN OIL-BASED MUDS
USING CAPACITIVE COUPLING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCES TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 09/836,980 filed on Apr. 18, 2001, now
U.S. Pat. No. 6,714,014 and also claims priority from U.S.
Provisional Application Ser. No. 60/3353,245 filed on 1 Feb.
2002.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This imnvention generally relates to explorations for hydro-
carbons mvolving electrical investigations of a borehole pen-
etrating an earth formation. More specifically, this invention
relates to highly localized borehole investigations employing,
the introduction and measuring of individual survey currents
injected 1nto the wall of a borehole by capacitive coupling of
clectrodes on a tool moved along the borehole with the earth
formation.

2. Background of the Art

Electrical earth borehole logging 1s well known and varti-
ous devices and various techniques have been described for
this purpose. Broadly speaking, there are two categories of
devices used 1n electrical logging devices. In the first cat-
egory, a measure electrode (current source or sink) are used 1n
conjunction with a diffuse return electrode (such as the tool
body). A measure current flows 1n a circuit that connects a
current source to the measure electrode, through the earth
formation to the return electrode and back to the current
source 1n the tool. In 1inductive measuring tools, an antenna
within the measuring instrument induces a current flow
within the earth formation. The magmtude of the imduced
current 1s detected using either the same antenna or a separate
receiver antenna. The present invention belongs to the first
category.

There are several modes of operation: 1n one, the current at
the measuring electrode 1s maintained constant and a voltage
1s measured while 1 the second mode, the voltage of the
clectrode 1s fixed and the current flowing from the electrode 1s
measured. Ideally, it 1s desirable that 1f the current 1s varied to
maintain constant the voltage measured at a monitor elec-
trode, the current 1s inversely proportional to the resistivity of
the earth formation being investigated. Conversely, 1t 1s desir-
able that 1f this current 1s maintained constant, the voltage
measured at a monitor electrode 1s proportional to the resis-
tivity of the earth formation being investigated. Ohm’s law
teaches that if both current and voltage vary, the resistivity of
the earth formation 1s proportional to the ratio of the voltage
to the current.

Birdwell (U.S. Pat. No. 3,365,638) teaches the use of a
focused electrode for determination of the resistivity of sub-
surface formations. A survey current 1s emitted from a central
survey electrode into adjacent earth formations. This survey
current 1s focused into a relatively narrow beam of current
outwardly from the borehole by use of a focusing current
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emitted from nearby focusing electrodes located adjacent the
survey electrode and on either side thereof. Ajam et al (U.S.
Pat. No. 4,122,387) discloses an apparatus wherein simulta-
neous logs may be made at different lateral distances through
a formation from a borehole by guard electrode systems
located on a sonde which 1s lowered into the borehole by a
logging cable. A single oscillator controls the frequency of
two formation currents flowing through the formation at the
desired different lateral depths from the borehole. The armor
of the logging cable acts as the current return for one of the
guard electrode systems, and a cable electrode 1n a cable
clectrode assembly immediately above the logging sonde acts
as the current return for the second guard electrode system.
Two embodiments are also disclosed for measuring reference
voltages between electrodes 1n the cable electrode assembly
and the guard electrode systems

Techniques for investigating the earth formation with

arrays ol measuring electrodes have been proposed. See, for
example, the U.S. Pat. No. 2,930,969 to Baker, Canadian Pat.

No. 685,727 to Mann et al. U.S. Pat. No. 4,468,623 to (Gian-
zero, and U.S. Pat. No. 5,502,686 to Dory et al. The Baker
patent proposed a plurality of electrodes, each of which was
formed of buttons which are electrically joined by flexible
wires with buttons and wires embedded 1n the surface of a
collapsible tube. The Mann patent proposes an array of small
electrode buttons either mounted on a tool or a pad and each
of which introduces in sequence a separately measurable
survey current for an electrical investigation of the earth for-
mation. The electrode buttons are placed 1n a horizontal plane
with circumiferential spacings between electrodes and a
device for sequentially exciting and measuring a survey cur-
rent from the electrodes 1s described.

The Gianzero patent discloses tool mounted pads, each
with a plurality of small measure electrodes from which 1ndi-
vidually measurable survey currents are injected toward the
wall of the borehole. The measure electrodes are arranged in
an array in which the measure electrodes are so placed at
intervals along at least a circumiferential direction (about the
borehole axis) as to 1inject survey currents mto the borehole
wall segments which overlap with each other to a predeter-
mined extent as the tool 1s moved along the borehole. The
measure electrodes are made small to enable a detailed elec-
trical investigation over a circumierentially contiguous seg-
ment of the borehole so as to obtain indications of the stratig-
raphy of the formation near the borehole wall as well as
fractures and their orientations. In one techmque, a spatially
closed loop array of measure electrodes 1s provided around a
central electrode with the array used to detect the spatial
pattern of electrical energy injected by the central electrode.
In another embodiment, a linear array of measure electrodes
1s provided to 1nject a tlow of current into the formation over
a circumierentially effectively contiguous segment of the
borehole. Discrete portions of the tlow of current are separa-
bly measurable so as to obtain a plurality of survey signals
representative of the current density from the array and from
which a detailed electrical picture of a circumierentially con-
tinuous segment of the borehole wall can be derived as the
tool 1s moved along the borehole. In another form of an array
of measure electrodes, they are arranged 1n a closed loop,
such as a circle, to enable direct measurements of orientations
of resistivity of anomalies

The Dory patent discloses the use of an acoustic sensor 1n
combination with pad mounted electrodes, the use of the
acoustic sensors making it possible to fill in the gaps 1n the
image obtained by using pad mounted electrodes due to the
fact that 1n large diameter boreholes, the pads will necessarily
not provide a complete coverage of the borehole.
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U.S. Pat. No. 3,973,181 to Calvert teaches a method and
apparatus for investigating earth formations traversed by the

borehole contaiming an electrically nonconductive fluid in
which a system of pad-mounted electrodes are arranged lat-
crally around a well tool. A ligh frequency oscillator is
coupled to the electrodes through a selectively variable
capacitor. As the apparatus 1s passed through the borehole, the
high frequency current produced by the oscillator capaci-
tively couples the electrodes to the formation and provides a
measure of the electrical conductivity or resistivity of the
carth formation.

One major drawback with the use of contact devices inject-
ing electrical currents into a wellbore arises when oil-based
muds are used in drilling. O1l-based muds must be used when
drilling through water soluble formations: an increasing num-
ber of present day exploration prospects lie beneath salt lay-
ers. O1l has a high electrical resistivity and even a thin film of
o1l can greatly reduce the effectiveness of conduction-based
devices for determination of formation resistivities.

Co-pending U.S. patent application Ser. No. 09/836,980 of
Evans et al. having the same assignee as the present applica-
tion and the contents of which are fully incorporated herein by
reference, teaches an apparatus and method based on the use
of high frequency measurements for 1njecting measure cur-
rents into the formation. One embodiment of the device and
method taught 1n the Evans 980 application uses a carrier
frequency that 1s sufficiently high to capacitively couple the
measure electrodes to the formation through the nonconduct-
ing mud. By modulating the carrier current at a frequency
used 1n prior art resistivity imaging devices, it 1s possible to
get measurements ol formation resistivity with relatively
minor changes in the hardware of prior art resistivity devices,
the main modification being a modulator for producing the
measure currents demodulator for demodulation of the mea-
sure currents.

It would be desirable to have a simple apparatus and
method of determination of formation resistivity that may be
used with oil-based muds that does not require complex
modulation and demodulation circuitry. The present inven-
tion satisfies this need.

SUMMARY OF THE INVENTION

One embodiment of the present mnvention 1s an apparatus
for use 1n a borehole for obtaining a resistivity parameter of an
carth formation penetrated by the borehole, the borehole hav-
ing a substantially nonconducting tluid (drilling mud) having
a dielectric constant therein. The apparatus comprises a
downhole tool including at least one measure electrode
capacitively coupled to the earth formation through the non-
conducting fluid. The at least one measure electrode conveys
a measure current from a current source into the formation.
The frequency of the measure current 1s selected to make an
impedance caused by the dielectric constant of the drilling
mud and mud cake to be substantially less than the resistivity
of the drnilling mud and mud cake. A measure signal is
obtained that 1s indicative of the current in the at least one
measure electrode, and/or the voltage of the measure elec-
trode. A processor may be used for processing the measure
signal and obtaining the resistivity parameter. The frequency
1s Turther selected so that the impedance caused by the dielec-
tric constant of the formation 1s less than the formation resis-
tivity.

The measure electrode may be carried on and 1nsulated
from a conducting pad. The pad 1s used for focusing the
measure current into the formation. Optionally, an array of
clectrodes may be used for obtaining a resistivity image.
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In an alternate embodiment of the invention, measure-
ments may be carried out at two different frequencies. This
give aresult that further reduces the effects of the mud cake on
the determined resistivity.

In yet another embodiment of the invention, measurements
are made at a plurality of frequencies and multifrequency
focusing 1s used to determine the formation resistivity.

BRIEF DESCRIPTION OF THE FIGURES

The present invention 1s best understood by reference to the
following figures wherein like numbers refer to like compo-
nents, and wherein:

FIG. 1 1s a circuit diagram representing a formation resis-
tivity device according to the present invention.

FIG. 2 shows a comparison of signals representative of the
measure current and the voltage for the circuit of FIG. 1 for a
1 kHz sinusoidal excitation signal.

FIG. 3 shows a comparison of signals representative of the
measure current and the voltage for the circuit of FIG. 1 for a
10 kHz sinusoidal excitation signal.

FIG. 4 shows a comparison of signals representative of the
measure current and the voltage for the circuit of FIG. 1 for a
10 kHz square wave excitation.

FIG. § (Prior Art) shows a schematic illustration of a prior
art imaging tool 1n a borehole.

FIG. 6 illustrates a model used for deriving the impedance
of an 1imaging tool.

FIGS. 7a-71 1llustrate the impedance of a measure elec-
trode at a frequency of 1 kHz.

FIGS. 8a-81 illustrate the impedance of a measure elec-
trode at a frequency of 10 kHz.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 1s a circuit diagram illustrating the methodology of
formation resistivity measuring devices. A measure electrode
depicted by 3 injects a measure current mto a formation
denoted by 7 having a resistivity R... This current 1s supplied
by a current source 1. The current from the formation returns
(not shown) through a return electrode (ground) denoted by 7.
Typically, a voltage drop 11 across a resistor 10 1n the circuit
1s used as an indication of the measure current. By measuring
the voltage drop 13 between the measure electrode and the
return electrode, information 1s dertved about the impedance
encountered by the current between the measure electrode
and the ground.

This impedance, as noted above, includes the desired for-
mation resistivity R . In addition, there 1s also an impedance 5
between the measure electrode 3 and the formation 7. In water
based (conductive) muds, this impedance 1s almost entirely
resistive and 1s caused by the mud cake and any invasion of the
borehole tluid into the formation. However, 1n oil-based (non
conductive) muds, the impedance between the measure elec-
trode 3 and the formation 7 1s primarily capacitive, denoted by
a capacitance M . This capacitance manifests itseltf 1n a phase
shift between the measure current signal and the voltage drop
from the measure electrode to ground. This 1s seen 1 FIG. 2
which shows a phase shiit between the signals 11' and 13' for
a sinusoidal current of 1 kHz. This frequency 1s typical of
prior art formation resistivity measurement devices. The
curves 1 FIG. 2 are normalized independently to emphasize
the phase shiit: in reality, there could be differences of several
orders ol magnitude between the two signals.

Turming now to FIG. 3, the signals 11" and 13" for a
sinusoidal current of 10 kHz are shown. The phase shift
between the two signals 1s seen to be much smaller. This 1s
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due to the fact that at the higher frequency of 10 kHz, the
elfect of the capacitance 1s less than at 1 kHz. This suggests
that by using higher frequencies, 1t would be possible to get

signals indicative of the formation resistivity. This 1s con-
firmed 1n FIG. 4 which shows the signals 11" and 13™ for a

square wave excitation at 10 kHz. As can be seen, both the
signals rise and fall almost instantaneously: this 1s due to the
fact that a square wave contains a lot of high frequencies that
are essentially unimpeded by the capacitance of the mud. The

use ol higher frequencies forms the basis for the present
invention as described next.

FIG. § 1s a schematic illustration of a portion of a prior art
imaging tool suitable for use with the method of the present
invention. Shown1s a borehole 51 that 1s filled with a borehole

fluid (drilling mud). A mud-cake 53 1s formed between the
borehole fluid and the formation 55. The tool comprises one
or more measure electrodes 59 carried on a conducting pad
57. In the illustration, only two electrodes are shown. As
discussed 1n the Evans *980 application, the actual number of
clectrodes may be much larger and they may be arranged in an
array. The electrodes 59 are separated from each other by
insulator 61. For simplifying the illustration, additional 1nsu-
lation between the electrodes 59 and the pad 51 1s not shown.

In prior art imaging tools, the pad functions as a guard
clectrode and 1s maintained at a potential related to the poten-
tial of the measure electrodes. As would be known to those
versed 1n the art, due to the presence of the guard electrode
and the current flowing into the formation therefrom, the
current from the measure electrodes flows 1n current paths
such as that shown by I and 1s prevented from diverging due
to the focusing current F from the guard electrode. Optionally,
additional focusing electrodes may be used (not shown) as
discussed 1n the Evans "980 application. The current flowing
from the measure electrode is related to the potential V and
the impedance of the electrical circuit 1n which the measure
currents tlow.

When a device such as that shown 1n FIG. 5 1s used with a
water-based drilling mud, the impedance of the mud and the
mudcake 1s relatively small compared to the impedance of the
formation. As would be known to those versed 1n the art, at the
frequencies used 1n prior art devices other than the Evans 980
application, the formation impedance 1s primarily resistive
and from a knowledge of the potential V and the measure
current I, the formation resistivity can be derived.

On the other hand, in o1l-base mud, the measured 1imped-
ance of individual measure electrodes severely depends on
the mud cake parameters. In addition, an o1l {ilm on the pad
surface may completely eliminate the electrical contact
between pad and formation.

The size of a measure electrode 1s associated with the tool
spatial resolution. Usually, the measure electrode radius 1s 1n
the range of 1 to 2 mm that creates a very large ground
resistance. For example, a 2 mm measure electrode on a
typical pad device has the ground resistance of 10,000 €21n a
1 2-m formation or 10 M €2 1n a 1,000 Q2-m formation. This
illustrates the technical challenge of producing a high defini-
tion 1mage 1n a resistive environment

There are several possible ways to overcome the physical
limitation of DC 1maging 1n o1l-base mud. One approach that
has been used 1s to change composition of oil-base mud to
increase the mud cake conductivity. The present invention
and the invention of the Evans 980 application rely on
increasing the frequency to produce capacitive coupling
between pad and formation.

Turning now to FIG. 8, the impedance of the measure
clectrode 1s derived. We consider a model consisting of two
conductive layers 103, 105 enclosed between an insulating
half-space at the top 101 and a perfect conductor at the bottom
107. From the upper boundary, a uniform current 1s injected
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with the surface density, J . A measure electrode of any shape
may be studied by cutting out an appropriate area 109 from
the 1njection plane. The upper halt-space 101 represents a
borehole filled with o1l-base mud. The conductor 107 at the
bottom 1s a current sink. In reality, at a certain distance,
depending on the focusing conditions, current lines diverge.
This provides a finite value for the measure electrode’s K-fac-
tor. To simplify modeling, we 1ntroduce a parallel current
flow. We can change the K-factor by placing the current return
(perfect conductor) at different distances from the borehole. It
1s well known that the K-factor of a cylindrical volume with a
cross section, S, and length, L, 1s defined by the following
equation:

=

where S(1) 1s the cross-sectional area at a distance 1 along the
current path.

The mud cake 103 i1s characterized by a conductivity o,
permittivity €, and thickness h,. Similarly, the formation 105
1s characterized by a conductivity o,, permittivity €,, and
thickness h,. The complex conductivities of the mudcake and
formation are given by

(1)

(2)

V=0, +i0E
and

(3)

V2262+i(ﬂE2

respectively, where mw=2mi(1 being the frequency).

Denoting by E, and E, the electric field 1n the mud cake and
the formation and by V the potential difference between the
measure electrode and the current return (ground 1n FIG. 1),
the following equations result:

Jp=vES (current injected through the electrode)
v E,=v,E, (continuity of current) and

E h;+E>h,=V (overall voltage).

This gives

(4)

Introducing the electrode impedance, we finally obtain:

(5)

vV l(hl hg] 1( h; h» ]
Z = — =] —4+ — | = — - -+ -
I,  S\lvy v S\oy +iwe; 0o +iwe

The first term on the right hand side in eq. (5) represents the
impedance of the mud cake while the second term represents
the impedance of the formation. At low frequencies (w—0),
the measured impedance depends primarily on the mud cake
conductivity and the formation conductivity, 1.¢., 1t does not
depend upon the dielectric constant of the mud cake and the
formation. However, if the mud 1s o1l based (mud cake 1s
resistive), then the measured impedance may become so large
that 1t would be virtually impossible to inject any current into
the formation.

Eq. (5) indicates that we can reduce the mud cake imped-
ance by increasing the frequency m. This can be done by
selecting the frequency such that:

We | ~~0,

(6)



US RE42,493 E

7

While reducing the mud cake impedance, we must also main-
tain the frequency such that the second term 1n eq. (5) depends
mostly on the formation conductivity o,. This leads to the

condition:
(7)

(I)'Ez {{02

Combining egs. (6) and (7) gives the results:

(8)

In an oil-based mud, both inequalities 1n eq. (6) must be
satisfied because o, <<,
Under these conditions, eq. (5) may be written 1n the form:

1T h o h Lwe 9
7~ 2| (1_. 1)+_2(1_ 2)] (9)
S| iwey iug] 0 0>
| _( h» hyoy ] ( hy hrwen ]}
= — |1 — + - — +
S[\oz  (wey)? (VE] o3

Eq. (9) can be written 1n the form:
7=R2)+3(2) (10)

where R(7) and 3(7Z) are the real and imaginary (inphase and
quadrature) parts of the impedance given by:

| hz D'lhl (11)
R = | =
£) S(U'z i (fiUEl)z]
and
| hl hgtdEz (12)
S(Z)=—§(m—£1+ g‘% ]

It should be noted that Calvert only recognizes the necessity
for satisiying eq. (6) and does not recognize problems caused
il the inequality given by eq. (7) 1s not satified.

The following points may be noted about eq. (11) (the real
part of the impedance):

1. The first term depends on formation conductivity and does
not include dielectric permittivity. It exactly represents the
resistivity reading 1n the absence of mud cake.

2. The second term contains only mud cake properties. Impor-
tantly, 1t 1s mversely proportional to the second power of
the frequency.

3. The second term may be eliminated 1n two different ways.
The first way 1s to use a high frequency. The second way to
climinate the second term 1s by combining measurements
at two different frequencies. This 1s given by the following
equation:

. IR Z(w1) — s R Z(wr) 1 hy (13)
B W} — 3 " Soy

Turning now to eq. (12), the quadrature (out of phase)
component of the impedance, the following points may be
noted.

1. With the frequency increase, the formation contribution
(the second term) becomes more significant.

2. While dominating, the formation signal retains dependence
on the formation dielectric constant. This introduces unde-
sirable uncertainty 1n the process of interpretation.

3. Due to eq. (8) the out of phase component 1s typically small
compared to the 1 phase component.
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The points noted above are brought out 1n FIGS. 7-8 which
show exact relationships derived from eq. (5). Calculations
were done for an electrode radius o1 2 mm, K factor 0o1'12,000
m~*, and a relative dielectric constant of 10 for both the mud
and the formation. The relative dielectric constant 1s the ratio
of the permittivity of a medium to that of free space.

Referring now to FIG. 7a, the abscissa 1s the formation
resistivity 1 £2m and the ordinate 1s the R(Z). Values are

plotted for a frequency of 1 kHz. Three curves are shown for
mud cake resistivities of 10 kQm, 100 k{2m and 1000 kQ2m

and a mud cake thickness 01 0.1 mm. As can be seen, the R(Z)
depends not only on the formation resistivity but also on the
resistivity of the mud cake.

FIG. 7b 1s similar to FIG. 7a except that the mud cake
thickness 1s 0.5 mm. Differences between FI1G. 7b and FIG.
7a show that the R(Z) 1s also dependent upon the mud cake
thickness. FIG. 7c 1s a plot of the absolute value of the elec-
trode impedance for a mud cake thickness of 0.1 mm.

Turming now to FIG. 7d, a plot of the dual frequency
impedance determined by eq. (13) for a mud cake thickness of
0.1 mm 1s shown. The dual frequency values were obtained
using measurements at 1 kHz and 2 kHz respectively. FIG. 7e

shows the results of dual frequency measurements for a mud
cake thickness 01 0.2 mm. Finally, FIG. 71 shows a plot of the

ratio of R(Z) to J(7Z).

In summary, FIGS. 7a-71 explain why measurements made
by conventional resistivity imaging tools do not work with o1l
based muds.

Turming now to FIGS. 8a-81, a completely different picture
emerges. The figures are similar to FIGS. 7a-71 with the
significant difference that the operating frequency 1s now 1
MHz (compared to 1 kHz1n FIGS. 7a-71). For arelatively thin
mud cake (FIG. 8a), the R(Z) 1s primarily dependent upon the
formation resistivity except for extremely conductive forma-
tions where some dependence upon the mud cake resistivity 1s
noted. The etfect 1s more noticeable for a thicker mud cake
(0.5 mm 1n FIG. 8b). The amplitude of the impedance (FIG.
8c) shows little variation with mud cake resistivity but does
exhibit a nonlinear dependence upon the formation resistiv-
ity. The dual frequency measurements (FIGS. 8d, 8¢) show
that the measured impedance 1s substantially independent of
mud cake thickness and resistivity and further exhibits the
desirable property of being linearly related to the formation
resistivity.

The dual frequency solution given by eq. (13) 1s a special
case of multifrequency focusing. In an alternate embodiment
of the invention, measurements are made at a plurality of
frequencies m,, w,, 05, ..., .As disclosed in U.S. Pat. No.
5,703,773 to Tabarovsky et al., the contents of which are fully
incorporated herein by reference, the response at multiple
frequencies may be approximated by a Taylor series expan-
s1on of the form:

3/2

1w (14

_ - () . (1) _
Tg (D‘Jl) 1 1 S0
1/2 32 /2
Tglwsr) 1 w; Wy Wy S1/2
G-ﬂ (wm—l ) tdfl?fl PB;’:!;EI e E{El S(H—l:lfz
| U-a(mm) 1 {UUZ MHZ n2 Sp/2
10! m i _

In a preterred embodiment of the invention of the number m
of frequencies w 1s ten. Using the measurements at the m
frequencies, the quantities s,, s,,,, S, are determined. In
eq.(12), n 1s the number of terms 1n the Taylor series expan-
sion. This can be any number less than or equal to m. The
coefficient S,,, of the ®”'* term (w being the square of k, the
wave number) 1s generated by the primary field and 1s rela-
tively unatl

ected by any inhomogeneities 1n the medium sur-
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round the logging instrument, 1.¢., 1t 1s responsive primarily to
the formation parameters and not to the borehole and imnvasion
zone. In fact, the coefficient s,,, of the w”’* term is responsive
to the formation parameters as though there were no borehole
in the formation. This frequency focusing method has been
shown to give reliably consistent results even when there 1s a
significant ivasion of the formation by borehole flmids. In
one embodiment of the invention, a processor controls the
signal generator to provide a measure current at a plurality of
frequencies. The processor then performs a frequency focus-
ing of the apparent conductivity at the plurality of frequencies
to obtain the coetlicients s, ,,. This 1s then used as an estimate
of the formation conductivity.

The invention has further been described by reference to
logging tools that are intended to be conveyed on a wireline.
However, the method of the present invention may also be
used with measurement-while-drilling (MWD) tools, or log-
ging while dnlling (LWD) tools, either of which may be
conveyed on a dnllstring or on coiled tubing.

While the foregoing disclosure 1s directed to the pretferred
embodiments of the invention, various modifications will be
apparent to those skilled in the art. It 1s intended that all
variations within the scope and spirit of the appended claims
be embraced by the foregoing disclosure.

What 1s claimed 1s:

1. An apparatus for use 1n a borehole for obtaining a resis-
tivity parameter of an earth formation penetrated by the bore-
hole, the borehole having a substantially nonconducting fluid
having a dielectric constant therein, the apparatus compris-
ng:

(a) a downhole tool including at least one measure elec-
trode coupled to the earth formation through said non-
conducting fluid, said at least one measure electrode
conveying a measure current from a source thereof into
the formation, said measure current having a frequency
selected to make an impedance caused by said dielectric
constant to be substantially less than a resistivity of said
nonconductive fluid, said frequency being Ifurther
selected to make an impedance caused by a dielectric
constant of said formation to be substantially [less]
greater than a resistivity of said formation;

(b) a device responsive to least one of [(I)]

(1) the current 1n the at least one measure electrode, and,

(11) a voltage of the at least one measure electrode for
producing a measure signal representative of the
resistivity parameter.

2. A method of obtaining a resistivity parameter of an earth
formation penetrated by a borehole having a substantially
nonconducting fluid therein, the method comprising:

(a) conveying a measure current through a measure elec-
trode 1nto the earth formation by capacitive coupling
through the nonconducting fluid, said measure current
having a first frequency selected to make an impedance
caused by said dielectric constant to be substantially less
than a resistivity of said nonconductive fluid, and an
impedance caused by a dielectric constant of said for-
mation to be substantially [less] greater than a resistivity
of said formation; and

(b) determining at least one of [(I)]

(1) the current at the at least one measure electrode, and,

(11) a voltage of the at least one measure electrode for
producing a measure signal representative of the
resistivity parameter.

3. A method of obtaining a resistivity parameter of an earth
formation penetrated by a borehole having a substantially
nonconducting fluid therein, the method comprising:

(a) conveying a measure current through a measure elec-

trode 1nto the earth formation by capacitive coupling
through the nonconducting fluid, said measure current
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having a first frequency selected to make an impedance
caused by said dielectric constant to be substantially less
than a resistivity of said nonconductive tluid;

(b) repeating (a) at a second frequency,

(c) determining at least one of [(I)]
(1) the current at the at least one measure electrode, and,
(1) a voltage of the at least one measure electrode for

producing a measure signal representative of the
resistivity parameter at said first frequency and said
second frequency; and

(d) determining from said measure signals at said first and

second frequencies said resistivity parameter.

4. The method of claim 3 further comprising using a con-
ducting pad for maintaining focusing of said measure current
into the formation.

5. The method of claim 3 wherein the at least one measure
clectrode comprises an array ol measure electrodes, the
method further comprising obtaining a resistivity image of
the formation.

6. The method of claim 3 further comprising selecting said
first frequency for making an impedance caused by a dielec-
tric constant of said formation to be substantially [less]
greater than a resistivity of said formation.

7. The method of claim 3 further comprising using a pro-
cessor for determining from said measure signal said resis-
tivity parameter of the formation.

8. The method of claim 3 further comprising using at least
one of [(I)] (i) a wireline, and, (ii) a drilling tubular, for
conveying said at least one measure electrode into the bore-

hole.

9. The method of claim 3 wherein determining said resis-
tivity parameter further comprises using a processor.

10. The method of claim 9 wherein said processor 1s at a
location selected from (I) a downhole location, and, (II) a
surface location.

11. A method of obtaining a resistivity parameter of an
carth formation penetrated by a borehole having a substan-
tially nonconducting fluid having a dielectric constant
therein, the method comprising:

(a) conveying a measure current through a measure elec-
trode 1nto the earth formation by capacitive coupling
through the nonconducting fluid at a plurality of fre-
quencies, each of said plurality of frequencies selected
to make an impedance caused by said dielectric constant
to be substantially less than a resistivity of said noncon-
ductive fluid;

(b) determining at least one of [(I)] (i) the current at the at
least one measure electrode, and, (11) a voltage of the at
least one measure electrode for producing a measure
signal representative of the resistivity parameter at each
of said plurality of frequencies; and

(c) frequency focusing apparent conductivities derived
from said measure signal at each of said plurality of
frequencies and obtaining said resistivity parameter.

12. The method of claim 11 further comprising selecting
said frequency for making an impedance caused by a dielec-
tric constant of the formation to be substantially [less] greater
than a resistivity of said earth formation.

13. The method of claim 11 wherein said frequency focus-
ing further comprises representing each measured signal at
said plurality of frequencies 1n a Taylor Series expansion.

14. The method of claim 11 wherein said resistivity param-
eter is related to a coefficient of an w>? term in said Taylor
series expansion.
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