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DIRECT DETERMINATION OF FORMATION APPARENT CONDUCTIVITY

FROM EM PROPAGATION MEASUREMENTS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Patent Application No.
63/369,978, which was filed on August 1, 2022, and is incorporated herein by reference in its

entirety.

BACKGROUND

[0002] Electromagnetic logging measurements are commonly made in oilfield operations.
Such measurements may provide formation resistivity and dielectric properties as well as
information about remote geological features (e.g., remote beds, bed boundaries, and/or fluid
contacts) not intercepted by the measurement tool. This information may be used to evaluate
the water saturation and potential hydrocarbon bearing capacity of the formation as well as to
provide information for steering the direction of drilling (e.g., in a geosteering operation).
[0003] Electromagnetic propagation tools normally measure a voltage ratio at two distinct

receivers. The two receivers can be spaced apart on a tool collar or collocated but having
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different moments. In practice, the voltage ratio is often converted to and recorded in the form
of phase shift and attenuation. The phase shift and attenuation raw measurement data are then
further processed to compute formation resistivity. A resistivity transform is a common and
widespread method to compute the formation resistivity. Such a transform is essentially an
inversion processing technique that assumes a homogeneous formation. Fundamental
resistivity logs are commonly generated with this technique for electromagnetic propagation
tools.

[0004] While use of a resistivity transform and other inversion techniques provide a suitable
indication of formation resistivity in many logging operations, there is room for further
improvement. For example, the use of the resistivity transform can obscure the underlying
physics of the measurements, making it difficult to understand and interpret the behavior of
the logs. Moreover, inversion techniques are commonly computationally intensive and time
consuming and are limited by model assumptions regarding the formation. There is a need in
the art for methods of estimating formation resistivity without the use of a resistivity transform

or inversion processing techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] For a more complete understanding of the disclosed subject matter, and advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:
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[0006] FIG. 1 depicts an example drilling system including a disclosed electromagnetic
(EM) propagation tool.

[0007] FIG. 2 depicts one example embodiment of a disclosed EM propagation tool.

[0008] FIG. 3 schematically depicts the EM propagation tool of FIG. 2 deployed in a
dipping, transversely-isotropic, homogeneous formation.

[0009] FIGS. 4A and 4B depict flow charts of example methods for estimating an apparent
resistivity of a subterrancan formation.

[0010] FIGS. 5, 6, and 7 depict plots of apparent conductivities oyygp and oyygrs of the
harmonic resistivity measurement versus conductivity for an isotropic, homogenous formation
at spacing distances of 10 meters (FIG. 5), 20 meters (FIG. 6), and 30 meters (FIG. 7).

[0011] FIGS. 8,9, and 10 depict plots of apparent conductivities of the harmonic resistivity
(FIG. 8), harmonic anisotropy (FIG. 9), and anti-symmetrized directional (FIG. 10)
measurements versus formation conductivity in a dipping, transversely-isotropic and
homogenous formation.

[0012] FIGS. 11, 12, and 13 depict plots of apparent conductivities of the harmonic
resistivity (FIG. 11), harmonic anisotropy (FIG. 12), and anti-symmetrized (FIG. 13)
measurements in a transversely-isotropic and homogenous formation at a high dip angle of 65
degrees.

[0013] FIGS. 14 and 15 depict plots of apparent conductivities of the harmonic resistivity

(FIG. 14) and anti-symmetrized directional (FIG. 15) measurements in a transversely-isotropic
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and homogenous formation having a very a high dip of 85 degrees.

DETAILED DESCRIPTION

[0014] A method is disclosed for estimating an apparent conductivity of a subterranean
formation. The method includes acquiring at least first and second electromagnetic propagation
measurements made using an electromagnetic propagation tool having at least one transmitting
antenna spaced apart from at least one receiving antenna. A ratio is computed using the
measurements and further evaluated to compute the apparent conductivity.

[0015] It will be appreciated that the term apparent conductivity is widely used in the industry
(and has been for decades). The conductivity is referred to as “apparent” because it may not be
exactly the same as the actual (or true) conductivity. Differences between apparent
conductivity and true conductivity may be the result, for example, of the skin-effect, remote
bed boundaries, and/or other heterogeneities in the formation.

[0016] The disclosed methods advantageously process ratios of EM propagation
measurements to estimate an apparent formation conductivity and/or apparent formation
resistivity without using an inversion or a resistivity transform. In particular, the disclosed
processing techniques make use of a derived tool constant that is related to a measurement
frequency and a spacing distance between the transmitting antennas and the receiving antennas
used to make the propagation measurements. The disclosed tool constant and the estimated

apparent conductivity and/or the apparent resistivity may be used to generate apparent
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conductivity and/or apparent resistivity well logs. In some embodiments, the apparent
conductivity may be a phase shift apparent conductivity and/or an attenuation apparent
conductivity. Moreover, advantageous embodiments may compute a sum of a phase shift
apparent conductivity and an attenuation apparent conductivity to compute a skin-effect
corrected apparent conductivity that may provide an accurate representative of the true
formation conductivity.

[0017] By eliminating (obviating) the need to use inversion techniques, the disclosed
embodiments may further advantageously significantly reduce the computational requirements
needed to determine formation conductivity. Moreover, as described in more detail below, the
formation conductivities (referred to as apparent conductivities herein) may be computed using
relatively simple analytical expressions such that the apparent conductivities may be directly
computed using a low power processor. In example embodiments, the apparent conductivities
may be advantageously computed using a processor located downhole in the propagation tool.
[0018] EM propagation measurements may be made by electromagnetically coupling an EM
transmitting antenna and one or more receiving antennas. Propagation logging measurements
enable formation resistivity to be estimated via measuring the propagation effect of the EM
field (i.e., the phase shift and attenuation of the electromagnetic field). The propagation effect
is detectable when the propagation constant or the induction number, namely the ratio of the
spacing distance L (the square of the distance between transmitter and receiver) and the skin

depth & is sufficiently large. Commercial propagation measurements are commonly made at
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relatively high frequencies (e.g., at 400 kHz and 2 MHz) where the skin depth § is small and
the propagation constant is sufficient large that the phase shift and attenuation can be accurately
measured. Deep EM measurements made at lower frequencies (e.g., in a range from 1 kHz to
100 kHz) may also have a sufficiently large propagation constant (owing to the large spacing
distance between the transmitters and receivers) that the phase shift and attenuation can also
be accurately measured. The embodiments disclosed herein may be particularly well suited for
such deep EM measurements.

[0019] Asis known to those of ordinary skill in the art, coupling an EM transmitting antenna
and one or more receiving antennas may be accomplished by applying a time varying electrical
current (an alternating current at a propagation frequency) in the transmitting antenna to
transmit EM energy into the surrounding environment (including the formation). This is
referred to as “firing” the transmitter. The transmitted energy generates a corresponding time
varying magnetic field in the local environment (e.g., in the tool collar, borehole fluid, and
formation). The magnetic field in turn induces electrical currents (eddy currents) in the
conductive formation. These eddy currents further produce secondary magnetic fields which
may produce a voltage response in a receiving antenna (the EM energy is received, for
example, via measuring the complex-valued voltage in the receiving antenna). Therefore, in
example embodiments, acquiring electromagnetic propagation measurements may be
understood to mean firing a transmitting antenna and receiving corresponding voltages at first

and second collocated receiving antennas (e.g., while rotating in a wellbore).
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[0020] A propagation measurement includes a logarithm of a ratio of at least first and second
voltage measurements, for example, as follows: AT + iPS =In (V;/V,) where V; and V,
represent first and second voltage measurements obtained from first and second distinct
transmitter receiver couplings, and PS and AT represent the phase shift and attenuation of the EM
field. Those of ordinary skill in the art will readily appreciate that such measurements are
commonly made while rotating and translating an EM propagation tool in a wellbore to obtain
a plurality of measurements made at a plurality of corresponding measured depths. The
measurements may be plotted versus measured depth to generate a log or versus measured
depth and toolface angle to generate an image.

[0021] FIG. 1 depicts a schematic drilling rig 20 including a drill string 30 and an example
electromagnetic (EM) propagation tool 50 deployed in the string 30 and disposed within a
wellbore 40. The drilling rig 20 may be deployed in either onshore or offshore applications (an
onshore application is depicted). In this type of system, the wellbore 40 may be formed in
subsurface formations by rotary drilling in a manner that is well-known to those of ordinary
skill in the art (e.g., via well-known directional drilling techniques).

[0022] In the illustrated embodiment, the EM propagation tool 50 may be deployed in a
bottom hole assembly (BHA) 80 and may include a processor configured to execute the
disclosed method embodiments. The BHA 80 may further include, for example, a rotary
steerable system (RSS), a motor, drill bit 32, a measurement while drilling (MWD) tool, and/or

one or more other logging-while-drilling (LWD) tools. The other LWD tools may be
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configured to measure one or more properties of the formation through which the wellbore
penetrates, for example, including NMR relaxation times, density, porosity, sonic velocity,
gamma ray counts, and the like. A suitable MWD tool may be configured to measure one or
more properties of the wellbore 40 as it is drilled or at any time thereafter. The physical
properties may include, for example, pressure, temperature, wellbore caliper, wellbore
trajectory (attitude), a toolface angle, and the like.

[0023] It will, of course, be understood that the disclosed embodiments are not limited to
any particular BHA configuration. Nor are they limited to any particular type of drilling
operation. Moreover, the disclosed embodiments are not limited to logging while drilling
applications (as depicted on FIG. 1) but may also be implemented in wireline logging
applications.

[0024] FIG. 2 depicts one example embodiment of EM propagation tool 50. In the depicted
example embodiment, the tool 50 includes a transmitter T and a receiver R axially spaced apart
from one another on tool collar 55 (by a spacing distance L). While the disclosed embodiments
are particularly well suited for deep reading EM measurements, those of ordinary skill will
readily recognize that substantially any suitable transmitter and receiver spacing may be
utilized to achieve a desired measurement depth. By deep reading it is meant that the spacing
distance L is greater than 3 meters (e.g., greater than 5 meters, greater than 10 meters, or greater
than 20 meters). Moreover, it will be understood that while not depicted, the propagation tool

50 may include multiple transmitters and receivers spaced apart on the tool body, thereby
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enabling multiple propagation measurements (or sets of propagation measurements) to be
made at multiple spacing distances (e.g., at spacing distances up to and exceeding 10, 20, or
30 meters).

[0025] Inexample embodiments, the transmitter 7'and receiver R may each include a triaxial
antenna arrangement (e.g., three mutually orthogonal antennas including an axial antenna and
first and second transverse antennas that are orthogonal to one another in this particular
embodiment). For example, the transmitter and receiver may include three collocated tri-axial
antennas having mutually orthogonal moments T, Ty, T, and Ry, R,,, R, that are aligned with
corresponding x-, y-, and z- directions (axes) in the wellbore or tool reference frames. By
collocated it is meant that the axial spacing of the antenna moments is less than the diameter
of the tool collar on which they are deployed. While the disclosed embodiment depicts a
configuration in which the z- direction is aligned with the tool axis 51, it will be understood
that the disclosed embodiments are not limited to any particular coordinate system or any
particular orientation of the coordinate system (e.g., any particular orientation of the x-, y-, and
z- axes on the tool).

[0026] The transmitter 7" and receiver R may include known antenna configurations. For
example, the T, and R, antennas may include conventional axial antenna arrangements. As is
known to those of ordinary skill in the art, an axial antenna is one having a moment (7, and R,
in FIG. 2) that is substantially parallel with the tool/collar axis. Axial antennas are commonly

wound about the circumference of the collar 55 such that the plane of the antenna is
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substantially orthogonal to the tool axis. Likewise, transverse antennas are antennas having
moments (T, T), and R,, R, in FIG. 2) that are perpendicular with the tool axis. Such antennas
may include conventional transverse antenna arrangements, for example, including saddle
coils. While FIG. 2 depicts an example propagation tool embodiment including triaxial antenna
arrangements, it will be appreciated that the disclosed methods are not so limited.

[0027] Tt will be further appreciated that the disclosed embodiments may be particularly well
suited for use with deep EM propagation measurements. Thus, while not depicted in FIG. 2, it
will be understood that for a deep reading EM propagation tool the transmitter T and receiver
R may be deployed on corresponding first and second subs (or distinct tool collars) that may
be separated by a substantial distance along the length of the BHA 80 (FIG. 1) and that other
BHA tools, e.g., including other logging tools, may be deployed between the subs.

[0028] Moreover, it will be understood that EM tool 50 may include a controller (including
one or more processors) configured to make EM measurements, for example, via firing the
transmitting antennas and receiving corresponding voltages at the receiving antennas. The
controller/processor may be further configured to process the measurements to compute one
or more apparent conductivity values as described in more detail below.

[0029] With reference now to FIG. 3, the following mathematical analysis considers
deployment of an EM propagation tool (e.g., example tool 50) in a dipping, transversely-
isotropic, homogeneous formation. The dip angle 8 may be defined as the angle between a

direction orthogonal to the plane of isotropy (e.g., the formation layers or strata) and the z-axis

10
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of the wellbore as depicted. In an electromagnetic measurement context, a transversely-
isotropic formation includes vertical and horizontal conductivities g, and o, as depicted in
which g, represents a conductivity (e.g., complex conductivity) in a direction orthogonal to
the plane of isotropy and gy, represents a conductivity (e.g., complex conductivity) parallel to
(or within) the plane of isotropy.

[0030] Moreover, the following analysis may further consider a special case in which the x-
oriented transmitter and receiver coils are in the plane of relative dip as also depicted on FIG.
3 (note that the plane of relative dip is the plane of the figure). Note also, that this consideration
does not require the measurements to be made in this special orientation. The measurements
may be made with the tool in any rotational orientation (about the z-axis) and then may be
rotated using processing techniques known to those of ordinary skill (e.g., processing the
measurements with a rotational transform). At this relative tool/formation orientation the xy,
yx, zy, and yz components of the magnetic field tensor are equal to zero owing to the symmetry
of induced currents about the plane of relative dip. The five non-zero components of the

magnetic field may be expressed mathematically, for example, as follows:

M| (s AN _ ke 1
W= e { (1 ik, L +(ik,L) )—HkhL(l e )tanZQ} (1
M sl (. o) kel
” _He [ (1 ik, L +(lkhL) ) ik, L (1 e )sin2 7 +
o 2
e IV 1T L prien
oy 1-Z Lo |

11
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M : : ik, L(£-1)
= —He [Z(IflkhL)+lkhL(lfe )J (3)
M ik, L - ik, L(£-1) 1
=——=e"ik, L{1-¢e" —_— 4
¥ 4zl " ( )tant9 @)
H,.=H,. (5)

[0031] InEqgs. (1)-(5), M represents the moment of the transmitter, L represents the spacing
between the transmitter and the receiver (as indicated on FIGS. 2 and 3), and 0 represents the

apparent dip of the formation lamination planes relative to the tool axis. Symbols k, and £,
represent wavenumbers corresponding to o, and o, givenby k, =.jiouc, and k, = .Jiouc,
, respectively. Here, @ represents the angular frequency, @ =27z f, where f represents the

frequency of the applied current 7 in the transmitter. It is worth noting that o, and o, may be

complex quantities (indicating both resistive and dielectric properties of the formation). The
symbol u represents the magnetic permeability of the formation. Eq. (5) may be demonstrated
using the reciprocal theorem and the symmetry of the formation about the xy-plane. The

variable ¢ in Eqgs. (1) - (4) may be expressed, for example, as follows:

gz\/l{? —ljsinzﬁ. 6)

[0032] With continued reference to Eqs. (1) — (5), it will be understood that the indicated

magnetic fields H;; may be equivalently thought of as voltages (or measured voltages), or

impedances (or measured impedances) in the corresponding receiver antennas. Likewise, the

12
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measurements described below will be understood to be based on ratios of the measured

voltages in particular receiving antennas when certain transmitting antennas are fired.

APPARENT CONDUCTIVITIES

[0033] FIGS. 4A and 4B (collectively FIG. 4) depict flow charts of example methods 100
and 120 for making apparent conductivity measurements of a subterranean formation. In FIG.
4A, method 100 includes acquiring at least first and second EM propagation measurements at
102 and processing a ratio of the measurements at 104 to compute an apparent conductivity of
the subterranean formation. The first and second EM propagation measurements may be made,
for example, using an electromagnetic propagation tool including at least one transmitting
antenna spaced apart by a spacing distance from at least one receiving antenna.

[0034] In FIG. 4B, method 120 includes acquiring an air signal for an EM propagation tool
(such as example EM tool 50 in FIG. 2) at 122. At least first and second EM propagation
measurements are acquired at 124 and processed to compute a measurement ratio at 126. The
air signal is subtracted from the computed ratio at 128 to obtain an air corrected ratio. An
imaginary portion of the air corrected ratio is processed at 130 to compute a phase shift
apparent conductivity and a real portion of the air corrected ratio is processed at 132 to compute
an attenuation apparent conductivity. The phase shift apparent conductivity and the attenuation

apparent conductivity are summed at 134 to compute a skin-effect apparent conductivity.

13
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[0035] Mathematical formulas that may be used to compute example apparent conductivities
may be derived using the foregoing magnetic field equations (voltages) given in Eqgs. (1) - (5).
Apparent conductivities are derived for (i) harmonic resistivity measurements, (ii) harmonic
anisotropy measurements, (iii) anti-symmetrized directional measurements, and (iv)

symmetrized directional measurements.

Harmonic Resistivity Measurement
[0036] The apparent conductivity of a harmonic resistivity measurement may be obtained,
for example, as follows. Substituting the coplanar and coaxial couplings in Egs. (1) - (3) into

the expression for the harmonic resistivity measurement, giving the following expression:

1. 1. i, L(E-1)
oH 1- Elk/’L —Elk,lLe
n———=—=In2 I I ; I I (7)
H.+4, 1——ik, L ——ik,Le" ™ 4 — (ik, L +—(ik L)’ —e"H&™
2 2 2 2 £

1

[0037] When the frequency f is low or the transmitter-receiver spacing L is small, e.g., when

k,I.—0and k L — 0, Eq. (7) may be expressed using the following polynomial expansion:

. . 1 ik, I{E-1)
—(lkhL)2 - (lkvL)2 —e "
In 2 In2+ 1 ¢ -

Ho+H, 20 Ly p - Lig petee +l(ikhL)2 + l(z'kvL)z L gt
2 2 2 2 £

2
(#h, L)} + (i, L) et
¢ s

11
2|12 l—likhL —likhLeikhL(g ™ +1( kL) +l(ikvL)2 1 gmte
2 2 2 2 & ®)
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[0038] Eq. (8) may be further expanded as a polynomial in terms of kjL and k, L. Ignoring
the higher order terms, the harmonic resistivity measurement, may be expressed, for example,

as follows:

n—2"= in(2)+2| k20 +1e2r |, ©)
H.+H), 2 &

[0039] The low frequency approximation given in Eq. (9) may be used to define an apparent

conductivity. To this end, the air signal may first be removed, for example, as follows (where

In (2) represents the air signal)

—2H
n—
H_+H

g

24, ~In(2). (10)

1 n——=—
Hw+Hyy

ACC
[0040] The apparent conductivity of the harmonic resistivity measurement may then be

defined, for example, as follows:

i 2H |

CSupr = — lnH T H

(11)
KUHR

»y |A(,‘(7

[0041] Where ACC indicates that the measurement is air corrected, K, represents the tool
constant for the harmonic resistivity measurement, and where:

K m =oul’ . (12)
[0042] Note that in Eqgs. (11) and (12), the apparent conductivity oyygr is inversely

proportional to the tool constant Kz and therefore to the measurement frequency w and a

square of the spacing distance L.

15
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[0043] InEq. (11), oygr is a complex quantity (complex-valued) such that:

PCT/US2023/070908

Cunr = Cupre T 10 0mgs » (13)
[0044] and
1 -2H
o =+ Im| In Z (14a)
KUHR L Hxx +H)9/ 4cc |
1 —2H
o_ == Re|ln = (14b)
KUHR L Hxx +Hyy 4cc |

[0045] where oyprp and oyygra represent the phase shift apparent conductivity and the
attenuation apparent conductivity and Im[-] and Re[-] represent imaginary and real portions
of the bracketed quantity (e.g., real portions of the voltage ratios).

[0046] As described above with respect to Eqgs. (1) — (5), the horizontal and vertical
conductivities, o, and o,, may be complex quantities and may be expressed, for example, as
follows: gy, = oy + ioy x and 0, = 0, g + i0, x Where 0y, y = —wey, and 0, x = —weE, and
&y, and &, represent horizontal and vertical dielectric constants. Combining Eqs. (9), (14a), and

(14b) and the definitions provided above for o, and o, yields the following:

1 1
OuHRp & E(O-h,R + f_%.R)» Opyr > WERy (15a)
22
1
OUHRA ~ —E(weh + é—we,,), Onhvr K WE, (15b)
&

[0047] where:

16
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£= 4] 22 1 lsin?0 (16a)

7 Our ’

3 :\/1{%—1}11120 . (16b)
h

[0048] Egs. (15a) and (15b) reduce to the following for an isotropic formation in which

O,g =0, =0z and g,=¢,=¢"
(17a)
o ~-oE. (17b)

[0049] In practice, the harmonic resistivity attenuation and phase shift measurements may

be expressed, for example, as follows:

UHRA =20log,, 2, , (18a)
H.+H,

UHRP = —angle PR G (18b)
H +H,

[0050] With reference again to Eqgs. (14a) and (14b), the following relationships exist

between the apparent conductivities and the attenuation and phase shift measurements:

S (11110 UHRA - In 2] , (192)
KDHR O
1 T
UHRP K, 180° (19b)

17
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[0051] Tt should be noted that the In2 term in Eqs. (10) and (19a) represents a theoretical
air signal. The actual air signal of a real tool may differ and can be determined with a
measurement (e.g., a well-known air hang test). For such a real tool, the measured air signal

may replace the [n2 term and therefore be subtracted in the two equations.

Harmonic Anisotropy Measurement

[0052] The apparent conductivity of a harmonic anisotropy measurement may be obtained,
for example, as follows. Substituting the two coplanar couplings given in Eqs. (1) and (2) in
the expression for a harmonic resistivity measurement, yields the following expression at a

low frequency f or a small transmitter-receiver spacing L:

2
—ik, L. (1 —eMHE ) Lf“ +(ik, L) | 1- o, 1 i)
sin- @ o, &

XX _

In =
Mo i Lo (i, LY ik, L (1= ) L (it 1) (1 —ﬁlefkh”f“j

SiI'l2 0 o,
2 ) 2
—ikhL(l _eikhL(g’—l))L?H n (ikhL)z l_ﬁlezkhL@fl)
1 sin® @ o, X
i L&~ 1 2 o, 1 e
1—ik,L+(ik, L) +ik,L(1—e""™ —(ik, L) | 1= D
h ( h ) h ( )Sin2 ( h ) o,
(20)

[0053] Eq. (20) may be further expanded as a polynomial in terms of kL and k,,L. Ignoring
the higher order terms, the harmonic anisotropy measurement may be approximated, for

example, as follows:

18
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e < (i) (6122 gy [1- %L 1)
HW sin® @ o, ¢
[0054] Eq. (21) may be expressed alternatively as follows:
cos’ 6 +1 o 1
In ~—ioul’| o, (é-1)———+0,| 1-—=—||. (22)
y sin” & o, ¢

[0055] With the low frequency or small spacing approximation given in Eq. (22), the
apparent conductivity may be defined, for example, as follows:

vmg =1 : In H_XX > (23)

UHA HYY

O

[0056] where K, represents the tool constant for the harmonic anisotropy measurement:
K, =oul’. (24)

[0057] Substituting Eq. (22) into Eq. (23) yields the following:

cos’ @ +1 o, 1
Opmy = 0y, (f _1)—. [ }, (25)

sin® @ o, ¢

[0058] where & defined above in Eq. (6). It will be appreciated that as the dip angle 6

approaches zero the first and second terms in Eq. (25) cancel one another. In other words:

1 1{ o
lim(& -1 ——1]. 26
9190(5 )sm o 2[ ] (26)
[0059] such that
O =0 (27)
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[0060] As the dip angle 8 approaches 90 degrees, & = /o, /o, , such that:

limo,, ~0o,| |[2=-1|+c,|1- |2 |=0. (28)
g_>% Gh Gh

[0061] In anisotropic formation where o, =0, and & =1,

2

cos 6 +1 o, 1

Tyt ~ O, (5—1)—Sin29 +0, [1—G——j=0. (29)
h

[0062] As with the harmonic resistivity measurement described above, o, and o, may be

complex quantities and may be expressed, for example, as follows: g, = 0,z + {0}, y and 0, =
o, + 10,y Where 0, x = —wey, and 0,y = —w¢e, and &, and ¢, represent horizontal and
vertical dielectric constants. The phase shift and attenuation of the harmonic anisotropic
measurement may be defined, for example, as follows:

+ic (30)

(o}

vea = Ourap UHAA -

[0063] When the frequency f is low or the transmitter-receiver spacing L is small,

cos?6 + 1 our 1
Oygap = Uh,R(fa - D— Onrl|1l—

—1, o0 > WE 31a
sin29 0_th 50') h,v,R hyv ( )

cos?0 + 1 g 1
——— —we& (1 — ——), Onyr > WELyY (31b)

Oyran =~ —wep(§e — 1) e, &2

sin?6
[0064] InEqgs. (31a)and (31b), &, and &, are as defined in Eqs. (16a) and (16b). In practice,
the harmonic anisotropy attenuation and phase shift measurements may be expressed, for

example, as follows:
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UHAA =-20log,, {H’”‘ } , (32a)
H)/y
H
UHAP = angle { Hxx } , (32b)
hag

[0065] The following relationships may then be found relating the conductivities and the

attenuation and phase shift measurements:

1 Inl0
KUHA

Oumaa =~

UHAA, (33a)

1 T
180°

UHAP (33b)

Oy = —
UVHAP
K

UHA
Anti-Symmetrized Directional Measurement

[0066] The apparent conductivity of an anti-symmetrized directional measurement may be
obtained, for example, as follows. Substituting the coaxial and cross couplings given in Eqs.

(3) and (4) in the expression of the anti-symmetrized directional measurement yields the

following expression at a low frequency f or a small transmitter-receiver spacing L:
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Ao (1)L

ln sz +Hzx — tan9 _
HoHa i+ tins (1= ) [1 —Lj
2 tan @
1 > (34)
. _ ikhL(f—l)
l ik, L (l e ) —tan 7
2 ik L ik L (1 —e""'h”f”)(l —Lj
2 tan g

[0067] Eq. (34) can be further expanded as a polynomial in terms of kL and k,,L. Ignoring
the higher order terms, Eq. (34) can be approximated, for example, as follows:

H_+H_ 1
o s 2

I ~ —(ik, L) (£ -1 =ioul’c, (¢ -1 . 35
H_-H,_ (L) (¢ )tanﬁ ubo, (¢ )tant9 33)
[0068] In atransversely-isotropic and homogeneous medium, A = H _, such that:
ln HZZ + HZX HZZ + HXZ — 2 ln HZZ + HZX ) (36)
HZZ _HZX HZZ _HXZ HZZ _HZX
[0069] Combining Eqgs. (35) and (36) yields the following:
H +H_H_+H 2 1
In—= E— 2~ 2(ik, L) (1- . 37
H, -H, H, -H, (kL) (1=5) tan @ G7)
[0070] Alternatively,
H_ +H_H_+H 1
In—=—=_—= —=~_j2pul’c,(1- : 38
H_—H_H_—H_ uho(1-8) g (38)

[0071] With Eq. (38) in mind, the apparent conductivity for the anti-symmetrized directional

measurement may be defined, for example, as follows:
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(39)

Cwp =7

H_+H__
ln ZZ ZX
HZZ ZX

HZZ + HXZ
HZZ - Xz .

UAD

[0072] where K,,, is the tool constant for the symmetrized directional measurement and
may be expressed, for example, as follows:
K, =20ul’ . (40)

[0073] Substituting Eq. (38) into Eq. (39), yields the following:

1
O 20, (1— : 41
=0, (1-6)—— @
[0074] As the dip angle 6 approaches O,
lim(1-&)—— = (42)
-0 tan @

[0075] Therefore, o,,, =0 when the dip angle 8 = 0. Moreover, o,,, =0 when the dip

angle 6 is 90 degrees.
[0076] The apparent conductivities for the anti-symmetrized directional phase shift and

attenuation may be defined, for example, as follows:

Ouap = OCuapw T10 44 - (43)
[0077] When the frequency f is low or the transmitter-receiver spacing L is small,
= 1-—- _—, > we 44q
Oyapp ~ Opgr( ) tand OhvR 2> WLy (44a)
Oyapa ~ —w&R(1— &) tang’ ChwR K Weny (44Db)
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[0078] Inthe Egs. (44a) and (44b), ¢, and &, are given in Eqs. (16a) and (16b). In practice,

the anti-symmetrized directional attenuation and phase shift measurements may be expressed,

for example, as follows:

UADA=—20log,, {fl = +Z = g +sz } , (45a)

UADP = angle) Zae ™8 He P H | (45b)
HZZ 7HZX HZZ 7HXZ

[0079] The following relationships may then be found relating the conductivities and the

attenuation and phase shift measurements:

1 Inl0
P p— ~UADA, (46a)
KUAD 20
1 /4
— UADP, 46b
O app K,,, 180° ( )

Symmetrized Directional Measurement

[0080] The apparent conductivity of a symmetrized directional measurement may be

obtained, for example, as follows. In a homogeneous formation, H_ = H _, therefore:

H_+H_H_-H
1 n ZZ ZX ZZ XZ — ) ( 47 )
HZZ - HZX HZZ + HXZ

[0081] With the low frequency or small spacing approximation given in Eq. (38), apparent

conductivity of the symmetrized directional measurement may be defined, for example, as
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follows:

H H
1 n zZ zx 2z Xz ( 4 8)

USD 2z X zz Xz

[0082] where K

usp Tepresents the tool constant for the symmetrized directional

measurement and is given as follows:
K,y =K,,, =201l (49)
[0083] In practice, the symmetrized directional attenuation and phase shift measurements

may be expressed, for example, as follows:

USDA = —20log,,  HztHa Ha =8 | (50a)
HZZ _HZX HZZ +HXZ
H. H. -H
USDP = angled 2z 1o 7 H | (50b)
HZZ _HZX HZZ +sz

[0084] Likewise, the apparent conductivities for the symmetrized directional phase shift and
attenuation may be defined as follows:

Ousp =Ouspp T 10yspy - (51)
[0085] The following relationships may then be found relating the conductivities and the

attenuation and phase shift measurements:

1 Inl0
Oy =+ —USDA, (52a)
USD
1 /4
Gy = + ————USDP, 52b
USDP K. 180° (52b)

UsSD
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[0086] It should be noted that in theory the air signal is zero for the phase shift of harmonic
resistivity measurement and the attenuation and phase shift of the harmonic anisotropy
measurement, the anti-symmetrized directional measurement, and the symmetrized directional
measurement. However, the air signal for these measurements may not be zero for a real tool.
It will be appreciated that air signals of a real tool may be measured (e.g., via an air hang test)
and subtracted from the phase shift and attenuation data before being converted to apparent
conductivities using the above mathematical relations.

[0087] It will be appreciated that although the measurements are described above and
throughout this disclosure in the form of magnetic fields, that the same method may be used
directly for measurements expressed in the form of voltages, impedances, and other forms.
Moreover, it will be appreciated that although the tool constant is determined based on a
logarithmic ratio of measurements, that the same method can be used to determine tool

constants for a ratio of measurements without the logarithmic operation.

SKIN-EFFECT CORRECTION

[0088] It has been found that for deep electromagnetic measurements in which the dielectric
signal is negligibly small (e.g., when the dielectric constant of the formation is small), the first
term of the polynomial expansion of the attenuation apparent conductivity is the same as the
second term of the expansion of the phase shift apparent conductivity but with opposite in sign.

This finding may enable a first-order skin-effect correction for each the above disclosed phase
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shift apparent conductivities to be obtained by computing a sum of the phase shift apparent

conductivity and the attenuation apparent conductivity, for example, as follows:

O e ~ Ounre T Ourra >

o RO, + O,

bap UHAP UHAA >

S Ney + O,
app TTADP

UJADA >

verp = Cospp TO

USDA >

(53a)

(53b)

(53¢)

(53d)

[0089] where 65yrp, Oinap, O5app and afispp represent the skin-effect corrected harmonic

resistivity, harmonic anisotropy, anti-symmetrized directional and symmetrized directional

measurements.

APPARENT DIELECTRIC CONSTANT

[0090] In measurements in which the displacement current is dominant over the conduction

current in the formation such as when the dielectric constant is large and oy, ,, g K wep,,, the

apparent dielectric constant may be computed from the attenuation apparent conductivities, for

example, as follows:

1
& = — (e
r UHRA ’
: (030 UHRA
1
& =——0
r UHAA 3
a)go UHAA
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&, apa = v o (54¢)
0
1
gr,USDA == DE GUSDA s (54d)

0
[0091] where &, yyra, Erunaas Eruapa> and & yspa represent the dielectric constant values
computed from the harmonic resistivity, harmonic anisotropy, anti-symmetrized directional

and symmetrized directional measurements.

CONDUCTIVITY MEASUREMENT ERRORS

[0092] Knowledge of the deep electromagnetic measurement errors in both the phase shift
and attenuation quantities advantageously enables corresponding errors in conductivity to be
found directly using Egs. (19a), (19b), (33a), (33b), (46a), (46b), (52a) and (52b), for example,

as follows:

AGy, =— 1010 R (55a)
20
UHR
1 T
AG o = ———— AUHRP (55b)
Ky 180°
1 Inl0
AG = ————— AUHAA (55¢)
Ky 20
AG . = Lﬁ AUHAP (55d)
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1 Inl0
AG,, ;= ———— AUADA (55¢)
U4D
Ay, = —— " AUADP (551)
K, 180°
1 Inl0
AG,, S AUSDA (55g)
USD
AG, g, = —— ;o AUSDP (55h)

USD
[0093] where AUHRA and AUHRP represent measurement errors in the harmonic resistivity
attenuation and phase shift data, AUHAA and AUHAP represent measurement errors in the
harmonic anisotropy attenuation and phase shift data, AUADA and AUADP represent
measurement errors in the anti-symmetrized directional attenuation and phase shift data, and
AUSDA and AUSDP represent measurement errors in the symmetrized directional attenuation
and phase shift data. Aoy yps and Aoyygp represent the corresponding errors in the harmonic
resistivity attenuation and phase shift apparent conductivities, Aoygaa and Aoyyap rEpresent
the corresponding errors in the harmonic anisotropy attenuation and phase shift apparent
conductivities, Aodyspa and Aagy,pp represent the corresponding errors in the anti-
symmetrized directional attenuation and phase shift apparent conductivities, and Aogysp, and
Aoyspp represent the corresponding errors in the symmetrized directional attenuation and

phase shift apparent conductivities.
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[0094] It will be appreciated that Eqs. (55a) - (S5h) enable errors (e.g., error bands) in the
phase shift apparent conductivity and the attenuation apparent conductivity to be computed
directly from corresponding errors (or error bands) for the phase shift and attenuation
propagation measurements. Such direct computations of the conductivity errors may
advantageously obviate the need for forward modeling techniques that are commonly utilized
to determine conductivity errors when making commercial propagation measurements.
Moreover, in example embodiments, the errors may be advantageously computed using a low

power processor such as is located downhole in the propagation tool.

EXAMPLE NUMERICAL RESULTS

[0095] The non-limiting examples that follow are intended to further illustrate the disclosed
embodiments. These examples are not intended to limit the disclosure and should not be
construed as in any way limiting the scope thereof. In each of the following examples, a
conceptual tool is considered that includes a triaxial transmitter spaced apart from a triaxial
receiver. Transmitter receiver spacing distances of 10, 20, and 30 meters are considered at
operating frequencies of 1, 2, 5, 10, 20, 40, 80 kHz. A hypothetical 0 Hz frequency (plotted
with a dashed line) is also considered to evaluate the low frequency limit.

[0096] FIGS. 5, 6, and 7 depict plots of apparent conductivities ayygp and oyyra of the
harmonic resistivity measurement versus conductivity for an isotropic, homogenous formation.

The first track on the left of each figure plots the phase shift apparent conductivity oyygp, the
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second track at the center of each figure plots the attenuation apparent conductivity 6., and
the third track on the right plots the skin-effect corrected phase shift apparent conductivity
05yrp. In the example, ofygp is the sum of oyygp and oyyra as depicted. The transmitter
receiver spacing distances were 10 (FIG. 5), 20 (FIG. 6), and 30 (FIG. 7) meters. Each plot
further includes at least one arrow indicating the direction of increasing frequency (from O to
80 kllz).

[0097] As depicted on the left-hand track of FIGS. 5, 6, and 7, oyygp approaches the Doll’s
limit (the dashed line representing a frequency of 0 Hz) at lower formation conductivities and
at low frequencies (as expected based on Eq. (15a)). These plots further show that oyygrp
saturates at high formation conductivities (i.e., oyyrp becomes insensitive to increasing
formation conductivity at high conductivities). Moreover, the onset of the saturation moves to
lower formation conductivities as the measurement frequency increases and as the spacing L
increases (comparing FIG. 5 with FIG. 7).

[0098] As depicted on the center track of FIGS. 5, 6, and 7, the attenuation apparent
conductivity oyyga can be significantly different from the true formation conductivity when
the formation conductivity is low. As shown in Eq. (15b), oyz4 can be strongly affected by
dielectric properties of the formation, particularly at low frequencies when the dielectric signal
is dominant. In this case, the dielectric signal is 0 (g5, = 0). In the absence of a dielectric

signal, ayyra largely measures the skin-effect when the formation conductivity is low. The
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oyura Mmeasurement further differs from the opyypp measurement in that it increases
monotonically with increasing conductivity (rather than saturating).

[0099] As depicted on the right-hand track of FIGS. 5, 6, and 7, the skin-effect corrected
measurement oygrp + Oygra tends to combine the best features of each of the oy ypp and
Oyura Measurements. Note that the combined (skin-effect corrected) measurement approaches
the Doll’s limit at lower formation conductivities and at low frequencies (similar to the oyyrp
measurement). Moreover, the combined measurement doesn’t saturate with increasing
formation conductivity, but rather increases monotonically (similar to the oyygrs
measurement).

[00100] FIGS. 8,9, and 10 depict plots of apparent conductivities of the harmonic resistivity
(FIG. 8), harmonic anisotropy (FIG. 9), and anti-symmetrized directional (FIG. 10)
measurements versus formation conductivity in a dipping, transversely-isotropic and
homogenous formation. The dip angle 8 in this example was 5 degrees, the anisotropy ratio
0,/0n, was 5, and the transmitter receiver spacing L was 10 m. Each plot further includes at
least one arrow indicating the direction of increasing frequency (from 0 to 80 kHz).

[00101] FIG. 8 shows that the response of the oyygrp and oyyrs of harmonic resistivity
measurements is similar to those described above with respect to FIGS. 5, 6, and 7 for the
isotropic formation. Again, the combination of oyyrp and oyyps (to obtain a skin-effect
corrected measurement) appears to provide an improved measurement as compared to either

measurement alone (particularly at the higher formation conductivities).
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[00102] As depicted on FIG. 9, the response of the oy 4p and oy a4 of harmonic anisotropy
measurements is similar to the oygrp and oyyps harmonic resistivity measurement at low
formation conductivities and frequencies. In particular, oyz4p measurement approaches the
Doll’s limit at low formation conductivities and frequencies as given in Eq. (31a). In contrast,
the oypaa measurement is considerably smaller than the true formation conductivity, due to
largely measuring the skin-effect at the low conductivity. At higher formation conductivities,
Oyuap and oy, measurements become highly non-linear and roll over at higher formation
conductivity values (i.e, rapidly approach zero at a frequency dependent formation
conductivity value). Although still highly non-linear, the combined measurement oy 4p +
Ouynaa 18 better than either of the original measurements in that it has a better response at low
conductivity and a broader range of monotonicity.

[00103] FIG. 10 depicts the response of the oy 4pp and oy 4p4 Of anti-symmetrized directional
measurements. Overall, oy pp and oyaps measurements appear similar to the oyyrp and
Oyura Measurements as their responses are monotonic with regard to the formation
conductivity. In particular, the oy,pp measurement approaches the Doll’s limit at low
formation conductivities and frequencies but does not saturate as described above for the
Oygrp Measurement. Again, the combination (sum) of gy 4pp and oypa (to obtain a skin-
effect corrected measurement) appears to provide an improved measurement as compared to

either measurement alone (particularly at high formation conductivity values).
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[00104] FIGS. 11, 12, and 13 depict plots of apparent conductivities of the harmonic
resistivity (FIG. 11), harmonic anisotropy (FIG. 12), and anti-symmetrized (FIG. 13)
measurements in a transversely-isotropic and homogenous formation at a high dip angle of 65
degrees. The anisotropy ratio o,,/0; of the formation was 5 and the transmitter-receiver
spacing L was 10 meters. Overall, the high dip angle appears to increase the nonlinearity of the
measurements. Despite the increased non-linearity, the features identified in the preceding
isotropic and low dip anisotropic cases remain intact.

[00105] In particular, the the phase shift apparent conductivities, namely oyygp, Oypap and
Oyapp» approach the Doll’s limit at low conductivities and low frequencies as described above.
Moreover, the measurements either saturate or become highly non-linear at higher frequencies
and higher formation conductivities.

[00106] The attenuation apparent conductivities, namely oynra, Gupaa and oyapa, largely
measure the skin-effect signal at the low conductivity as described above. As a result, oyypa,
Oypaa and oy apy trend towards zero more rapidly than the corresponding apparent phase shift
conductivities 0yygp, Oypap and gy ,pp at lower formation conductivity values.

[00107] Moreover, the skin-effect corrected measurements (the combined measurements)
plotted on the right-hand side of each of FIGS. 11, 12, and 13 appear to be superior to the
individual measurements. It will be understood that the attenuation apparent conductivities

appear to serve as a first-order skin-effect correction to their phase shift counterpart. The
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combined apparent conductivities were therefore more representative of the true formation
signal and had a broader range of monotonicity.

[00108] FIGS. 14 and 15 depict plots of apparent conductivities of the harmonic resistivity
(FIG. 14) and anti-symmetrized directional (FIG. 15) measurements in a transversely-isotropic
and homogenous formation having a very a high dip of 85 degrees. The anisotropy ratio a,, /0y,
of the formation was 5. The transmitter receiver spacing distances were 20 (FIG. 15) and 30
(FIG. 14) meters.

[00109] FIG. 14 shows that the response of the oyygrp and oyyr, of harmonic resistivity
measurements is similar the response described above (e.g., oyyrp approaching the Doll’s limit
at low conductivities and frequencies). The oyyrp measurements appear more non-linear at
the very high dip angles because gyygp can be multi-valued at higher conductivities (due in
part to the increased transmitter-receiver spacing and in part due to the high dip angle). As also
described previously the combined measurement (in the right-hand track) provides a more
representative measurement of the true formation conductivity and had a broader range of
monotonicity.

[00110] FIG. 15 shows that the response of the oy,pp and oysps Of anti-symmetrized
directional measurements are similar to that described above with respect to FIG. 13 (at a dip
angle of 65 degrees). For example, the oy ,pp measurement approaches the Doll’s limit at low

conductivities and frequencies. When the conductivity is high, both 6y 4pp and 6y 4p4 can roll
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over, resulting in an undesirable double-valued response. Again, the combined measurement
is generally superior to either measurement individually.

[00111] It will be appreciated that the disclosed embodiments may further include a system
for estimating apparent conductivity from the measured EM propagation measurements. Such
a system may include computer hardware and software configured to execute the above
described embodiments. The system may further include an EM propagation tool configured
to make electromagnetic propagation measurements in a wellbore. The hardware may include
one or more processors (e.g., microprocessors) which may be connected to one or more data
storage devices (e.g., hard drives or solid state memory) and user interfaces. The processor(s)
may be deployed in the propagation tool or located at the surface (e.g., in a personal computer
or network device) and may be configured to compute one or more of the apparent conductivity
values disclosed above. It will be further understood that the disclosed embodiments may
include processor executable instructions stored in the data storage device. The disclosed
embodiments are, of course, not limited to the use of or the configuration of any particular
computer hardware and/or software.

[00112] It will be understood that the present disclosure includes numerous embodiments.
These embodiments include, but are not limited to, the following embodiments.

[00113] In a first embodiment, a method for estimating an apparent conductivity of a
subterranean formation comprises acquiring at least first and second electromagnetic

propagation measurements, the first and second electromagnetic propagation measurements
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made in a wellbore penetrating the subterranean formation using an electromagnetic propagation
tool including at least one transmitting antenna spaced apart by a spacing distance from at least
one receiving antenna, computing a ratio using the at least first and second electromagnetic
propagation measurements; and estimating the apparent conductivity from the ratio.

[00114] A second embodiment may include the first embodiment, wherein the apparent
conductivity is complex-valued; and the estimating comprises estimating a phase shift apparent
conductivity from an imaginary portion of the ratio and estimating an attenuation apparent
conductivity from a real portion of the ratio.

[00115] A third embodiment may include the second embodiment, further comprising
computing a skin-effect measurement from a sum of the real portion of the ratio and the imaginary
portion of the ratio.

[00116] A fourth embodiment may include any one of the second through third embodiments,
further comprising computing a skin-effect corrected apparent conductivity from a sum of the
phase shift apparent conductivity and the attenuation apparent conductivity.

[00117] A fifth embodiment may include any one of the second through fourth embodiments,
further comprising computing an apparent dielectric constant of the subterranean formation from
the attenuation apparent conductivity.

[00118] A sixth embodiment may include any one of the first through fifth embodiments, further

comprising computing a corresponding attenuation apparent conductivity error or a phase shift
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apparent conductivity error from at least one of an attenuation measurement error and a phase
shift measurement error.

[00119] A seventh embodiment may include any one of the first through sixth embodiments,
further comprising acquiring an air signal for the electromagnetic propagation tool; and wherein
the estimating comprises subtracting the air signal from a natural log of the ratio to compute an
air corrected ratio; and estimating the apparent conductivity from the air corrected ratio.

[00120] An cighth embodiment may include any one of the first through seventh

embodiments, wherein the ratio is given as follows:

—2H,,
Hy + Hy, ’

[00121] wherein H,, represents an electromagnetic propagation measurement including a
coaxial coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents
an electromagnetic propagation measurement including a coplanar coupling of an x-axis
transmitting antenna and an x-axis receiving antenna, and Hy, represents an electromagnetic
propagation measurement including a coplanar coupling of a y-axis transmitting antenna and a y-
axis receiving antenna.

[00122] A ninth embodiment may include any one of the first through seventh embodiments,

wherein the ratio is given as follows:

yy
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[00123] wherein H,, represents an electromagnetic propagation measurement including a
coplanar coupling of an x-axis transmitting antenna and an x-axis receiving antenna and H,,
represents an electromagnetic propagation measurement including a coaxial coupling of a y-axis
transmitting antenna and a y-axis receiving antenna.

[00124] A tenth embodiment may include any one of the first through seventh embodiments,

wherein the ratio is given as follows:

Hyy + Hypy . Hyz — Hy, .
sz - Hzx sz + sz '

[00125] wherein H,, represents an electromagnetic propagation measurement including a
coaxial coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents
an electromagnetic propagation measurement including a cross coupling of a z-axis transmitting
antenna and an x-axis receiving antenna, and H,, represents an electromagnetic propagation
measurement including a cross coupling of a z-axis transmitting antenna and a z-axis receiving
antenna.

[00126] An eleventh embodiment may include any one of the first through seventh

embodiments, wherein the ratio is given as follows:

sz - Hzx . sz + sz .
sz + Hzx sz - sz '

[00127] wherein H,, represents an electromagnetic propagation measurement including a
coaxial coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents

an electromagnetic propagation measurement including a cross coupling of a z-axis transmitting
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antenna and an x-axis receiving antenna, and I, represents an electromagnetic propagation
measurement including a cross coupling of a z-axis transmitting antenna and a z-axis receiving
antenna.

[00128] A twelfth embodiment may include any one of the first through eleventh
embodiments, wherein the computing and the estimating is performed downhole using a
processor deployed in the electromagnetic propagation tool.

[00129] A thirteenth embodiment may include any one of the first through twelfth
embodiments, wherein the acquiring comprises rotating the electromagnetic propagation tool in
the wellbore; firing the at least one transmitting antenna; and receiving corresponding voltages at
the at least one receiving antenna.

[00130] In a fourteenth embodiment, a method for estimating a skin-effect apparent
conductivity of a subterranean formation comprises acquiring an air signal for an
electromagnetic propagation tool, acquiring at least first and second electromagnetic
propagation measurements, the first and second electromagnetic propagation measurements
made in a wellbore penetrating the subterranean formation using the electromagnetic propagation
tool; computing a ratio using the at least first and second electromagnetic propagation
measurements; subtracting the air signal from the ratio to obtain an air corrected ratio, computing
a phase shift apparent conductivity from an imaginary portion of the air corrected ratio; computing

an attenuation apparent conductivity from a real portion of the air corrected ratio; and adding the
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phase shift apparent conductivity and the attenuation apparent conductivity to estimate the skin-
effect corrected apparent conductivity of the subterranean formation.

[00131] A fifteenth embodiment may include the fourteenth embodiment, further comprising
computing an apparent dielectric constant of the subterranean formation from the attenuation
apparent conductivity.

[00132] In a sixteenth embodiment, a system comprises an electromagnetic propagation tool
configured for making electromagnetic propagation measurements of a subterranean
formation, the electromagnetic propagation tool including a processor and at least one
transmitting antenna spaced apart by a spacing distance from at least one receiving antenna,
wherein the processor is configured to cause the electromagnetic propagation tool to make at
least first and second electromagnetic propagation measurements using the at least one
transmitting antenna and the at least one receiving antennas; compute a ratio using the at least
first and second electromagnetic propagation measurements; and estimate the apparent
conductivity of the subterranean formation from the ratio.

[00133] A seventeenth embodiment may include the sixteenth embodiment, wherein the
spacing distance is greater than S meters.

[00134] An eighteenth embodiment may include any one of the sixteenth through seventeenth
embodiments, wherein the compute the apparent conductivity comprises dividing a logarithm of
the ratio by a tool constant of the electromagnetic propagation tool; and the tool constant is

proportional to a measurement frequency and to a square of the spacing distance.
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[00135] A nineteenth embodiment may include any one of the sixteenth through eighteenth
embodiments, wherein the processor is further configured to compute a skin-effect corrected
apparent conductivity from a sum of an imaginary portion of the ratio and a real portion of the
ratio.

[00136] A twentieth embodiment may include any one of the sixteenth through nineteenth
embodiments, further comprising estimating an apparent dielectric constant of the subterranean
formation from an imaginary portion of the ratio.

[00137] Although direct determination of formation apparent conductivity from EM
propagation measurements has been described in detail, it should be understood that various
changes, substitutions and alternations can be made herein without departing from the spirit

and scope of the disclosure as defined by the appended claims.
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CLAIMS

What is claimed is:
1. A method for estimating an apparent conductivity of a subterranean formation, the
method comprising:

acquiring at least first and second electromagnetic propagation measurements, the first
and second electromagnetic propagation measurements made in a wellbore penetrating the
subterranean formation using an electromagnetic propagation tool including at least one
transmitting antenna spaced apart by a spacing distance from at least one receiving antenna,

computing a ratio using the at least first and second electromagnetic propagation
measurements; and

estimating the apparent conductivity from the ratio.

2. The method of claim 1, wherein:

the apparent conductivity is complex-valued; and

the estimating comprises estimating a phase shift apparent conductivity from an imaginary
portion of the ratio and estimating an attenuation apparent conductivity from a real portion of the

ratio.

3. The method of claim 2, further comprising computing a skin-effect measurement from a

sum of the real portion of the ratio and the imaginary portion of the ratio.
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4. The method of claim 2, further comprising computing a skin-effect corrected apparent
conductivity from a sum of the phase shift apparent conductivity and the attenuation apparent

conductivity.

5. The method of claim 2, further comprising computing an apparent dielectric constant of

the subterranean formation from the attenuation apparent conductivity.

6. The method of claim 1, further comprising computing a corresponding attenuation
apparent conductivity error or a phase shift apparent conductivity error from at least one of an

attenuation measurement error and a phase shift measurement error.

7. The method of claim 1, further comprising acquiring an air signal for the electromagnetic
propagation tool; and wherein the estimating comprises:

subtracting the air signal from a natural log of the ratio to compute an air corrected ratio;
and

estimating the apparent conductivity from the air corrected ratio.

8. The method of claim 1, wherein the ratio is given as follows:
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—2H,,
Hy + Hy, ’

wherein H,, represents an electromagnetic propagation measurement including a coaxial
coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents an
electromagnetic propagation measurement including a coplanar coupling of an x-axis transmitting
antenna and an x-axis receiving antenna, and Hy, represents an electromagnetic propagation

measurement including a coplanar coupling of a y-axis transmitting antenna and a y-axis receiving

antenna.

9. The method of claim 1, wherein the ratio is given as follows:
Hxx .
Hyy

wherein H,, represents an electromagnetic propagation measurement including a
coplanar coupling of an x-axis transmitting antenna and an x-axis receiving antenna and Hy,,
represents an electromagnetic propagation measurement including a coplanar coupling of a y-axis

transmitting antenna and a y-axis receiving antenna.

10. The method of claim 1, wherein the ratio is given as follows:

sz + Hzx . sz - sz .
sz - Hzx sz + sz '
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wherein 1, represents an electromagnetic propagation measurement including a coaxial
coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents an
electromagnetic propagation measurement including a cross coupling of a z-axis transmitting
antenna and an x-axis receiving antenna, and H,, represents an electromagnetic propagation
measurement including a cross coupling of a z-axis transmitting antenna and a z-axis receiving

antenna.

1. The method of claim 1, wherein the ratio is given as follows:

sz - Hzx . sz + sz .
sz + Hzx sz - sz '

wherein H,, represents an electromagnetic propagation measurement including a coaxial
coupling of a z-axis transmitting antenna and a z-axis receiving antenna, H,, represents an
electromagnetic propagation measurement including a cross coupling of a z-axis transmitting
antenna and an x-axis receiving antenna, and I, represents an electromagnetic propagation
measurement including a cross coupling of a z-axis transmitting antenna and a z-axis receiving

antenna.

12. The method of claim 1, wherein the computing and the estimating is performed downhole

using a processor deployed in the electromagnetic propagation tool.
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13. The method of claim 1, wherein the acquiring comprises:
rotating the electromagnetic propagation tool in the wellbore;
firing the at least one transmitting antenna; and

receiving corresponding voltages at the at least one receiving antenna.

14. A method for estimating a skin-effect apparent conductivity of a subterranean
formation, the method comprising:

acquiring an air signal for an electromagnetic propagation tool,

acquiring at least first and second electromagnetic propagation measurements, the first
and second electromagnetic propagation measurements made in a wellbore penetrating the
subterranean formation using the electromagnetic propagation tool,

computing a ratio using the at least first and second electromagnetic propagation
measurements;

subtracting the air signal from the ratio to obtain an air corrected ratio;

computing a phase shift apparent conductivity from an imaginary portion of the air
corrected ratio;

computing an attenuation apparent conductivity from a real portion of the air corrected
ratio; and

adding the phase shift apparent conductivity and the attenuation apparent conductivity to

estimate the skin-effect corrected apparent conductivity of the subterranean formation.
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15. The method of claim 14, further comprising computing an apparent dielectric constant of

the subterranean formation from the attenuation apparent conductivity.

16. A system comprising:
an electromagnetic propagation tool configured for making electromagnetic
propagation measurements of a subterrancan formation, the electromagnetic propagation tool
including a processor and at least one transmitting antenna spaced apart by a spacing distance
from at least one receiving antenna;
the processor configured to:
cause the electromagnetic propagation tool to make at least first and second
electromagnetic propagation measurements using the at least one transmitting antenna and
the at least one receiving antennas;
compute a ratio using the at least first and second electromagnetic propagation
measurements; and

estimate the apparent conductivity of the subterranean formation from the ratio.

17. The system of claim 16, wherein the spacing distance is greater than 5 meters.

18. The system of claim 14 wherein:
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the estimate the apparent conductivity comprises dividing a logarithm of the ratio by a
tool constant of the electromagnetic propagation tool; and
the tool constant is proportional to a measurement frequency and to a square of the spacing

distance.

19. The system of claim 16, wherein the processor is further configured to compute a skin-

effect corrected apparent conductivity from a sum of an imaginary portion of the ratio and a real

portion of the ratio.

20. The system of claim 16, further comprising estimating an apparent dielectric constant of

the subterranean formation from a real portion of the ratio.
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