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ESTIMATING ELECTRICAL PERMITTIVITY

Technical Field

The present invention relates to a method of estimating the electrical permittivity in a
subsurface formation and in particular to such a method that makes use of Logging While

Drilling or Wireline obtained resistivity measurements.

Background

In analyzing and understanding geological formations in the context of hydrocarbon
production, a key parameter that is considered by the petrophysicist is water saturation
Sw. In a region that is under investigation (previously identified for example using a
seismic survey), a high water saturation level will suggest that the level of recoverable
hydrocarbons is low whilst a low water saturation level will suggest that the level of
recoverable hydrocarbons is high. Put simply, hydrocarbon saturation is equal to (1 - Sy).
The estimation of water saturation influences major investment decisions including
property acquisitions and divestment, infrastructure for extracting and transporting
reserves, locating and planning new wells, defining data acquisition programs, completion
decisions, reserves calculations, and stimulation programs. Estimating water saturation
conventionally involves drilling into the region of interest while collecting data, a process
known as Logging While Drilling (LWD), or collecting data using a wireline (WL) after
drilling, and analyzing recovered (core) samples. One of the most commonly obtained
data types using LWD and WL is electrical resistivity: in fact, resistivity is almost always
obtained. Resistivity data typically comprises a phase (shift) resistivity R, determined by
analyzing the phase shift of an electromagnetic wave propagating through the formation,
and an amplitude (attenuation) resistivity R, determined by analyzing the attenuation of
the electromagnetic wave. [In the case of an idealized, homogeneous formation the
phase resistivity and the amplitude resistivity would be identical.] The term R: is used
below to refer to either phase resistivity or amplitude resistivity, and is referred to as the

apparent bulk resistivity.

One method for estimating water saturation is described in Archie, G.E. 1942, “The
Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics”,
Trans. of AIME 146 (1): 54-62. This makes use of the following equation:
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Sw = (¢ﬁiVRt)1/n

where Ry, is the water resistivity measured on water samples from the reservoir under

investigation, R is the apparent bulk resistivity obtained by logging (LWD or WL), @is the
total porosity calculated by density log acquired by LWD or Wireline, m is the

cementation exponent, and n is the saturation exponent (where m and n are
empirically derived constants). The downside of Archie’s approach is that it requires
both water samples and core samples and is also subject to errors resulting from

incorrect estimation of m and n.

Topically the raw LWD measurements are used as inputs to an inversion process which
involves iteratively refining estimates of resistivity R to produce a resistivity model that
corresponds to the raw measurement data and which can then be used to estimate water
saturation (using for example Archie). The inversion process takes into account details of
tool physics (e.g. geometry, antenna, tool calibration, environment correction, borehole
correction, skin correction, correction for geometrical scattering) (Clark 1988, Clark 1990,
.). ltis known to improve such inversion processes by incorporating electrical permittivity.
This can be obtained using the conventional LWD or WL. [NB. LWD and WL operations
are usually performed for a customer, e.g. the operator of an oil and gas field, by a
service provider. In the absence of a detailed knowledge of tool physics it is difficult or

impossible for such an operator to accurately apply an inversion process to the raw data.]

An alternative approach that relies on formation permittivity rather than resistivity is
described in Complex Refraction Index Model, CRIM, (Hizem et al. 2008. “Dielectric
Dispersion: A New Wireline Petrophysical Measurements”. SPE 116130.). CRIM uses
the weighted sum of the wavenumber to calculate the water saturation. For very high

frequency, i.e. at GHz range, where there are minimum conductive losses and the
polarization is small [the imaginary part in k? = w?ue [1 +ii] goes to 0], CRIM is

reduced to the weighed sum of permittivity to the individual elements in the formation

and the water saturation can be defined by.
s}ormation

SW'¢z E3

swater

where &;o mation IS the apparent bulk permittivity measured on wireline, and &;,4ser is

the permittivity to formation water measured from previously obtained samples or

sometimes assumed to be a constant (between 50 and 80). CRIM makes use of
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measurements obtained with a special dielectric wireline tool that measures the formation
permittivity at a very high frequency, between 20 MHz and 1 GHz. Due to this high
frequency, the water saturation is calculated only up to a very shallow in the formation, i.e.
on a centimetre scale. The result is therefore not always representative for a non -

invaded formation (i.e. the formation that has not been invaded by drilling mud.

With a large amount of water this model can be quite inaccurate mainly due to
uncertainties in &40 Whilst the CRIM approach does not require core or water
samples (at least from the formation under investigation), it does require a complicated
water model for g..:., that depends on salinity, temperature and pressure and which is

generally known only to the service provider and not the data customer, e.g. the field

operator.

Summary

It is desirable to improve the accuracy with which water saturation for a region can be
determined, and to perform such a determination using resistivity data that is
conventionally provided by a service vendor to a data user such as an oil and gas field

operator.

A method of estimating the water saturation level S,, of a region of a subsurface formation
surrounding a drilled borehole. The method comprises obtaining resistivity data
determined by analysing the attenuation a of an electromagnetic signal traversing said
region and taking into account an assumed electrical permittivity value ¢;,,, (normally
the assumption about electrical permittivity used by the service provider in data
processing), and applying a plane wave approximation to the propagation of said
electromagnetic signal across said region to extract an imaginary k; part of a wave

number k from the resistivity data and said assumed electrical permittivity value. The

extracted imaginary part of the wave number is then used to calculate water saturation S.
It is noted that method may not require the evaluation of the extracted imaginary k; part
itself, but rather may incorporate the equations for deriving this component into an

equation for calculating the water saturation Sy,

The resistivity data is data obtained by Logging While Drilling or by Wireline and using
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one or more electromagnetic transmitter and receiver pairs, wherein the transmitter to

receiver, TRS, spacing satisfies the condition:
MAn < TRS < /4,

where A is the wavelength of the transmitted electromagnetic signal.

The resistivity data may comprise one or both of a phase resistivity R, and an amplitude

resistivity R,

The method may comprise performing a Logging While Drilling operation or a Wireline

operation to obtain said resistivity data.

According to a second aspect of the present invention there is provided a method of
drilling a borehole and comprising carrying out Logging While Drilling to obtain resistivity
data using the method of the above first aspect to estimate the water saturation level S,
of a region being drilled, and geo-steering a drill bit using the estimated water saturation

level to achieve optimal placement of the borehole.

According to a third aspect of the present invention there is provided a method of
estimating the hydrocarbon saturation level Syc of a region of a subsurface formation
surrounding a drilled borehole, the method comprising estimating the water saturation
level S, of said region using the method of the above first aspect and using that estimate

to estimate said hydrocarbon saturation level.

According to a fourth aspect of the present invention there is provided method of
managing a hydrocarbon producing reservoir and comprising determining a water
saturation level or determining a hydrocarbon saturation level according to one of the
above aspects, and using the determined water or hydrocarbon saturation level to
determine the location and /or orientation of wells into the reservoir, or to determine

extraction or injection strategies for the reservoir.

According to a fifth aspect of the present invention there is provided a method of
estimating the water saturation level Sw or hydrocarbon saturation level of a region of a
subsurface formation surrounding a drilled borehole, the method comprising evaluating

the following equation:
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1/2

2

W/ HELWD [% (\/1 + (m) -1

ky; - ¢
, where S, is the water saturation, k. is a constant, ¢ is porosity, w is the angular

Sw

frequency of a transmitted electromagnetic signal, u is the electrical permeability, ;,p

is the assumed permittivity value, Ry is a resistivity value of the resistivity data.

According to a sixth aspect of the present invention there is provided a method of
determining the electrical permittivity e,f of a region of a subsurface formation surrounding
a drilled borehole, the method comprises:

obtaining an assumed electrical permittivity €;p;

obtaining resistivity data comprising a first resistivity value R, determined by
analysing the phase delay 6 of an electromagnetic signal traversing said region and a
second resistivity value R, determined by analysing the attenuation a of the
electromagnetic signal traversing said region; and

calculating the electrical permittivity of the region from the first and second
resistivity values and the assumed electrical permittivity by applying a plane wave

approximation to the propagation of said electromagnetic signal across said region.

The resistivity data can be obtained by Logging While Drilling (LWD) using one or more
electromagnetic transmitter and receiver pairs, wherein the transmitter to receiver spacing

(TRS) is within the radiative zone of the near field region of the or each transmitter.

The resistivity data can be obtained by Logging While Drilling (LWD) using one or more
electromagnetic transmitter and receiver pairs, wherein the transmitter to receiver spacing
(TRS) satisfies the condition:

MAT < TRS < 4,

where A is the wavelength of the transmitted electromagnetic signal, and wherein an

antenna of the or each transmitter is equal to or shorter than half the wavelength.

The step of calculating the electrical permittivity may comprise calculating the electrical

permittivity according to the following equation:
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, where ¢ is the calculated electrical permittivity, e.up is the assumed electrical permittivity,
A, is a term determined by the first resistivity value, and A, is a term determined by the

second resistivity value, wherein A, and A, may be given by

4= fi . —]

w !4)‘HP'SQ.EL§1_PD

YA
Ae = 41+ (—)
N W Ry £ ELw D

, Where w is the angular frequency of the electromagnetic signal, R, is the first resistivity

5 value, R, is the second resistivity value, and & is the electrical permittivity of free space.

The step of calculating the electrical permittivity may comprise:
extracting a real part k- and an imaginary part k; of a wavenumber from the
resistivity data;

10 using the real and imaginary parts to calculate the electrical permittivity.

The step of using the real and imaginary parts can comprise calculating the electrical

permittivity according to the following equation:

2 2_12
e = (&)
18 28

, where ¢ is the calculated electrical permittivity, ¢ is the speed of light in vacuum, w is the
15 angular frequency of the electromagnetic signal, k. is the real part of the wavenumber, k;
is the imaginary part of the wavenumber, and u is the relative permeability of the

formation in said region.

The calculated electrical permittivity can be used to calculate new resistivity values from

20 the phase delay and the attenuation of the electromagnetic signal.

The resistivity data may comprise further resistivity values determined from the phase
delay and attenuation of another electromagnetic signal that traversed said region and
having a different frequency, and wherein the method further comprises calculating

25 another electrical permittivity of the region from the further resistivity values.



10

15

20

25

30

35

WO 2020/180191 PCT/NO2020/050053

The calculated electrical permittivity can be used to determine a water saturation Sy, of the

region of the formation.

The method may further comprise drilling the borehole, wherein said step of calculating

the electrical permittivity is performed while drilling.

The method may comprise geo-steering a drill bit using the determined electrical

permittivity to achieve an optimal placement of the borehole.

According to a seventh aspect of the present invention there is provided a computer
device comprising:

a receiver for receiving electromagnetic data; and

a processor arranged to carry out the method of any one of the preceding

claims.

According to an eighth aspect of the present invention there is provided a computer
program comprising non-transitory computer readable code which, when run on a
computer device, causes the computer device to behave as a computer device

according to the seventh aspect.

According to a further aspect of the present invention there is provided a computer
program product comprising a non-transitory computer readable medium and a
computer program according to the eighth aspect, wherein the computer program is

stored on the non-transitory computer readable medium.

Brief Description of the Drawings

Figure 1 illustrates zones of a region surrounding a borehole as a function of wavelength
for an antenna that is equal to or shorter than half the wavelength transmitted by the
antenna;

Figure 2 illustrates schematically LWD in a deviated well;

Figure 3 is a flow chart illustrating a method of determining the electrical permittivity from
resistivity data;

Figure 4 illustrates schematically a known LWD tool and method for collecting data to

determine resistivity;
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Figure 5 shows an exemplary curve used to account for the impact of the electrical
permittivity € on the processed (inverted) resistivity;

Figure 6 illustrates zones of a region surrounding a borehole as a function of wavelength;
and

Figure 7 is a flow chart illustrating a method of determining a water saturation level from
LWD or WL obtained resistivity data.

Detailed Description

Determination of electrical permittivity

The electrical permittivity (¢) of rock can be measured and applied in petrophysical
evaluation. With new-generation dielectric tools the popularity and application of € has
increased in the past years. One of the advances of the new-generation tools is the
measurement of € at multiple frequencies (f), also known as the dispersive permittivity
(e(h ). Applications of such data include pore-fluid analysis, water saturation
calculation, matrix analysis like Archies’ m, and shaly sand evaluation including clay
volume calculations. Drawbacks with the dielectric tools are that they respond to the
invaded zone (a few cm into the formation), and the data must be acquired on wire-line

and is therefore not always accessible.

Logging While Dirilling (LWD) propagation resistivity records the phase shift and
attenuation between two receivers and responds differently to the electrical rock
properties (resistivity, permittivity and permeability). The characteristics of the
amplitude decay and the phase shift can therefore, under given conditions, be used to

extract both the electrical permittivity and the resistivity from the measurements.

Information about ¢ and ¢(f) is hidden in the LWD resistivities and can be extracted
from the LWD resistivities. The (improved) permittivity determined in this way can be
acquired in real time and can be used to identify bypass zones, as geological marker
and for geo-steering. The LWD resistivity accuracy can also be improved by replacing
the empirical based assumption about ¢ (i.e. the initial estimate of ¢ = g.wp) with the
more correct value of ¢ in the LWD processing. The improvement in accuracy of the
LWD resistivity can be significant in rocks with large permittivity (e.g. organic-rich

source rock).
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Electrical properties of a formation determine its response to an electromagnetic (EM)
field. The electrical properties are the electrical conductivity (o), the electrical
permittivity (e€0) and the electrical permeability (uuo). M is the relative electrical
permeability and is the measure of the magnetization of the substance and s is the
free space electrical permeability. Since magnetic materials are rarely found in oil and
gas reservoirs, (4 can usually be assumed to be unity and independent of the formation
properties. o is the conductivity (inverse of the resistivity (Ry)) and is the measure of the
formations ability to conduct electric current. o is heavily related to the amount of saline
water (free charges) in formation and is a key input for calculation of formation water
saturation (e.g. by use of Archie’s equation). ¢ is the relative electrical permittivity and
is the measure of the polarization of the formation and is the prominent characteristic of
dielectric substances. ¢ is the free space electrical permittivity. Due to strong
polarization of water molecules compared with other substances in the formation, ¢ is
strongly related to the amount of water in the formations and can be used to calculate

formation water saturation (e.g. by use of a Complex Refraction Index Model, CRIM).

LWD operates at 2 or 3 frequencies and provide two independent, apparent
resistivities. One from phase shift (R,) and one from the amplitude decay (R.)
measurements. A set with Rp and Ra is processed for each f and for each Transmitter
to Receiver Spacing (TRS). The characteristics of R, and R, depend on the electrical
properties, which in practice are the resistivity and the permittivity when the relative
permeability (1) is unity. The resistivity and permittivity can therefore in principle be

simultaneously inverted out from the phase and amplitude measurements.

When determining LWD resistivity an empirically derived resistivity dependent (initial)
permittivity eowp is used. If the estimated/assumed permittivity eowo (normally the
assumption about electrical permittivity used by the service provider in data
processing) does not accurately represent the permittivity of rock being measured, it
introduces systematic error in the generated R, and Ra.. This is known as the dielectric
effect. The error is most pronounced in high resistivity zones, and R, is more sensitive
to € compared with R,. The error can be significant with R, above 10 Ohm-m and with
R, above 100 Ohm-m. Aiming to reduce the dielectric effects on R, and R,, a couple of
algorithms that simultaneously inverts out both resistivity and permittivity have been

developed. These algorithms use raw measurements of the phase shift and attenuation
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as inputs to an inversion process together with detailed knowledge of the complexity of
tool physics (tool and antenna geometry, tool calibration, environment correction,
borehole correction, skin correction, correction for geometrical scattering etc.). The
LWD amplitude and phase measurements are assumed to have a high accuracy and
the processed LWD resistivities, R, and R, can therefore also be assumed to be

accurate.

The relation between R,, R, and the LWD amplitude and phase measurements is
described by the electromagnetic wave properties. In embodiments described herein, a
plane wave approximation is used to determine the relative electrical permittivity from
Ry, Ra and euwp. For electromagnetic plane waves all corresponding wave properties
can be derived from the wavenumber. For an isotropic formation (where electrical

properties are scalar) the wavenumber is

¥

J = {J, + ik,)? (1)

HELG

k? = w?pugee, {1 + i

, where the hat, ~ , stands for complex number, w is the angular frequency, i is the
pure imaginary number Y(-1), and k and k are the real and imaginary part of k

respectively. An expression for o and ¢ is found by decomposing k (equation 1) into the

real and imaginary parts

ki = ki = wupgee, i
2ok k= woppyr o ;

, and solve with respect to cand ¢

o = 2K Ky

iy (4)
e s (()2 Ki~k?
T e u ®)

, where c is the speed of light in vacuum, ¢ =

. For a non-magnetic formation u is

equal to 1, and o (equation 4) and ¢ (equation 5) can be calculated if k- and k; are
known. Equation 4 and 5 are known as such, but how to obtain k- and k from LWD
resistivity, as is described herein, is not. Embodiments described herein allow for the
deduction of k- and k; from LWD resistivity measurements and application of equation 5

to determine the permittivity from k; and k..
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The present method to calculate k- and k; is based on a plane wave model of the

electrical field (E) given by
E{z,t) = £E (z,t) = Re{iE e Fiitthag-toty
= X Eye %% cos{k,z — wt) ©®)

, Where z is the position, t is time and Eo is the electrical field strengthat z=¢=0. x is

5 the direction of the E-field and is perpendicular to the direction of propagation. Equation
6 describes a wave that propagates in the direction of k- and with amplitude decrease

most rapidly in the direction of k. k; represents the energy loss. Equation 6 shows that

k- describes the phase behaviour and k; describes the amplitude behaviour of the E-

field. Since R, is processed from the phase shift it is linked to k., while R, is processed

10 from the amplitude decay and is linked to k. The relations between k- and R,, and
between k and R,, is found by the general solutions for k- and k; by solving equation 2

and 3 with respect to k- and k;

EE,.

_ 5 /2
o =V () + 1;] %

172

, ‘H(—) B 1)} (8)

LR |
ki VHE \f gy

[

L 1
[

In order to determine k- and k; from LWD measurements, they can be calculated using
15 equation 7 and 8 and with o= 1/R,, for k- (equation 7) and with o =1/R,, for k; (equation
8). For ¢, the initial estimate of permittivity normally provided by the vendor (¢ = eLap) is

used. Putting k{Rp, eLwp) (equation 7) and k(R., €.wp) (equation 8) into equation 4 and

5 gives
T =0 8y Ep l(qiﬁ + l)u-z (4, — 1)1;!2] 9)
£ = % “Enop " |2+ Ay — A "
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g N 2
AP 3»?1‘%‘(6}(”; stmu) (11)
N
|
N (12)
24(& "\ji_i—(u)ba g€ ,JH})

, where Equation 9 and 10 are analytic equations for determining the conductivity and
relative permittivity of a formation using LWD R, and R, and ¢wp as input. The
conductivity o and relative permittivity ¢ determined by equation 9 and 10 can be
referred to as o-,f and e,f respectively, where index k indicates that o and ¢ are
calculated with the wavenumber (using the plane wave approximation). Index f
indicates the frequency at which o an ¢ are calculated. For example, 247 s the

permittivity calculated by use of equation 10 at a frequency of 2 MHz.

Equation 9 and 10 is based on a plane wave model (equation 6) in an isotropic medium
(equation 1), and physical zones for where these conditions are sufficiently fulfilled
should be considered when applying the method to a formation. Equation 6 is an
example of a plane wave and will in practice be valid when the receiver is located at a
sufficiently great distance away from the transmitter and a sufficiently great distance
from free charges. An isotropic medium is where the electrical properties can be
treated as scalar (¢, o, y). Since equation 1 and following equations are scalar, the
present results are valid for isotropic media. Since the E-field behaves differently
depending on the distance from the source, the E-field is classified into regions as a
fraction of the wavelength, A. Equation 6 show that A is

- 27
A — (13)

i Ly

k- is given by equation 7. Elementary considerations such as by examination of the E
field of a dipole radiator show that there are three zones that may be considered. The
near-field, or static, zone, where the Transmitter to Receiver Spacing (TRS) is small
compared with A, the transition zone where TRS ~ A, and the radiation zone where
TRS >> A . There is no clear cut-off between these regions and they will in practice
depend on the physical size of the antenna. For antennas equal to or shorter than one-

half wavelength of the radiation they emit, it is common to classify the physical zone as
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illustrated by Figure 1. This classification is assumed to be a good approximation for

LWD frequencies.

In the reactive part of the near field zone, close to the transmitter, the EM-field is
heavily influenced by the transmitter, and the plane wave model shown is not valid. It
will therefore be a minimum TRS for where a plane wave approximation can be

expected and embodiments of the described method can be used to accurately
determine the permittivity e,f. For example, the described method should not be used

with LWD measurements within the reactive part of the near field where TRS < A4

The reactive part of near-field is illustrated by red colour in Figure 1.

The radiative part of the near field can be approximated as quasi-static and pertains to
low frequency situations in which the applied EM field varies slowly with time. The
characteristic feature here is that the wavelength, A, is large compared with the
dimensions/volume (TRS) of the rock that is being measured. Equation 9 and 10 can
be used with LWD measurements in the radiative part of the near field where

MAT < TRS <A. That is, embodiments of the described method can be used to
accurately determine the conductivity o-,f and permittivity e,f for at least M4 < TRS <

A.The radiative part of the near field is illustrated by orange colour in Figure 1.

The validity of the described method can be difficult to assess in the transition zone,
since there is no clear cut-off between the near field and the far field zones. In the
transition zone the EM field can behave like the radiative part of the near field, or like
the far field or something in between. The transition zone is illustrated by light green

colour in Figure 1.

In the far field zone, where A « TRS, the EM radiation will dominate, and the E-field will
be more sensitive to absorption and scattering. The far field is illustrated by green

colour in Figure 1.

If the formation is anisotropic, reflection and refraction is expected if the angle of
incident (84) does not exceed the critical angle of total reflection (8¢). The principle is
illustrated by Figure 2. In such situations the refracted k- and k; will have different

direction. This is explained by the phase match principle and Snell’s law. From the
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phase match principle, k; will always be perpendicular to the conducting surface, while

related to Snell’s law k; is refracted by a real refraction angle ©..

For LWD measurements in the radiative zones where M4t < TRS, equation 9 and 10 is

expected to:

+ Fail in anisotropic formation where the angle of incidence 0, is less than critical
angel for total reflection, B..

+ Fail when the E-field crosses into a new formation with electrical
contrasts/discontinuity and 6¢< 6.

+ Be valid in isotropic medium where there is no electrical contrast, or where the

angle of incidence is larger than the critical angle 6.

Note that 6. is a function of the electrical contrasts and can be quite large.

Figure 3 illustrates the steps of a method of determining the electrical permittivity e,f ofa
region of a subsurface formation surrounding a driled borehole according to an
embodiment. The method comprises obtaining an assumed electrical permittivity «;,,p
(step S1) and obtaining resistivity data comprising a first resistivity value R, determined by
analysing the phase delay 6 of an electromagnetic signal traversing said region and a
second resistivity value R, determined by analysing the attenuation a of the
electromagnetic signal traversing said region (step S2). The method further comprises
calculating the electrical permittivity of the region from the first and second resistivity
values and the assumed electrical permittivity by applying a plane wave approximation to
the propagation of said electromagnetic signal across said region (step S3). The method
is a computer implemented method, wherein the computer comprises a processor for
processing input data (R, Ra, €.wp) and generating output data (e,f ). In particular for geo-
steering applications, sufficient computational capacity is required to process the data in
real time. The input data can be stored in memory on the computer where it can be
accessed by a processor, which applies equations 10, 11 and 12 to the input data to

generate the output data.
Determination of water saturation

The Complex Refraction Index Model (CRIM) is the weighted sum of the wavenumber

to the elements in the formation
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f( = g:n S, ;‘Zm ) (1 - Qﬁ} +

froe - @ (1~ 8,0 (14)

, and is used to calculate the amount of water (Sy). Index w is water, m is matrix and hc
is hydrocarbon. @ is the porosity. A high frequency approximation of CRIM can be
used when calculating S.. Using the high frequency approximation, the wavenumbers

in equation 14 are replaced by the permittivity’s only (i.e. at very high frequency, in

~ 0 and therefore k; ~ 0 and k, = %\/ﬂ_= constant - ve).

(o2

equations 7 and 8,

WEEg

CRIM does not account for the interfacial polarization and is therefore in principle not
valid at LWD frequencies. The interfacial polarization is also known as the Maxwell-
Wagner polarization and is related to the presence of charges that is concentrated at
the surface of the rock when electrical field is applied. The interfacial polarization is one
of three main physical phenomena contributing to the permittivity. The interfacial
polarization vanishes past a certain frequency which may be around 108 Hz. Since the
LWD frequency is far below 108 Hz, the interfacial polarization will contribute to the

electrical permittivity, and the wavenumber (equation 1).

Embodiments described herein provide a modified version of CRIM, which can be used
at LWD frequencies by applying the imaginary part of the wavenumber. It is assumed
that the impact of the interfacial polarization can be added to equation 14 as a new
element. The new element is the wavenumber associated with the interfacial
polarization, k,, weighted by M;. M is the volume water associated with the interfacial

polarization at the surface of the matrix. The proposed modified CRIM is

;E = g;;'w R :w + E’m ) {} - d’} +

*%h-:: ) ii’ ‘ {1 - S\" + ;&P - M, "

Index p is interfacial polarization. Equation 15 can then be split into its real part and its

imaginary part

, , . . (16)
kp = kg Sp k{1 —g) +
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Ky =Ky @ Sp +Hhp {1 - @} +

£

Koei " - {1~ S} + k;}f - My

N A

Since the conductivity of the matrix and of the hydrocarbon is zero, the value on kni
and ke is zero (see equation 8). ky and kp can be calculated with equation 7 and 8 if
the electrical properties associated with the interfacial polarization (o, &) is known. It
can be assumed that that ¢, is large and that o, is small. ¢, is assumed to be small
since the presence of charges that is concentrated at the surface of the rock is not free
to move. With a large value for ¢, and small value for o,, the part g,/(weyg) In
equation 7 and 8 is expected to be very small and k- and k; can be approximated by:

N (18)

ke~ 0 (19)
Use equation 19, kmi = knei = 0 into equation 17, and solve with respect to Sy, to give

Fy
foyep b (20)

.
S =

k; is calculated by use of equation 8 with LWD R, and &wp, and @ can be calculated
by use of e.g. the density log. The value on k,; can be calculated with equation 8 if the
electrical properties to the formation water (ow, &) is known, by in-situ calibration in a
zone where the pore space is 100% filled with water, (kw = ki / ®), or extract it from the
dispersion k(f) and ki(f).

Embodiments of the method were applied to LWD resistivity data and compared with

results from commercial wireline tools. Data from three different wells was used.

+ Example 1: e,f fit well with €£DT in vertical wells on data from different LWD vendors.

+ Example 2: The value of k;, and then the calculated e,f, have a too low value in
deviated wells, and need to be corrected.
+ Example 3: The water saturation calculated by use of equation 20 fits well with water

saturation calculated by use of conventional methods.
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In all examples Schlumberger ADT tool is used to acquire wire-line permittivity data.

ADT acquired permittivity at four different frequencies e5oifZ g80MHZ — LA0OMHZ gng
1GHZ

€ADT ™ -

Example 1:

It was shown that LWD permittivity and its dispersion fit well with permittivity data from
commercial wire-line tools. To minimize the impact of anisotropy and refraction the
examples are taken from two vertical wells. Both wells are drilled with oil-based mud. The
first well comprises shale above a heterolithic hydrocarbon filled reservoir. The shale
resistivity is approximately 2 Ohm-m and the reservoir resistivity is in the range from 2 - 10

Ohm-m. The LWD data was acquired by Halliburton which operates at frequencies,

125 kHz, 500 kHz and 2 MHz. e.wp was equal 10 for all frequencies. o-,f was calculate by

equation 9 and e,f was calculated by equation 10.

The LWD measurements were mainly acquired at the border in between the reactive and

radiative part of the near field zone. e,f had a continuous curve for all three frequencies,

except for a few small intervals where e,f was negative. The intervals where e,f was

negative occurred where the resistivity and ADT permittivity showed electrical contrasts.

The measurements at the lowest frequencies, £125%1% was less influenced by electrical

contrasts when compared to £:%%HZ and £2MHZ  The broad-banded dispersion plot

showed that the level of e,f fit well in with the €£DT dispersion for measurements in the
radiative part of the near field. The permittivity values that were obtained from
measurements in the reactive part of the nearfield were slightly too high when compared

to the dispersion trend given by the other measurements.

The other well comprised shale above a homogeneous hydrocarbon filled reservoir, with a
water zone at the bottom. The shale resistivity was approximately 2 Ohm-m, the
hydrocarbon filled reservoir resistivity was in the range from 100 to 200 Ohm-m, and the
water filled formation resistivity was approximately 1 Ohm-m. The LWD data was acquired
by Schlumberger, at the frequencies 400 kHz and 2 MHz. e.wp was obtained as set out in
the research article: Anderson B. |. et al. 2007. “Observations of large dielectric effects on

LWD propagation-resistivity logs”, SPWLA 48th Annual Logging Symposium:
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PTG £ 302 $:21
AMHE 5-{2
M = 5 4 885 —) 21)

Dy

. PRNX LS
£S5 = 5+ 280 - (2) (22)

Ty

The conductivity scale o is equal to 1. o-,f was calculated with equation 9 and e,f was
calculated with equation 10. The LWD measurements were acquired in the reactive near

R 400kHzZ
a

field and in the radiative part of the near field zone. was not accurate in the

reactive part of the near field and the calculated value e,f was not representative in this

zone. For LWD measurements in the reactive part of the near field, e,f showed a
continuous curve but with too high values compared to the dispersion trend from the ADT

measurements of permittivity. For LWD measurements in the radiative field zone, e,f

fluctuated. Where e,f was positive it showed reasonable values. The negative values
occurred where the LWD resistivity and ADT permittivity showed electrical contrast. The
broad-banded dispersion plot showed that the level of e,f dispersion fit in with the €£DT

dispersion in the radiative zone.

Example 2:

It was shown that the value of k;, and then the calculated e,f (equation 5), had a too low
value in deviated wells, which could, however, be corrected by the use of Snell’s law. The
tested well was a hetero-lithic hydrocarbon filled reservoir with shale above and below.
The shale resistivity was approximately 1 Ohm-m and the reservoir resistivity was in the
range of 5 to 10 Ohm-m. The well was drilled with oil-based mud and at an inclination of
30°. The LWD resistivities was acquired by Schlumberger and e.wp was given by equation
21 and 22. Only k- was corrected for refraction by use of Snell’s law. e,f that was not
corrected for refraction showed large intervals with negative values. In the intervals where
it was positive, the permittivity values were too low compared to €£DT ) e,f that was

corrected for refraction showed more continuous curves, and the permittivity values fit well

with & ...

Example 3:
It was shown that the water saturation S,(k) calculated by the use of equation 20 agreed

well with water saturation calculated by use of conventional methods. The conventional
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methods used were Archie’s equation to calculate the water saturation S.(Archie), water
saturation delivered by Schlumberger ADT services Su(ADT), and water saturation
calculated by use of nuclear magnetic resonance (NMR) S./{(NMR). ki in equation 20 was
12.5 and found by calibration. The water saturation was determined in two wells using
embodiments of the method described herein, and there was good agreement between
Sw(ki), Sw(Archie), S{ADT) and SW{NMR) in both wells.

Embodiments herein provide new methods of determining the permittivity and water
saturation in a formation. e,f has several benefits compared to €£DT and many potential
applications. An important benefit is that the LWD resistivity is acquired in nearly all drilled

wells and that e,f can be extracted from the LWD measurements without significant extra

cost. €£DT is acquired on wire-line and can therefore often by technical and/or economical
reason, not be accessible. Due the lower frequency, large TRS and shorter time between
formation drilling and measurements, the LWD is far less affected by invasion of drilling

mud when compare with the high frequency, short TRS dielectric wireline measurements.

The values of e,f can therefore be more representative of non-invaded formation, which is

generally the target for petrophysical evaluation. Since e,f and the wavenumber can be
acquired in real time during drilling, it can be used proactively to identify bypass zone
(equation 20) and it can be used as a geological marker (e.g. organic-rich source rock).
This information can be useful for geo-steering purposes. In an embodiment, the
determined permittivity is used to change a drilling operation. For organic-rich source rock
or formation where the electrical permittivity is extremely high, 10 to 50 000 the error on
the processed LWD R, and R, can be large due to dielectric effects. In such a case the
formation resistivity can be calculated by use of k- and k; with equation 9. Equation 9 give
the resistivity that is not influenced by the dielectric effect and will be more accurate
compared with LWD R, and R,. Since the LWD resistivity and dielectric wireline
measurements operate at different frequencies, they have different sensitivity to the
different polarization mechanisms. Different polarization mechanisms include electronic

polarization, molecular orientation and the interfacial polarization. The LWD dispersion
permittivity e,f is more sensitive for interfacial polarization and salinity to the formation
water comparing with 8£DT' This can allow information about the electrical properties of
the formation water to be extracted, which is a key parameter in water saturation

calculation from electrical logs. Use of e,f (H may be used to extract information about
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VSH, CEC, and Archie’s m. e,f (f) can also be used together with ej;DT(f) to increase the

bandwidth of dielectric dispersion.

The classification of physical zones can be used to optimize the electromagnetic tool
configuration. The optimal zone for measurements is in the radiative part of the near field
where M4 < TRS < A. Since the value on A (equation 7 and 13) is dynamic and is a
function of the frequency and the electrical properties to the formation, an optimal
electromagnetic tool should had the possibility to tune the frequency and/or TRS to be in

the radiative near field zone, M4T < TRS < A,

As has already been noted, electrical resistivity in terms of a phase and an amplitude
resistivity is almost always obtained in Logging While Driling (LWD) operations.
Moreover, such data is typically provided by the service vendor (performing the drilling) to

the data customer (together with an assumed permittivity €, used by the vendor to

obtain the resistivities), e.g. the operator (license holder) of an oil and gas field. An
approach to determining electrical permittivity & and its dispersion ¢ (f) from LWD
resistivity measurements, and their use to calculate water saturation, will now be
described. This approach relies upon the principle that information about the electrical
permittivity and dispersive permittivity [where dispersive permittivity is the
measurement of & at multiple frequencies (f)] can be extracted from multi-frequency
(amplitude and phase) resistivity measurements obtained by, for example, LWD (or
WL). In one sense, ¢ and gf) can be considered as being hidden in the already
obtained resistivities, and as such there is little extra effort required to obtain the
permittivity data. Moreover, the permittivity data can be acquired in real-time and can
be used to identify bypass zones, as a geological marker, and for geo-steering while
drilling. The approach differs from CRIM which requires the use of a special and costly
dielectric wireline tool to measure permittivity and which can only look at a very shallow

depth into the formation.

The LWD resistivity accuracy can also be improved by replacing the empirically-based
assumption about £ with a more correct value in the LWD resistivity processing. This

improvement in accuracy of the LWD (or WL) resistivity will be significant in rocks with

large permittivity (e.g. organic-rich source rock). Results have been demonstrated to fit
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extremely well with data obtained from commercial wireline tools (deployed after

drilling).

LWD tools are well known and described, for example, in Clark. B. et al. 1990.
“Electromagnetic Propagation Logging While Drilling: Theory and Experiment. “ SPE.
Sept. 1990. Figure 4 illustrates schematically a tool and method for collecting LWD
data. A borehole 1 has been drilled by a drill bit (not shown) attached to the bottom of
a drill string 2. A tool is incorporated into the drill string and comprises a pair of radio
frequency transmitters T1,T2 and a pair of radio frequency receivers R1,R2. The
receivers are spaced apart from one another whilst being centrally located between the
two transmitters. Although not shown, the tool comprises a transmitter capable of
transmitting digital data to the surface using a mud-pulsing technique, as well as
electronic components for logging collected data (whereby the data can be recovered
from these components after the tool has been recovered to the surface). The tool
further comprises components for determining the precise location, both in terms of

depth and angle, of the tool and therefore of the transmitters and receivers.

The transmitters and receivers are configured to be in relatively close proximity to the
formation but without making electrical contact therewith. The transmitters each
generate RF electrical voltages V), that are inductively coupled to the formation. The
receivers then detect these signals transmitted through the formation. Transmitters
may be operated one at a time or in parallel. The graph on the right hand side of
Figure 4 illustrates by way of example the RF signals that are detected by the receivers
R1,R2 when the transmitter T1 is operated. As receiver R2 is further from the
transmitter T1 than the receiver R1, the amplitude of the signal received by the receiver
R2 is reduced by an amount @« = g, — ¥y. The phase of the signal received by the
receiver R2 is shifted by an angle 6 compared to the phase of the signal received by
the receiver R1. The voltage detected by a receiver can be expressed as:
V(z,t) = Vye @7tz -lwt (23)

where z is the coordinate in space, t is time, © is the angular frequency (27f), i.e. the

signal frequency used by the LWD tool (e.g. f= 125kHz, 400kHz, 500 kHz, 2MHz or

frequencies in or around this range), and e is Euler's number (2.72).

The conventional tool of Figure 4 therefore allows the amplitude decay and the phase

shift of the transmitted signals (i.e. the “raw” measurements”) to be obtained for a
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region of the formation surrounding the hole (extending perhaps one meter into the
formation). Different sets of data can be obtained from the different transmitters, and
the data combined to improve the quality of the results. The amplitude decay a and the
phase shift & are functions of the electrical properties of the formation (resistivity Rq,
permittivity £, and permeability p), i.e.

a=f(Re&w (24)

0 =f(Re & 1)

As already discussed above, conventional approaches to determining water saturation
use the raw measurements, a and 9, as inputs to an inversion process which involves
iteratively refining estimates of (apparent) resistivity R; to produce a resistivity model
that corresponds to the raw measurement data. It is common practice to assume only
a relatively small impact of the electrical permittivity € on the processed (inverted)
resistivity. Figure 5 shows an example model that may be applied (in effect, the curves
of Figure 5 provide a scaling factor for resistivity using some determined

permittivity/dielectric constant).

The approach presented here starts from the application of a simple plane wave
approximation to the induced EM waves travelling through the formation (i.e. assuming
that the waves have wavefronts (surface of constant phase) that are infinite parallel
planes). This makes it possible to extract the permittivity ¢ directly from the LWD
phase and amplitude resistivity (R, and R,) as supplied by the service vendor (and

derived by the service vendor using an inversion process applied to a and d and using

an assumed permittivity E.wp.

For a simple plane wave, as set out in Ellis D. V, Singer J. M. 2008, “Well Logging for
Earth Scientists”. Springer; 2 edition, ISBN-10: 1402037384, the wavenumber k is
given by:

k2 = wlue [1 + lé] 25)

Note that equation 25 uses i/ and ¢ to denote the absolute permeability and permittivity
and not the relative permittivity and permeability as in equation 1. Equation 25 can be

reformulated to provide real and imaginary parts k; and k- and solved with respect to

permittivity € and conductivity o (inverse of resistivity, Ry) as follows:
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c\? KkE-k? _ 2kiky
&= (Z) T and ¢ = m (26)
where p is the relative electrical permeability, ¢ is the speed of light, i is the imaginary

number ( V(-1)), and y, is the free space electrical permeability (a universal constant).

A plane wave approximation for the electrical field E travelling in a direction z and at
time t at a receiver is given by:

E(z,t) = Re{x Eje*iztkrzg=iot} (27)
where Ey is the field at start time zero, z is the position in space, { is time, and x is the
direction perpendicular to z. Here, ki describes the damping/decay of the wave and kr
describes the phase shift of the wave. Equation (27) shows us that k; is the amplitude

and can be estimated using Ra, while k; is the phase and can be estimated using R,.

The real and imaginary parts of the wavenumber - see Equation (25) can be defined as

follows:
1/2 1/2
kr:wx/ﬁli(/1+(%)2+1)l ,kizw\/u_[%(/1+(%)2—1)l (28)

Equation (28) shows the mathematical relation between k- and R, (=1/cp) and between
kiand Ry (=1/ca). £ is known and equal c.p. Equation 28 is similar to equation 7
and 8 but using u and ¢ to denote absolute rather than relative permeability and

permittivity.

Returning to the CRIM approach described above, for LWD frequencies, CRIM is

sensitive to both permittivity and conductive losses [conductive loss is the same as the

complex part of the wavenumber = i ]. In addition, there is the impact of interfacial

polarization between water and matrix. CRIM is not valid without some modification to
account for the impact of polarization. The weighted sum of the wavenumber of CRIM
is therefore reformulated as follows:

k=ky ¢ Syt+hkm A=) +kpe-d-(1—S,)+ky b Sup (29)
where the index w is water, m is matrix, hc is hydrocarbon, p is interfacial polarization
between water and matrix, and wp is interfacial polarized water. The final term of

equation (28), k,, - ¢ - S, takes interfacial polarization into account (Sw, is the amount
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of water that coats the matrix and contributes to the extra polarizations). ¢ - S,,, = M; in

equation 15.

By applying the electrical properties to the individual elements of Equation (28) it can

be shown that (wher @ may be assumed to be small), equation (29) can be reduced to:

k~ky-¢-Sy+ky ¢-Sup (30)
Equation (30) can be split into real and imaginary parts:

kr =kyy @Sy +ky - P-Swp (31)
ki=kpyi-d-Spw+kpi-d-Sup (32)

The polarized water is bounded to the surface of the formation and there are no free

charges. Therefore g, ~ 0 and the calculated k,- and k; by use of Equations (28) are:
Kpr = - Jtp & (33)
i = 0 (34)
At low frequency, the conductive losses, i will be far larger than 1 (see

Equations(28)). In this case k,, = ky; = k,, (see Equation (28)). If k,, and k,, are

known, Equations (31) and (32) represent two equations with the two unknowns, S.
and Syp, where Sy, is the amount of water that coats the matrix and contributes to an
interfacial polarization. Solving Equations (31) and (32) with respect to S, and Syp

gives the following:

- 1/2
1 1 2
ki=w JueLwp|7( 1+(w'RaELWD) -1)
ki I

kwi'¢ kwi'¢

Sw (39)

where k,,is a constant and can be found by tuning S, (Equation (35)) to be equal to
one in shale zones, kw=ki /¢, or can be calculated by Equation (28) if R» and &, are

known,

and

1/2
5 > 1/2
ki oJEEmn 1 _ LV
SWp - kpr¢ - kpr V2 (\]1 + <w'Rp€LWD> 1 [(\/1 + (w'RaSLWD) 1)] \

(36)

where kp- can be tuned in zones for where S, is expected equal Sy,.




10

15

20

25

WO 2020/180191 PCT/NO2020/050053

25

Considering further Equation (35), ¢4, and R, are data provided by the service
vendor, whilst p is assumed to be 1, and o= 2zf. The porosity, ¢, is calculated using

the measured density (which can be acquired by either LWD or WL).

Figure 6 illustrates the physical zones where this new approach works correctly

(radiative part of the near field):

Man < TRS < 4, 1=

where TRS is the Transmitter to Receiver Spacing and z is again the coordinate space.

Figure 7 illustrates a method of estimating the water saturation level S, of a region of a
subsurface formation surrounding a drilled borehole and comprises the following steps:
S1. Perform an LWD or WL operation to collect phase and amplitude measurements for
region surrounding a borehole.

S2. Apply an inversion process using an assumed permittivity &;,,, to obtain resistivity
data Ra.

S3. Apply a plane wave approximation to the propagation of the electromagnetic signal
across the region to extract real k,. and imaginary k; parts of a wave number k from the
resistivity data and the permittivity estimate.

S4. Use the extracted real and imaginary parts of the wave number to calculate the water

saturation S,

It will be appreciated by the person of skill in the art that various modifications may be
made to the above described embodiments without departing from the scope of the

present invention.
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CLAIMS:

1. A method of estimating the water saturation level S, of a region of a subsurface
formation surrounding a drilled borehole, the method comprising:

obtaining resistivity data determined by analysing the attenuation « of an
electromagnetic signal traversing said region and taking into account an assumed
electrical permittivity value €;,p;

applying a plane wave approximation to the propagation of said electromagnetic
signal across said region to extract an imaginary part k; of a wave number k from the
resistivity data and said assumed electrical permittivity ;,,5; and

using the extracted imaginary part of the wave number to calculate water

saturation S,.

2. A method according to claim 1, wherein said resistivity data is data obtained by
Logging While Dirilling or by Wireline and using one or more electromagnetic transmitter
and receiver pairs, wherein the transmitter to receiver spacing, TRS, satisfies the
condition:

Man < TRS < 4,

where A is the wavelength of the transmitted electromagnetic signal.

3. A method according to claim 1 or 2, wherein said step of using the extracted
imaginary part of the wave number to calculate water saturation comprises calculating

water saturation according to the following equation:
1/2

1 1 2
) W/ HELWD [E (\]1 + (m) -1
i J—

v ky; - ¢ ky; - ¢
, where S,, is the water saturation, ki is the imaginary part of the wavenumber, ki is a

constant, ¢ is porosity, w is the angular frequency of the transmitted electromagnetic
signal, yu is the electrical permeability, ¢;,,p is the assumed permittivity value, R, is a

resistivity value of the resistivity data.

4. A method according to any one of the preceding claims, and further comprising:

obtaining further resistivity data determined by analysing the phase delay 0 of the
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electromagnetic signal traversing said region and taking into account the assumed
electrical permittivity value ¢;,,; and
calculating an amount of water that coats a matrix of said region and

contributes to an interfacial polarization according to the following equation:

1/2 1/2
W~/ UE WD 1 ? 1 2
Swp = kyr -+ V2 H(\]l * ((u . Rpfu/w)) * 1)] - [(\]1 * <w . Rat‘i'LWD) B 1)] ‘

, Where Sy, is the amount of water that coats a matrix of said region and contributes to

an interfacial polarization, w is the angular frequency of the transmitted
electromagnetic signal, y is the electrical permeability, ¢, is the assumed permittivity
value, ky is the real part of a wavenumber associated with the interfacial polarization, ¢ is
porosity, R, is a resistivity value of the further resistivity data, and R, is a resistivity value

of the resistivity data.

5. A method according to any one of the preceding claims and comprising
performing a Logging While Drilling operation or a Wireline operation to obtain said

resistivity data.

6. A method of drilling a borehole and comprising carrying out Logging While
Drilling to obtain resistivity data using the method of any one of the preceding claims to
estimate the water saturation level S, of a region being drilled, and geo-steering a drill bit

using the estimated water saturation level to achieve optimal placement of the borehole.

7. A method of estimating the hydrocarbon saturation level Syc of a region of a
subsurface formation surrounding a drilled borehole, the method comprising estimating
the water saturation level S,, of said region using the method of any one of the preceding

claims and using that estimate to estimate said hydrocarbon saturation level.

8. A method of managing a hydrocarbon producing reservoir and comprising
determining a water saturation level using the method of any one of claims 1 to 6 or
determining a hydrocarbon saturation level according to claim 7, and using the
determined water or hydrocarbon saturation level to determine the location and/or
orientation of wells into the reservoir, or to determine extraction or injection strategies for

the reservorr.
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9. A method of determining the electrical permittivity e,f of a region of a subsurface
formation surrounding a drilled borehole, the method comprising:

obtaining an assumed electrical permittivity €;p;

obtaining resistivity data comprising a first resistivity value R, determined by
analysing the phase delay 6 of an electromagnetic signal traversing said region and a
second resistivity value R, determined by analysing the attenuation a of the
electromagnetic signal traversing said region; and

calculating the electrical permittivity of the region from the first and second
resistivity values and the assumed electrical permittivity by applying a plane wave

approximation to the propagation of said electromagnetic signal across said region.

10. A method according to claim 9, wherein said resistivity data is obtained by
Logging While Dirilling (LWD) using one or more electromagnetic transmitter and receiver
pairs, wherein the transmitter to receiver spacing (TRS) is within the radiative zone of the

near field region of the or each transmitter.

11. A method according to claim 9 or 10, wherein said resistivity data is obtained by
Logging While Dirilling (LWD) using one or more electromagnetic transmitter and receiver

pairs, wherein the transmitter to receiver spacing (TRS) satisfies the condition:

MAT < TRS < 4,

where A is the wavelength of the transmitted electromagnetic signal, and wherein an

antenna of the or each transmitter is equal to or shorter than half the wavelength.

12. A method according to claim 9, 10 or 11, wherein said step of calculating the
electrical permittivity comprises calculating the electrical permittivity according to the

following equation:

E=§.£LWD'[2+AP_ACL]

, where ¢ is the calculated electrical permittivity, e.up is the assumed electrical permittivity,
A, is a term determined by the first resistivity value, and A, is a term determined by the

second resistivity value.

13. A method according to claim 12, wherein
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i 'i '2
Ay = 31+(—)

W Ry Eg.SLw D

P
o

Ay = |1+ (——)

N Ry ER L1 D

, Where w is the angular frequency of the electromagnetic signal, R, is the first resistivity

value, R, is the second resistivity value, and & is the electrical permittivity of free space.

14. A method according to claim 9, 10 or 11, wherein the step of calculating the
electrical permittivity comprises:

extracting a real part k- and an imaginary part k; of a wavenumber from the
resistivity data;

using the real and imaginary parts to calculate the electrical permittivity.

15. A method according to claim 14, wherein said step of using the real and imaginary
parts comprises calculating the electrical permittivity according to the following equation:

N2 2_ 3.2
o= () ki
G i

, where ¢ is the calculated electrical permittivity, ¢ is the speed of light in vacuum, w is the
angular frequency of the electromagnetic signal, k. is the real part of the wavenumber, k;
is the imaginary part of the wavenumber, and u is the relative permeability of the

formation in said region.

16. A method according to any one of claims 9 to 5 and comprising using the
calculated electrical permittivity to calculate new resistivity values from the phase delay

and the attenuation of the electromagnetic signal.

17. A method according to any one of claims 9 to 16, wherein the resistivity data
comprises further resistivity values determined from the phase delay and attenuation of
another electromagnetic signal that traversed said region and having a different
frequency, and wherein the method further comprises calculating another electrical

permittivity of the region from the further resistivity values.

18. A method according to any one of claims 9 to 17 and comprising using the



10

15

20

WO 2020/180191 PCT/NO2020/050053

30

calculated electrical permittivity to determine a water saturation S,, of the region of the

formation.

18. A method according to any one of claims 9 to 17 and comprising drilling the
borehole, wherein said step of calculating the electrical permittivity is performed while

drilling.

19. A method according to any one of claims 9 to 18 and comprising geo-steering a
drill bit using the determined electrical permittivity to achieve an optimal placement of the

borehole.

20. A computer device comprising:
a receiver for receiving electromagnetic data; and
a processor arranged to carry out the method of any one of the preceding

claims.

21. A computer program comprising non-transitory computer readable code which,
when run on a computer device, causes the computer device to behave as a computer

device according to claim 20.

22. A computer program product comprising a non-transitory computer readable
medium and a computer program according to claim 21, wherein the computer

program is stored on the non-transitory computer readable medium.
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Substitute sheet (rule 26)
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S1. Obtaining an assumed electrical permittivity

S2. Obtaining resistivity data comprising a first resistivity
value determined by analysing the phase delay of an
electromagnetic signal traversing said region and a second
resistivity value determined by analysing the attenuation of
the electromagnetic signal traversing said region

S3. Calculating the electrical permittivity of the region from the
first and second resistivity values and the assumed electrical
permittivity by applying a plane wave approximation to the
propagation of said electromagnetic signal across said region

Figure 3
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S1. Perform LWD or WL operation to collect phase and
amplitude measurements for region surrounding a borehole

A4
S2. Apply an inversion process using an assumed
permittivity ¢,,,, to obtain resistivity data Ra

S3. Apply a plane wave approximation to the propagation of
said electromagnetic signal across said region to extract real
k, and imaginary k; parts of a wave number k from the
resistivity data and said permittivity estimate

V
S4. Use the extracted real and imaginary parts of the wave
number to calculate water saturation S.

Figure 7
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