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ESTIMATION OF FLUID SATURATION OF A FORMATION FROM INTEGRATION OF
MULTIPLE WELL LOGS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] The present disclosure claims priority from U.S. Provisional Patent Appl. No.

52/816,639, filed on March 11, 2019, herein incorporated by reference in its enfirety.
BACKGROUND
1. Field

16002] The present disclosure relates to well logging to obtain measurements of a formation as
well as interpretation of such measuremenis to determine petrophysical properties that characterize the

formation.
2. State of the Art

[8003] During the drilling of a welibore, drilling fluid {such as mud} is introduced into the
wellbore under pressure in order to flush rock chips and other vnwanted debris out of the wellbore.
Such pressure 1s typically greater than the pressure of the formation traversed by the wellbore n order
to prevent a phenomenon known as well blowout. The resultant pressure differential between the
pressure of the drilling fluid and the formation pressure forces drilling fluid filirate {commonly referred
to as “mud filtrate™) into the permeable formation and deposits solid particles of the drilling fluid on
the wellbore wall forming a mudcake. The mudcake typically has a very tow permeability. Once
developed, the mudceake can reduce the rate of further mud filtrate invasion into the formation. In a
region verv close to the wellbore wall, most of the original formation water and some of the
hydrocarbons may be flushed away by the mud filtrate. This region 1s known as the "flushed zone”, or
the "invaded zong". If the flushing is complete, the flushed zone pore space contains only mud filtrate;
in addition, if the flushed zone was onginally hydrocarbon bearing, it would contain only residaal
hvdrocarbons. Further out from the wellbore wall, the displacement of the formation fhuids by the nwud
filtrate 1s less and less complete thereby resulting m a second region, this second region undergomng a
transition from mud filtrate saturation to original formation water saturation. The second region s
known as the "transition zone". The extent or depth of the flushed and transition zones depends on
many parameters, among them being the tvpe and characteristics of the dnitling fluid, the formation
porosity, the formation permeability, the pressure ditferential, and the time since the formation was
first drilied. The undisturbed formation bevond the transition zone is known as the "uninvaded” or

“virgin~ or “uncontaminated” zone.
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[0004] Figure 1 15 a schematic cross section of a wellbore, showing the results of the mud
mvasion process during drilling the wellbore. The wellbore 1s filled with drlling fluid. A laver of
mudcake covers the wellbore wall, The surrounding formation includes a flushed zone, a transition

zone, and an uminvaded zone extending radially from the wellbore wall,

[6005] The flushed zone can be characterized by a resistivity Rxo, a water resistivity Rexo, a
total porosity ¢, and a water saturation 8w xo. Here, the total porosity ¢r is the volume fraction of the
pore space of the flushed zone, while the Sv.vo 1s the fraction of water with ifs resistivity, Rw o, that
fills the pore space of the flushed zone. The resistivity Ryo governs the electric current responses of the
formation n the flushed zone, which is dominated by the electric conduction through the water that

saturates the pore space of the flushed zone.

12006] The uminvaded zone can be characterized by a resistivity Hr, a water resistivity 2w 7, the
total porosity ¢r, and a water saturation S».7. Here, the total porosity ¢r is the volume fraction of the
pore space of the uninvaded zone, which is the same as that in the flushed zone. The 5y is the fraction
of water with 1ts resistivity, Ry, 7, that fills the pore space of the wminvaded zone. The Ry s the true

formation resistivity in the uminvaded zone, which is dominated by the electric condaction through the

water that saturates the pore space of the uninvaded zone.

[0007] The characterization and evaluation of the water saturation Sy of the uninvaded zone is
used to quantify the hydrocarbon content of the reservoir and thus is an important factor in estimating
the value of the hydrocarbon content of the reservoir. Furthermore, evaluating water saturation of the
wninvaded zone during production can be useful in monitoring and controlling water flooding in some

enhanced o1l recovery processes.

15008] In order to accurately measure the water saturation Sw of the uninvaded zone, suitable
petrophysical parameters, such as comentation exponent m, saturation exponent # and bring registivity
Ry, are required for formations obeyving Archie’s saturation equation. For shaly sand formation,
additional formation property, cation exchange capacity {CEC) or (b, 15 also needed. Conventionally,
all these petrophysical parameters are obtained from laboratory core measurcments, which can take
months to complete. Furthermore, the core measurements only represent limited depths of formation
properties. In addition, measurement procedures for extracting these petrophyvsical parameters, such as
CEC or Qy, are not standardized, which can cause variation of measurement results from different

laboratory. Also, laboratory measurements are not performed in the downhole conditions.
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SUMMARY

180097 Methods and systems are provided charactenzing a formation traversed by a wellbore,
wherein the formation includes at least a flushed zone and an uninvaded zone, which mvolve oblaining
well log data based on plurality of different well log measurements of the formation at multiple depths
i the wellbore. The well log data 1s used to a computational model! that solves for a set of
petrophysical parameters that characterize a portion of the formation corresponding to the multiple
depths in the wellbore, wherein the st of petrophysical parameters include a cementation exponent, a
saturation exponent, and a flushed zone water resistivity. The solved-for set of petrophyvsical
parameters can be used to determine a value of water saturation of the uninvaded zone for the portion

of the formation corresponding io the multiple depths 1 the wellbore.

15010] In embodiments, the methods and systems can efficiently and effectively quantify water
saturation of the uninvaded zone of a formation from a number of well logging measurements. The
methods and systems can avoid external input from either prior knowledge or from the laboratory

measurement.

[ea11] In embodiments, the plurality of different well logging measurements can include at
least one relatively deep resistivity measurement of the uninvaded zone of the formation n

combination with at least one additional well logging measurement.

16012] In embodiments, the methods and systems can be configured to combine the plurality of
different well logging measurements using a suitable algorithm and one or more physical models that
are configured 1o solve for a set of petrophysical parameters that include the cementation exponent

m (or m*}) and the saturation exponent n (or #*) of a suitable saturation model along with a water
resistivity {either at the flush zone or at the uminvaded zone depending on the combined log). The set
of petrophysical parameters {c.g., m {or m*), n {or #*¥), water resistivity either at the flush zone or at the
uninvaded zoneg, and possibly CEC or (v} can be used to guantify the water saturation Swof the

uninvaded zone based on suitable models.

[6013] In embodiments, the plurality of different well logging measurcments can be performed

at multiple depths in the wellbore and/or in multiple radial depths of investigation.

[0014] In embodiments, for the case where the sct of well Jogging measurcments do not vary
mn radial depth of investigation, the set of well logging measurements can mclude well logging
measurements of resistivity Ryo of the flushed zone {for example, by a micro-resistivity logging tool,

induction logging tool or laterlog tool), total porosity @ of the uninvaded zone (for example, by a
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neutron-density logging tool or ELAN logging analysis} and water saturation Sy xo of the flushed zone

{for example, from a diclectric logging tool or NMR logging tool).

[0015] In other embodiments, for example in a water-base-mud {(WBM) scenario, the set of
well logging measurements can include measurcments performed at multiple radial depths of
mvestigation (for example, by an array induction logging tool) and a physical model of the
hydrocarbon-containing uninvaded zone can be solved to determine the comentation exponent 7, the
saturation exponent 7 and potentially the water resistivity Rw.r of the uninvaded zone with fewer

measurements of varving wetlbore depth.
BRIEF DESCRIPTION OF THE DRAWINGS

[00186] Figure 1 15 a schematic cross-sectional view of a wellbore that traverses a formation,
meiuding the zones that result from invasion of dnliing fluid into the formation as a result of the

drilling the wellbore.

(60177 Figure 2 15 a schematic diagram of an exemplary wellsite system according to the

present disclosure.

[8018] Figures 3A and 3B are flowcharts illustrating a workflow for quantifying water
saturation of the uninvaded zone of a formation from multiple well logging measurements according to

a first embodiment of the present disclosure.

[0019] Figures 4A and 4B are flowcharts illustrating a workflow for quantifying water
saturation of the uninvaded zone of a formation from multiple well logging measurements according to

a second embodiment of the present disclosure.

16020] Figures 5A and 5B, collectively, 1s a flowchart illustrating a workflow for quantifying
water saturation of the uninvaded zone of a formation from multiple well logging measurements

according to a third embodiment of the present disclosure.

(6021} Figure 6 15 a plot of the vanation of the resistivity responses in the logarthmic scale as a
function of porosity and water saturation for formations with different cementation and saturation

exponents.

[0022] Figure 7 shows an example of the well logging measurements that can be obtained as

nputs for the workflows of Figures 3A-3B and 4A-48.

18023] Figure & shows the results for the simulated data in the ¢y - Ry cross-plot with total

porosity ¢r, invaded zone resistivity Ry, and invaded zone water saturation 5, v, as mput.
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[0024] Figure 9 15 a schematic diagram of an exemplary computer processing system,
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0025] The particulars shown heremn are by way of example and for purposes ot illustrative
discussion of the embodiments of the sabject disclosure only and are presented in the cause of
providing what is belicved to be the most uscful and readily understood description of the principles
and conceptual aspects of the subject disclosure. In this regard, no attempt is made to show structural
details in more detail than is necessary for the fundamental understanding of the subject disclosure, the
description taken with the drawings making apparent to those skilled 1o the art how the several forms
of the subject disclosure may be embodied in practice. Furthermore, like reference numbers and

designations in the various drawings indicate like elements.

[8026] In embodiments, methods and systems are provided that efficiently and effectively
quantify water saturation of the uninvaded zone of a formation from a number of well logging
measurements. The methods and systems can avoid external input from etther prior knowledge or from

the laboratory measuroment.

(00271 In embodiments, the mumber of well logging measurements can include at least one
relatively deep resistivity measureraent of the uninvaded zone of the formation in combination with at

least one additional well logging measurement.

[co28] In embodiments, the methods and svstems can be contfigured to combine the number of
well logging measurements using a suitable algorithm and one or more physical models that are
configured to solve for a set of petrophysical parameters that include the cementation exponent m (or
m*y and the saturation exponent n (or »*) of a suitable saturation model along with a water resistivity
{either at the flush zone or at the wminvaded zone depending on the combined log). The cementation
exponent m {(or 2%} models how much the pore network of the formation rock increases the resistivity
of the formation rock, as the rock itself 1s assumed to be non-conductive. The saturation exponent n
{or n*) models the dependency on the presence of non-conductive floid (hydrocarbons} m the pore-
space, and is related to the wettability of the rock. Water-wet rocks will, for low water sataration
values, maintain a continuous film along the pore walls making the rock conductive. Gil-wet rocks will
have discontinuous droplets of water within the pore space, making the rock less conductive. The set
of petrophvsical parameters can also include a cation exchange capacity (CEC) or Qv property, which
accounts for clay minerals in the formation rock. The set of petrophysical parameters {¢.g., m {or m™),
n {or ™), water resistivity either at the flush zone or at the uninvaded zone, and possibly CEC or Gv)

can be used to quantify the water saturation Swof the wninvaded zone based on saitable models.
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[0029] In embodiments, the mumber of well logging measurements can be performed at

multiple depths in the wellbore and/or i multiple radial depths of mvestigation.

[6030] In embodiments, for the case where the set of well logging measurements do not vary
m radial depth of investigation, the set of well logging measurements can include well logging

measurements of resistivity Kxo of the flushed zone {for example, by a micro-resistivity logging tool,
induction logging tool or laterlog tool). total porosity & of the uninvaded zone (for example. by a

neutron-density logging tool or ELAN logging analysis) and water saturation Sw.o of the flushed zone

(for example, from a diclectric logging tool or NMR logging tool).

fete

[6031] In other embodiments, for example in a water-base-mud {(WBM) scenano, the set of
well logging measurements can include measurements performed at multiple radial depths of
mvestigation {for example, by an array induction logging tool) and a physical model of the
hvdrocarbon-containing uninvaded zone can be solved to determine the cementation exponent »e, the
saturation exponent # and potentially the water resistivity Ry 1 of the uninvaded zone with fewer

measurements of varving wellbore depth.

16032] Figure 2 shows an apparatus which can be used to practice an embodiment of the
present disclosure for investigation of an earth formation 31 traversed by a wellbore 32, which is filled
with a drilling fluid 33. A logging device 40 1s suspended in the wellbore 32 on an armored cable 35,
the length of which substantially determines the depth of the downhole logging device 40. The cable
length 1s controlled by conventional means at the surface (not shown}. A processor 31, shown at the
sarface, afthough portions thereof may be downhole, represents processing circuitry for the various
logging measurements performed by the logging device 40. A sheave wheel 96 can be conventionally
provided for determination of depth of the logging device 40, and signals therefrom are coupled to the

processor 51 for integration with the logeing measurements.

[8033] The downhole logging device 40 of the present embodiment comprises a tool string that
inciudes a number of tools. fn the present embodiment, the reference numeral 41 represents one or
more resistivity tools that measure the resistivity of the surrounding formation. The resistivity tool(s)
can melude a micro-resistivity tool, multi-depth array mduction tool or lateral log tool as are well
known i the arts. Note that resistivity and conductivity are mverses, and i will be understood that
references herein to one of these imply that the other could be substituted, in an inverse sense. The
array induction tool can be configured to measure resistivity at varying radial depths of investigation

{DOI) that extend from the wellbore wall into the formation.



WO 2020/185801 PCT/US2020/021924

-7 -
[0034] The tool string of downhole apparatus 40 also includes, in this embodiment, a logging
device 43 which is used to obtain measurements of total porosity @ of the formation. This logging tool

may comprise, for example, a conventional type of neutron-density logging device or other suitable

tool measurements that combine nuclear, density, lithology tools for ELAN logging analysis.

[0035] Further included in the tool string is an NMR logging device 45 which can be used to
measure the water saturation S+.vo in the thushed zone, for example by analysis of a measured NMR T2
distribution with a proper choice of T2 cutoff. Alternatively or additionally, the tool string can include
a diclectric tool {not shown) whose log measurements can be interpreted to deternune the water

resistivity Swoxo in the flushed zone.

12036] The tool string can also typically include appropriate conventional telemetry equipment
and power supplies (not separately shown), as well as other logging subassemblies conventionally used
with equipment of this type. It will also be understood that at least some of the measurements hercot

could be made by equipment on a drill string as part of a logging-while drilling tool string.

(60377 For clean sandstone and carbonate formation, the resistivity saturation evaluation is

largely based on the Archie’s equation (Archie, 1942):

Rf (77@ n R wr ¢T; ‘S'.w) =R w i) T—msw ﬂa (hq j)

v

where Ry is the formation resistivity, ¢7 1s the total porosity of the formation, m is the
cementation exponent, n is the saturation exponent, R, is the water resistivity. This Archic’s equation
can in principle be applied to both the invaded and uninvaded zones with the assamption that the
exponents, m and n, and the total porosity ¢ are the same at two zones. For the invaded zong, one has
the formation resistivity Ry = Ry, the water resistivity R, = R, yp, and the water saturation 5, =
Sw,x0. For ummvaded zone, one has the formation resistivity Ry = Ry, the water reststivity R, = Ry, 7,
and the water sataration Sy, = S, r. See Archie, G E., 1942, “The Electnical Resistivity Log as an Aid

n Deternuning Some Reservoir Charactenstics,” rans. of AIME 146 (1): 34-62.

[6038] For more complicate formations, such as shaly sand formation, one representative
saturation equation is the Waxman-Smith saturation cquation {Waxman and Souts, 1968; Waxman and
Thomas, 1974}

1
RS (" Ry, Qo 7.5

et e =t {1, BQy -
= (;?T o Sw " (',;"""'-’" < V): (Eq 2)

iy Sw

/S . > o e s . . . B E p
where Rj? * is the formation resistivity, @y is the excess charge density in meq/cnt’ due to the

presence of clav, B is the constant converting the excess charge density to conductivity. Here the star
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superscript at both exponents, m* and n” indicts that they are not the same as exponents in Archie’s
equation. Eq. {2} can in principle be applied to both invaded and uninvaded zone with the assumption
that the exponents, m and n, the total porosity ¢+ and the @, are the same at two zones. For invaded
zone, one has the formation resistivity Ry = Ryq, the water resistivity Ry, = Ry, o, and the walter
saturation 5, = 5, xo. For uninvaded zone, onc has the formation resistivity Ry = Ry, the water
resistivity R, = R, 7, and the water saturation 5, = 5, r. See Waxman, M. H. and Smits, L. J. M.,
1968, “Electrical Conductivities in (Oil-Bearing Shaly Sands,” SPE 1 8 (2): 107-122. SPE-1863-PA;
and Waxman, M. H. and Thomas, E. C., 1974, “Electnical Conductivities in Shaly Sands-I. The
Relation Between Hydrocarbon Saturation and Resistivity Index; [L. The Temperature Coefficient of
Electrical Conductivity,” § Pet Technol 26 (23 213-225 SPE-4094-PA. The resistivity saturation
evaluation is largely based on these types of saturation models (equations), which requires the input of

various petrophysical parameters.

[0039] The resistivity signals R can be obtained by various resistivity logging tools, such as
micro-resistivity, multi-depth induction tool and lateral log. Often, the resistivity of the flushed zone is

denoted as Ry, and the resistivity of the uninvaded zone is denoted as Ry as described herein.

[G040] The total porosity ¢+ of the formation can be obtained through either neutron-density

logs or standard ELAN analysis combining multiple nuclear, density, hithology tools.

[0041] The water saturation S, xo 10 the flushed zone can be obtamed from interpretation of
NMR tool mcasurements, such as the analvsis of NMR T2 distribution with a proper choice of T2
cutoff, for the case where the flushed zone has minimmim water saturation and thus corresponds (o an
irreducible water zone. Alternatively, the water saturation S, v, in the flushed zone can be obtained
from interpretation of the multifrequency dielectric measurements, for examples as described in Hizem,
M., Budan, H,, Deville, B, Faivie, O, Mosse, L., and Simon, M., 2008, “Dielectric dispersion: a new

wireline petrophysical measurement,” SPE ATCE Trans., paper SPE-116130.

[0042] In accordance with embodiments of the present disclosure, a formation can be modelied
as multiple zones with simular properties stretching across a finite thickness. Furthermore, the
embodiments can assume that the formation satisfies Archie’s equation. In other embodiments, similar

workflow can be established for more complicated formations using respective saturation equations.

[0043] Figures 3A and 3B illustrate an exemplary workflow according to a first embodiment of
the present disclosure, which can be applied to cases that use oil-based drilling fluid or water-based
drilling fluid. For the case of oil-based drilling fluid, one can assume Ky = Ry, while an additional

method/measurement is used to determine Ry
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10044] At 301, the total porosity ¢4 at mudtiple depths in the wellbore is obtained from well
logging measurcments at the multiple depths in the welibore. Such well logging measurements can be
performed by a conventional type of neutron-density logging device or other suitable tool
measurements that combine nuclear, density, lithology tools for ELAN logging analysis {¢.g., tool 43

of Figure 2}.

[G045] At 303, the resistivity Ry of the flushed zone at the multiple depths m the wellbore is
obtained trom well logging measurements at the multiple depths in the wellbore. Such well logging
measurements can be performed by micro-resistivity, multi-depth induction logging tool or lateral log

tool {e.g., tool 41 of Figure 2).

[0046] At 305, the water saturation Sy, xo of the flushed zone at the multiple depths in the
wellbore is obtained from well logging measurements at the muktiple depths in the weltbore, Such well

logging measurements can be performed by an NME tool or dielectric tool {c.g., tool 45 of Figure 2.

[6047] At 307, under the assumption that the formation within the considered thickness covered
by the multiple depths of the logging measurements have similar petrophysical properties, a cost
function can be defined that uses a saturation model (such as the Archie saturation model of Eg. (1)) to
relate the measured ¢, Ryp. and Sy, xo values at the multiple depths to values of m, n and the water
resistivity Ry, xo of the flushed zone. This cost function can be miminuzed to find values of m, n and
Ry yo that fit the measured data. In this case, the values of m, n and Ry, xo characterize that portion
(thickness} of the formation corresponding to the multiple depths of the wnderlying logging
measurements of steps 301 to 305, Exemplary operations that mintmize the cost function to solve for

values of m. n and R, yo are set shown in Figure 3B.

18048} In one embodiment, given the measurements of ¢, Ryg;, and Sy yo; fori =1, ., N
depths, the best value of m, n and R, y, that fits all the data can be found by mimmmizing the following

cost function:

2
ef = B "o 3 P
cost = }ul, (Rxo,i - Rf(m, n Ry xo, T,i)SW,XO,i}) . (Eg. 3)

Here Ry 1s defined according to Eq. (1) where R, yo 15 used for Ry, and S, o ; 15 used for Si.

[6048] In other embodiments, different types of cost functions can also be used to mvert for
values of m, n and Ry, xo to alleviate the effect of outher data points. Tn the presence of measurement
standard deviations, one can also weight each data pomts with the respective error to emphasize the

data with less errors.
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12050) At 309, the values of m, n and water resistivity R, x, for the flushed zone as
determined in 307 15 input to a saturation model {such as the Archic model of Eq.{1}) to quantify the
water saturation 5w of the uninvaded zone of the formation. In the case where the saturation model
requires the water resistivity Ry, r {connate water resistivity} of the uninvaded zone, the value for this
parameter can be obtained from other measurements. For example, for the case of water-base drilling
fluid, the value of Ry, r can be obtained either from independent formation fluid measurements or from
other comphmentary workflows (such as those deseribed in Graw, J., Miles, I, and Mosse, L., 2019,
“Measuring Spectral Contributions of Elements in Regions In and About Borehole Using Borchole
Spectroscopy Tool,” PCT application PCT/USI9/35231. In another example, for the case of oil-base
drilling fluid mud, the value of R, r can be assumed to be close to the value of the inverted Ry, yo. 01 t0
be obtained from other workflows {see Grau ¢t.al, 2019}, In thus case, the value of the water
saturation Sy calculated in 309 characterizes the uninvaded zone for that portion (thickness) of the
formation corresponding to the multiple depths of the underlyving logging measurements of steps 301 to

30

(]

[o051] According to a second embodiment of the present disclosure, for more complicate
formations such as a shaly sand formation, a similar workflow can be used to solve for values of m”,
1", Ry xo and CEC . Here CEC,,,, 1n meq/g represents the averaged cation exchange capacity of the
clay in the interested zone, which can be related to the ¢, by the relation

1--—_{;3” - 5
Oy = fur Pei CECoay mq,j;i {(Eq. 4)

with the knowledge of total clay volume fraction, £, and the clay density p,, in g/cm®. The total clay
volume fraction, f;, can be reasonably estimated through standard mineral analysis from logs, while
the clay density is around py; ~ 2.8 g/cm?® without much of variation. With these additional
assumptions and inpuis, a similar workflow can be established as shown i Figures 4A and 4B. This

workflow can be applied to cases that use oil-based drnilling fluid or water-based drilling fluid.
[G052] At 401, the total porosity ¢ at multiple depths in the wellbore is obtained from well
logging measurements at the multiple depths in the weltbore. Such well logging measurements can be
performed by a conventional type of neutron-density logging device or other suitable tool
measurements that combine nuclear, density, lithology tools for ELAN loggimg analysis (e g, tool 43

of Figure 2}.

[8053] At 403, the clay volume fraction f; at multiple depths in the wellbore 1s obtained from
well logging measurements at the multiple depths in the wellbore. Such well logging measurements
can be performed suitable tool measurements that combine nuclear, density, lithology tools for ELAN

logging analysis (e.g., tool 43 of Figure 2).
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10054] At 405 the resistivity Ry of the flushed zone at the multiple depths in the wellbore 1s
obtained from well logging measurements at the multiple depths in the wellbore. Such well logging
measurements can be performed by micro-resistivity, multi-depth induction logging tool or lateral log

tool {e.g., tool 41 of Figure 2).

[6055] At 407, the water saturation 5,, yo of the flushed zone at the multiple depths in the
wellbore 1s obtained from well logging measurements at the multiple depths in the wellbore, Such well

logging measurements can be performed by an NMR tool or dielectric tool {e.g., tool 43 of Figure 2}.

[G056] At 409, under the assumption that the formation within the considered thickness covered
by the multiple depths of the logging measurements have similar petrophysical properties, a cost
function can be defined that uses a saturation model (such as the Waxman-Smith saturation model of
Eq. (2)) to relate the measured ¢y, [, Ryp. and S,y values at the multiple depths to values of m”,
n*, CEC, and the water resistivity R, v of the flush zone. This cost function can be mmimized to find
values of m*, n”, CEC,j and R, x, that fit the measured data. In this case, the values of m*, n”°, CECy
and R,, x, characterize that portion (thickness) of the formation corresponding to the multiple depths of
the underlying logging measurements of steps 401 to 407, Exemplary operations that mimimize the

cost function to solve for values of m”, n*, CECy and R, xo are set shown in Figure 4B.

12057) In one embodiment, given the measarements of @y, Ryp i, frriand S5y xp; fori =
1, ... N depths, the best value of m”, n*, CEC; and R, xo that fits the data can be found by nunimizing

the following cost function:
cost = X;Nj (Rxa,i - R}VS(m*: 1", Ry xo, CECep, forn @100 Sw,.XO,i)) . (Eq. 5)

Here R}“ is defined according to Eq. (2) where R,, xp 1s used for R,,, S, xo; 15 used for Su, (v is

determined according to Eg. (4) above, and & 1s a predefined constant as described above.

[0058] In other embodiments, different types of cost functions can also be used to mvert for
values of m*, n*, CEC, and Ry, xo to alleviate the effect of outlier data points. In the presence of
measurement standard deviations, one can also weight each data points with the respective error 1o

emphasize the data with less errors.

[8059] At 411, the values of m”, n* and water resistivity Ry, o for the flushed zone as
determined in 409 13 input to a saturation model (such as the Waxman-Smith saturation mode! of Eq.
2} o quantify the water saturation Sy of the aninvaded zone of the formation. In the case where the
saturation model requires the water resistivity R,,  (connate water resistivity ) of the uninvaded zone,

the value for this parameter can be obtained from other measurements. For example, for the casc of



WO 2020/185801 PCT/US2020/021924

~12 -

water-base drilling fluid, the value of R,  can be obtained either from independent formation fluid
measurements or from other complimentary workflows {such as those described in Grau, ., Miles, |,
and Mosse, L., 2019, “Measuring Spectral Contributions of Elements in Regions In and About
Borehole Using Borehole Spectroscopy Tool,” PCT application PCT/US19/35231 . In another
example, for the case of oil-base dnlling fhnd mud, the value of Ry, 7 can be assumned to be close to the
value of the mverted R, xg, 01 to be obtamed from other worktlows (see Grau et.al, 2019). In this
case, the value of the water saturation 5. calculated in 411 characterizes the uninvaded zone for that
portion {thickness) of the formation corresponding to the multiple depths of the undertving logging

measurements of steps 401 to 407,

16060} According to a third embodiment of the present disclosure, for the case of where the
mud-filtrate invasion 1s water-based dnithing thud, a workflow can be provided that solves for values of
m, o and R, r from the resistivity data at the multiple radial depths of investigation 1n the oil zone of

the formation as shown in Figares 5A and 5B.

16061} At 501, the total porosity ¢r at multiple depths in the wellbore is obtamed from well
logging measurements at the multiple depths in the wellbore. Such well logging measurements can be
performed by a conventional type of neutron-density logging device or other suitable tool
measurements that combine nuclear, density, lithology tools for ELAN loggimg analysis (e g, tool 43

of Figure 2}.

[6062] At 503, the formation resistivity R; at a number of radial depths of investigation (e .,
where { = 1, ..., ¥ for a number of racdhal DO} 15 obtained at multiple depths in the wellbore from well
logging measurements at the multiple depths in the wellbore. Such well logging measurements can be

performed by a multi-depth induction logging tool or lateral log tool (¢ 2., tool 41 of Figure 7).

15063] At 503, the water saturation S, o of the flushed zone at the multiple depths in the
wellbore 1s obtained from well logging measurements at the multiple depths in the wellbore. Such well

logging measurements can be performed by an NMR tool or diclectric tool {e.g., tool 45 of Figure 2).

[00G4] At 507, a physics model is used to model the mud-filtrate invasion process to determing
the radial distribution of water saturation and salt concentration and possibly additional useful
parameters for the moltiple depths. In embodiments, the physics model can be based on two-phase,
threg-component {oil, water, salt) porous medium fluid-flow model as described in Liang, L,
Abubakar, A, and Habashy, T. M_, 2011, “Estunating petrophysical parameters and average mud-
filtrate invasion rates using joint inversion of mduction loggmg and pressure transient data,”
Geophysics, 76(2), E21-E34; or Ramaknshaan, T. 5., and Wilkinson, D], 1999, “Water-Cut and

Fractional-Flow Logs From Arrav-Induction Measurements,” Society of Petroleum Engineers.
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doi:10.2118/54673-PA. In ancther embodiment, the physics model can be based on a specifically
designed spatial regularization (e.g., parameterized radial profiles of water saturation and salt
concentration) to constram the 8, ; and £, ; (salt concentration), at different radial depths. given the
mud-tiltrate salt concentration €, ... estimate of formation brine salt concentration €, rorm. Sw x0-
and cther relevant parameters governing the mud-filtrate invasion process, such as the invasion volume
per unit depth. viscosity ratio, relative permeabilitics and capulary pressures for this flow unit, as well
as the free water level. In embodiment, the physics model can be based on the assumption that the
formation within the considered thickness covered by the multiple depths of the logging measurements

have similar petrophysical properties.

10065] At 509, the radial distributions of water saturation and salt concentration and possibly
additional uscful parameters for the multiple depths as determined in 547 15 used to determine
estimates for the parameters m and 7 of the formation. In this case, the estimated values of m and
characterize that portion (thickness) of the formation corresponding to the multiple depths of the

underlving logging measurements of steps 501 to 505,

16086] In embodiments, in 509, the physics model of 507 can be used to minimize a cost
function to solve for the parameters m and n. For example, given the measurements of ¢r 1. Oy mug.
Cw rorm» ad 85, yo; for i = 1, .., N depths, the best value of m, n, and R, ; that fits the data can be

found by minimizing the following cost function:

.

e N M 57 . . ~ AN T \
Cost = Jp=y (Rk — R . n, (‘W,mudz (-w,form; (!)T,I'J 5W.X0,i; b)) {(Eq. 6)

Here R are measured apparent resistivity logs, & is the channel index of resistivity logs, R} are
siomlated apparent resistivity logs by integrating the thuid-flow model, Archie’s equation, and the
array-resisiivity tool response simulator, U represcnts a set of parameters (in addition to

m, 1, Gy yands o forms €10 Swoxo,i ) that are part of the physics model.

(60677 At 511, the estimates for the parameters m and » as deternuned i block 509 are used in
an tnversion process, which emplovs a tool response forward solver to model resistivity of the
formation for the number of radial DO at the multiple depths of block 503 given the parameters m and
n,. The estimates for the parameters m and 7 as deternined in block 509 are used as the mital values
of m and # in the mversion process. The inversion process adjusts the parameters m and # as input to
the tool response forward modeler until the resulting resistivity model output by the tool response
forward modeler matches the measured K obtained in block 503, The final values for the parameters m
and # are solved for and output by the mversion process. In this case, the final valucs of mand n
characterize that portion (thickness) of the formation corresponding to the multiple depths of the

underlying logging measurements of steps 301 to 505,
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[0068] In embodiments, the tool response forward solver of 511 can model array-resistivity tool
responses by solving the Maxwell’s equations, for example as shown i Lin, Q H. and Chew, W.C.,
1990, “Numerical mode-matching method for the multiregion vertically stratified media (EM wave

propagation},” IEEE transactions on antennas and propagation, 38(4}, pp.498-506.

[G068] At 313, the values of m and n as output by the inversion process in 511 are inputtoa
saturation mode! {such as the Arclue saturation model of Eq. (1)} to quantify the water saturation 8w of
the uninvaded zong of the formation. In the case where the saturation model requires the water
resistivity Ry, r (connate water resistivity) of the uninvaded zone, the valae for this parameter can be
obtained from other measurements. For example, the value of R, + can be obtained either from
mdependent formation floid measurements or from other complimentary workflows (such ag those
described m Grau, J., Miles, J, and Mosse, L., 2019, “Measurning Speciral Contributions of Elements in
Regions In and About Borehole Using Borehole Spectroscopy Tool,” PCT application
PCT/US19/35231. In this case, the value of the water saturation Sy calculated in 513 characterizes the
uninvaded zone for that portion (thickness) of the formation corresponding to the multiple depths of the

underlying logging measurements of steps 301 to 505,

[0070] Figure 6 shows the variation of the resistivity respouses in the logarithmic scalc as a
function of porosity and water saturation for formations with different cementation and saturation
exponents. The separation of response for different values of m and 7 allows the work{lows described

herein to be performed reliably,

[0071] Figure 7 shows an example of the well logging measurements that can be obtained as

nputs of the workflows of Figures 3A-3B and 4A-48.

18072] Figure & shows the results for the simulated data in the ¢ - Ry, cross-plot. With ¢,
Ryg, and 5, yo as mnput, Figure 8 demonstrates that it is possible to invert for a single set of m, n and
the flush zone water resistivity R, vo. to represent the formation resistivity response, which can be

used to further compute the water saturation Sy at the uninvaded zone.

[6073] Figure 9 illustrates an example device 2500, with a processor 2502 and memory 2504
that can be configured to implement parts or all of various embodiments of the workflows described
heremn. Memory 2504 can also host one or more databases and can include one or more forms of
volatile data storage media such as random-access memory (RAM), and/or one or more forms of

nonvolatile storage media (such as read-only memory (ROM}, flash memory, and so forth).

o074 Dievice 2500 1s one example of a computing device or programmable device and 1s not
fat)

mtended {o suggest any limitation as to scope of use or functionality of device 2500 and/or its possible
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architectures. For example, device 2500 can comprise one or more computing devices, programmable

logic controllers (PLCs), ctc.

[0075] Further, device 2500 should not be interpreted as having any dependency relating to one
or a combination of components tlustrated 10 device 2500, For example, device 2500 may mclude one
or more of computers, such as a laptop computer, a desktop computer, a mainframe computer, etc., or

any combination or accumulation thereof,

16076] Device 2500 can also include a bus 2508 configured to allow varnous components and
devices, such as processors 2302, memory 2504, and local data storage 2510, among other

components, 1o communicate with each other.

[0077] Bus 2508 can mchide one or more of any of several types of bus structures, including a
memory bus or memory controller, a peripheral bus, an accelerated graphics port, and a processor or
local bus using any of a variety of bus architectures. Bus 2508 can also include wired and/or wireless

buses.

10078] Local data storage 2510 can mclude fixed media (e g, RAM, ROM, a fixed hard drive,

etc.) as well as removable media {e.g., a flash memory drive, a removable hard dave, optical disks,

magnetic disks, and so forth).

[6079] One or more input/output (I/0) device(s) 2512 may also communicate via a user
miterface (U1) controller 2514, which may connect with 10 device(s) 2512 either directly or through

bus 2508,

(80807 In one possible implementation, a network interface 2316 may communicate outside of

device 2500 via a connected network.

[eas1] A media dove/interface 2518 can accept removable tangible media 2520, such as flash
drives, optical disks, removable hard drives, software products, ete. In one possible implementation,
logic, computing instructions, and/or software programs comprising elements of module 2506 may
reside on removable media 2320 readable by media drive/interface 2518, Various processes of the
present disclosure or parts thereof can be implemented by instructions and/or software programs that

are clements of module 2506, Such instructions and/or software programs may reside on removable

media 2520 readable by media drive/interface 2518 as 1s well known in the computing arts.

[0082] In one possible embodiment, input/output device(s) 2512 can allow auser {such as a
human annotator) to enter commands and information to device 2500, and also allow information to be

presented to the user and/or other components or devices. Examples of input device(s) 2512 mclude,
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for example, sensors, a kevboard, a cursor control device {e.g., a mouse}, a microphone, a scanner, and
any other mput devices known in the art. Examples of output devices mclude a display device (e.g.. a

monitor or projector), speakers, a printer, a network card, and so on.

[G083] Various processes or parts of the workflow of the present disclosure may be described
herein 1n the general context of software or program modules, or the technigues and modules may be
implemented in pure computing hardware. Software generally inchudes routines, programs, objects,
components, data structures, and so forth that perform particular tasks or implement particular abstract
data types. An implementation of these modules and techniques may be stored on or transmitted across
some form of tangible computer-readable media. Computer-readable media can be any available data
storage medium or media that is tangible and can be accessed by a computing device. Computer
readable media may thus comprise computer storage media. “Computer storage media” designates
tangible media, and includes volatile and non-volatile, removable and non-removable tangible media
mmplemented for storage of information such as computer readable instructions. data structures,
program modules, or other data. Computer storage media include, but are not Iimited to, RAM, ROM,
EEPROM, flash memory or other memory technology, CD-ROM, digital versatile disks (BVD) or
other optical storage, magoetic cassettes, magnetic tape, magnetic disk storage or other magnetic
storage devices, or any other tangible medinm which can be used 1o store the desired information, and

which can be accessed by a computer.

[0084] In embodiments, any ong or any portion or all of the steps or operations of the workflow
as described above can be performed by a processor. The term “processor” should not be construed to
fimit the embodiments disclosed herein to any particular device type or system. The processor may
include a computer system. The computer system may also include a computer processor {¢.g., a
microprocessor, microconiroller, digital signal processor, or general-purpose computer) for executing

any of the methods and processes described above.

[0085] The computer system may further include 2 memory such as a semiconductor memory
device {e.g., a RAM, ROM, PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory
device {¢.g., a diskette or fixed disk}, an optical memory device (e.g., a CD-ROM)}, aPC card (8 g,

PCMCIA card), or other memory device.

12086] Some of the methods and processes described above, can be implemented as computer
program logic for use with the computer processor. The computer program logic may be embodied in
various forms, including a source code form or a computer executable form. Source code may include a
series of computer program instructions in a variety of programming languages (e.g., an object code, an
assembly language, or a high-level language such as C, C++, or JAV A}, Such computer instructions

can be stored in a non-transitory computer readable medium {¢.g., memory) and executed by the
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computer processor. The computer instructions may be distributed in any form as a removable storage
medium with accompanying printed or electronic documentation {¢.g., shrink wrapped software),
preloaded with a computer syvstem {e.g., on system ROM or fixed disk), or distnbuted from a server or

glectronic bulletin board over a communication system {(g.g., the Internet or World Wide Web).

[o087] Altemnatively or additionally, the processor may include discrete electronic components
coupled to a printed circutt board, integrated circuitry {e.g., Application Specific Integrated Circuits
{ASIC)), and/or programmable logic devices (2.2, a Field Programmable Gate Amravs (FPGA)). Any

of the methods and processes described above can be implemented using such logic devices.

[GO88] While the invention has been described with respect to a himited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the scope of the invention as disclosed herein,
Accordingly, the scope of the invention should be Iimited only by the attached claims. Moreover,
embodiments described herein may be practiced in the absence of any element that 1s not specifically

disclosed herein.

[6088] In the claims, means-plus-fumction clauses are intended to cover the structures described
herein as performing the recited function and not only structural equivalents, but also equivalent
structures. Thus, although a nail and a screw may not be structural equivalents in that a nail employs a
cylindrical surface to secure wooden parts together, whercas a screw employs a helical surface, in the
environment of fastening wooden parts, a nail and a screw may be equivalent structures. [t is the
gxpress intention of the applicant not to invoke 35 U.8.C. § 112, paragraph 6 for any Hmitations of any
of the clatms hercin, except for those in which the claim expressly uses the words ‘means for’ together

with an associated function.

[008G] There have been described and illustrated herein one or more embodiments of methods
and systems that quantify uninvaded zone water saturation from resishivity measurements of the
formation n combination with other well logging measorements. It will therefore be appreciated by
those skilled in the art that vet other modifications could be made to the provided invention without

deviating from its spirit and scope as claimed.
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WHAT IS CLAIMED §5:

1. A method of characterizing a formation traversed by a wellbore, wherein the formation mnchudes at

least a flushed zone and an uninvaded zone, the method comprising:

a} obtaining well log data based on plurality of different well log measurements of the

formation at multiple depths v the wellbore;

b) using the well log data of a} as inputs to a computational model that sclves for a set of
petrophysical parameters that characterize a portion of the formation corresponding to the muitiple
depths i the wellbore, wherein the set of petrophysical parameters include a cementation exponent, a

saturation exponent, and a flushed zone water resistivity; and

¢} using the set of petrophysical parameters solved for i b} to determine a value of water
saturation of the vninvaded zone for the portion of the formation corresponding to the multiple depths

m the wellbore.
2. A method according to claim 1, further comprising:

storing i computer memory of outputting the value of water saturation of the uninvaded zone

as determined in ¢).
3. A method according to claim 1, wherein:

the well log data of a} characterizes at keast one of total porosity, resistivity or conductivity of
the flushed zone, resistivity or conductivity of the formation at a sct of radial depths of investigation,
and water resistivity of the flushed zone.
4. A method according to claim 3, wheremn:

the well log data of a) further characterizes clay volume fraction; and
the set of petrophysical parameters further includes a CAC or Qv parameter.
5. A method according to claim 1, wherein:

the computation model of b) minimizes a cost function that inchudes the well log data of a},
wherein the cost function can assume that the comentation exponent, the saturation exponent, and the

flushed zone water resistivity arc constant for the multiple depths.
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6. A method according to claim 3, wherein:
the cost function has the form
al 2
cost = z (RXO,i - Rf('m» By xo, $ri Sw,.-\’()i))

=1
where 7 represents & multiple depths from | to &,
Ryg 1s resistivity of the flushed zone at each depth 7,
m is the comentation exponent,
7 is the saturation exponent,
R, xo 18 the water resistivity of the flushed zone,
¢ ; 1s total porosity at each depth /. and

Sw.xo.: 15 the water saturation of the flushed zone at each depth 7,

and Ry( ) represents Archie equation of the form
Rf (m, n, Ry, ¢‘T» Sw) = R»V(memgw—n
where Ry, yo 1s used for R, and S, o ; 1s used for 5.
7. A method according to claim 5, wherein:
the cost function has the form
2

I\J
ost = ¥ (Byp; — R¥S(m*,n, Ry yo, CEC brisSwxoi)
cost = Lixop Ry AL, Ry xg, WL, feror b1 w,xa,i))
i=1
where 7 represents NV multiple depths from 1 to N,
Ryo; 18 resistivity of the flushed zone at cach depth 4,
m* is the cementation exponent,

n* is the saturation exponent,

Ry xo 15 the water resistivity of the flushed zone,
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feu i 1s the clay volume fraction at each depth 7,
¢ ; 15 total porosity at each depth 7, and
Sy xo,i 18 the water saturation of the flushed zone at each depth ¢,

and R}” { ) represents Waxman-Smith equation of the form

1 ot £ 1 RO
B ™S, (___+ Qv)

RI’FVS (m” 0 Ry, 1Sy} Ry Sw

where R, yo 15 used for Ry, 5, xo; 1s used for Sy, (v is the excess charge density due to the

presence of clay, and B is a predefined constant.
8. A method according to claim 1, wherein the computation model of b) is configured to:

solve for radial disirtbution of water saturation and salt concentration in the formation at the

multiple depths;

use the radial distribution of water saturation and salf concentration to determine an estimate of

the cementation exponent and the saturation exponent; and

perform an inversion process that solves for the cementation exponent and the saturation
exponent by matching a resistivity model generated by a tool response forward solver to measured

resistivity of the formation at multiple depths of investigation.
9. A method according to claim 1, wherein:

the operations of a) to ¢} are performed by a processor.
10, A method according to claim 1, further comprising:

operating a plurality of different logging tools to perform the plurality of different well log

measurements of the formation at multiple depths in the wellbore.

Pl A system for characterizing a formation traversed by a wellbore, wherem the formation includes at

least a flushed zone and an uninvaded zone, the system comprising:
at least one computer processor configured to perform operations that inchudes

a) obtaining well log data based on plurality of different well log measurements of the

formation at multiple depths in the wellbore;
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by using the well log data of a) as inpuis to a computational mode! that solves fora set
of petrophysical parameters that characterize a portion of the formation corresponding to the multiple
depths n the wellbore, wherein the set of petrophysical parameters inchude a cementation exponent, a

saturation exponent, and a flushed zone water resistivity; and

¢} using the set of petrophysical parameters solved for 1n b) to determine a value of water
saturation of the uninvaded zone for the portion of the formation corresponding to the multiple depths

n the wellbore.
12. A svstem according to claim 11, wherein:

the at least one computer process is configured to store in computer memory or outputiing the

valuc of water saturation of the uninvaded zone as deternuned in ).
13. A svstem according to claim 11, wherein:

the well log data of a) charactenizes at least one of total porosity, resistivity or conductivity of
the flushed zone, resistivity or conductivity of the formation at a set of radial depths of investigation,

and water resistivity of the flushed zone.
14, A system according to claim 13, wherem:

the well log data of a) further characterizes clay volume fraction; and

the set of petrophysical parameters further includes a CFC or {3y parameter.
15, A system according to clanm 11, wherem:

the computation model of b} minimizes a cost function that includes the well log data of a), ),
wherein the cost function can assume that the cementation exponent, the satoration exponent, and the

flushed zone water resistivity are constant for the multiple depths.
16. A svstem according to claim 15, whercin:

=

the cost function has the form

2
cost = (Rxo,i - Rf@n) n Ry xos T,i,SW,XO‘,j))

where 7 represents & multiple depths from | to &,

Ryg 1s resistivity of the flushed zone at each depth 7,
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m 1s the cementation exponent,
7 is the saturation exponent,
R, yo 18 the water resistivity of the flushed zone,
P ; 18 total porosity at each depth 7, and
Sw g0 1s the water saturation of the flushed zone at each depth /.
and #r( ) represents Archie equation of the form
R f (.TR; 1, R ws ¢T} ‘S'.w} = Rw (i) T mSw o
where Ry, yo is used for Ry, and S, yo; 15 used for Sw.
17. A svstem according to claim 15, wherein:

the cost function has the form

Y

o WSt ¥ e o
cost = Z (Rso - f/ (m*,n s R xo, CECq, fon dri st.xo,i»

i=1

2

where 7 represents NV multiple depths from 1 to Y,
Ryp.i 1s resistivity of the flushed zone at each depth 4,
m* is the cementation exponent,
n* is the saturation exponent,
Ry xo 1s the water resistivity of the flushed zone,
feri 18 the clay volume fraction at each depth /.
P ; 1s total porosity at each depth 7, and
Sw xo,i 1s the water saturation of the flushed zone at each depth /,

and R/XVS { ) represents Waxman-South equation of the form

1 —1t e -1t 1 B-Qv
WET = gy 8,7 ( + - )
Rf (M 7" Ry Qo O 50 . .
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where Ry, o 15 used for Ry, S, xo s 18 used for 8w, v is the excess charge density due to clay,

and B is a predefined constant.
18. A system according to claim 11, wherein the computation model of b} is configured to:

solve for radial distribution of water saturation and salt concentration in the formation at the

multiple depths;

use the radial distribution of water saturation and salt concentration to determine an estimate of

the cementation exponent and the saturation exponent; and

perform an inversion process that solves for the cementation exponent and the saturation
exponent by matching a resistivity model generated by a tool response forward solver to measured

resistivity of the formation at multiple depths of investigation.
19. A svstem according to claim 11, whercin:

the operations of a) to ¢} are performed by a processor.
20. A system according to claim 11, whercin:

a plurality of different logging tools are configured to perform the phurality of different well log

measurements of the formation at multiple depths m the wellbore.
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