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TECHNICAL NOTE

Determination of Archie Parameters from Omani
Carbonate Cores
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Abstract. This paper presents 4 data analysis approich o determine Archie paramerer a, m and n from
standard resistivity measurements on carbonate rocks core samples from Omani oil fields. The constants
a and m were determined from core derived porosity data and the corresponding lormation resistivity fac-
tor under different overburden pressures. Saturation exponent n of Archie's formula was estimared by
measuring resistivity index for different brine saturations. The exact determination of Archie parameters
15 uf puramount importance for the evaluation of oil reservoir rocks. Small change of a, m and n could pro-
duce a dramatic difference in the hydrocarbon reserve estimation processes.

The core analysis presented in this study for carbonate rocks showed that a is in the range of 0.74 o
1.8] with an average of 1.12and m vanes from 1.4] 10 2.7% and giving an average of 2.03. Saturation expo-
nentn has a range of 1.83 to 2.59, with an average of n 2.08. indicating that the studied reservoir is predo-
minantly water wet. Cementation factor m and formation factor coefficient a were tested under different
overburden pressure conditions. Tt is found rhar m and a are sensitive 1o the change of the applicd averbur-
den pressure.

Nomenclature

net overburden pressure
= brine resistivity, @.m.
= resistivity of rock fully saturated with brine, .m.

F = tormation resistivity factor
a = formation factor coefficient
¢ = core porosity, %

m = cementation factor

n = saturation exponent

Sw = walersaturation

P =

R,

R,
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formation resistivity, Q.m.
resistivity index
= incremental change

i

o ==
i

Introeduction

Due ta variation in pore geometry in carbonate reservoir rocks, it is primordial 10
examine Archic parameters, saturation exponent n, cemeatation factor m and for-
mation factor coefficient a. Because carbonate reservoirs are not universally water
wet, saturation cxponent n often differs from the standard valuc of 2. This difference
is ascribed mainly to rock wettability in addition 10 other rock/fluid characters.
Therefore to determinc an accurate water saturation, Archie parameters have to be
very carefully defined. The implication for log interpretation is alarming. Suppose a
zone had been interpreted conventionally using n = 2 and found to have a water sat-
uration 40 percenl, making it a candidatc for producing hydrocarbon. Using the
same logs but assuming the rock is oil wet and n was around 10, water saturation
could alternatively take a value of 83 percent, making it water producing zone,

1t is known that the matrix of a rock is, for all practical purposes non conducting,
the only conductor being the salt water salution contained in the pore spacc. Natural
rock system, however, especially precludes a mathemarical development for the
thorough definition of F = { (¢} relationship. The first definitive work was done by
Archie (1] in which hc observed that the formation resistivity factor F was related to
the formation porosity ¢ in the form

F=a/¢™ = R,/R, 1)
and rock resistivity R, to water saturation $,, in the form

S"=FR,/R, (2)

Archie’s equation is considered as an ultimate base of the formation evaluation
processes. Archie did not use the coefficient a in his equation and was taken as 1.0.
In practice, the values of a, m and n are varying with the rock type, the nature of the
saturating fluids and desaturation processes. A correct choice is sometimes very dif-
ficult, particularly in carbonate rocks. Some authors [2,3; pp. 110129, 4-6] have
pointed out that if a is a constant it should be equal to 1.0. Our purpose in this study
is mainly to propose a relationship for the choice of these parameters a, m, und n for
carbonate reservoir reck by testing limestone core sample collected from the pay
zones of carhonate reservoirs in the northern part of Oman.
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Determination of Cementation Factor m and Formation
Factor Coefficient a

The practical application of the relationship F = f (¢) for a particular rock type
is best accomplished by cvaluating the cementation factor m and formation factor
coefficient a using laboratory measured values of the formation resistivity factor and
porosity. Each rock type has its characteristic formation factor versus PpoTOSity Icla-
tion. Core measurements to determine this relationship reguired a range of espe-
cially preserved core samples, this is to keep the core under the same reservoir fluid
distribution conditions, having different porosities. Table 1 summarizes the porosity
and formatien factor valugcs at different overburden pressures (14,28,50,110,20¢) and
210 Kg/cm?). The data shown in the table have been obtained from the laboratory
analysis of core samples collected from two wells. For every core sample, the poros-
ity has been detcrmined. The resistivity R, of the core 100 percent brine saturated
was measured. The resistivity of simulated formation brine was 6.05 ohm-meter at

Tabte L. Poroslty (¢) and Formation resistivity factor (k) for carbonate core samples

Well 1. 50 Kg/em? 110 Kg/em? 210 Kg/em’
Sample No. F % ¥ &% F $%
1 87 36.1 8.9 3593 6.1 38 18
2 9.4 3313 9.6 32.87 9.7 32.57
3 8.3 33 835 33.58 8.6 33.38
4 6.6 38.00 6.7 37.47 7.00 36.77
5 130 28.00 13.4 7.9 13.7 27.73
6 6.6 19.93 6.7 36.74 6.8 36.99
7 7.4 35.34 76 35.14 7.6 34,41
Well 2. 14 Kg/em? 28 Kg/em® 200 Kg/em?
Sample No. ¥ % F % F %
1 60 38.7 7.4 384 8.1 374
2 6.4 359 8.9 336 8.2 351
3 67 351 8.2 349 8.6 4.1
4 6.5 W5 7.5 36.2 8.4 35.0
5 6.0 6.7 7.7 35.7 83 35.2
s 54 39.4 6.9 3.1 7.3 86
7 57 38.0 7.3 36.2 7.6 367
8 6.9 334 7.8 371 8.4 36.0
9 8.0 N3 0.3 3.1 9.8 303
10 8.9 282 .0 2%.0 10.5 27.4
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25°C. The formation resistivity factor F wus determined for each sample using the
definition F = Ry/R,, at different overburden pressure conditions.

By tuking the logaritﬁm of both sides of equation 1. relating formation factor to
porosity, the resuit is

logF =loga~ mlogg 3

Thus a plot of log F versus log ¢ should give a linear trend, wherc - m represents the
slope of this lincar trend of Fvs. ¢ and an interceptat ¢ = 1.01s giving the coefficient
a. Itappears that m has varied for different rock condition as a function of the degree
of cementing of the rock. Figures 1-6 represent the F = [(¢b) relations for the studied
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limestone core samples. From thesc figures, it is seen that m has gone from 1.41 to
2.79, while a was covering the range of 0.74 to 1.81. An integrated analysis of the
retained formation resistivity - porosity data led to generalized the F = f(¢) relation-
ship for the acquired limestone core samples in the following form

F=1.12/g*® “

Formation resistivity factor and overburden pressure

Knowledge of formation resistivity factor behavior with pressure change is
important because of the stress distribution existing in the formations adjacent to the
well bore. This is especially characterized, since the experimental observations indi-
catcd that the change of formation factor with pressure is more pronounced than that
can be accounted on the basis of porosity change [7; p. 332, 8; p. 647]. The change
of formation resistivity factor with pressure could be cxpressed in the change of
cementation factor due to the change of applied overburden pressures. Table 2 pre-
sents cementation factor values and the corresponding overburden pressurc. Provid-
ing that the pore fluid pressure was 14 Kg/em?, the rate of change of cementation fac-
tor has been calculated in relation to the net overburden pressure change with
respect to this fluid presurc, Table 2. Fig. 7 illustrates the relationship between the
incremental increase of cementation factor Sm and net change of overburden pres-
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Table 2. Change of cementation factor and formatiun resistivity coefficlent with averburden pressure
change
Pl(gl-('m2 14 28 50 110 200 210
m 141 1.48 1.85 217 21 2.48
a 1.4 1.81 0.9 09 2.41 0.74
5P Kp/em?® zero 14 6 9% 186 196
dm Zero 0.07 0.44 0.76 1.38 1.07
ba 0 0.47 —(.44 -0.43 1.07 —0.60
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Fig. 7. Pressure Change Kg/cm?,

sure &P, A relationship between &m and 8P has been developed demonstrating an
increasing trend of cementation factor as the applied overburden pressure becomes

higher.

Om = 0.4384 In dp — 1.1306

(5)

Equation ( 5) reflects the impact of the overburden pressure on formation resistivity
factor. The values of formation factor cocfficient a deduced from the logarithmic plot
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of I against ¢ did not exhibit « significant function to the change of the overburden
pressure. Table 2 illustratcs a values for the net changes of averburden pressure, This
confirms the limitations of ascribing the higher formation resistivity factor to tortuos-
ity. Tn any pore system, tortuosity can be ¢xpected to be sensitive to change of
applied pressure. Tortuosity values shown in Table 2 illustrate a helerogencous pore
system of the studied carbonate rock samples and nonuniform distribution of electro-
lyte within the pore system. On the other side the cementation factor proposed by
Aurchie represents the cffeet of all interrelated parameters that characterize  natural
rock. Not only the overburden pressure affecting the cementation factor hut also
pore geometry system, lortuostty and conductive solids should be considered in the
study ol cementation factor behavior.

Determination of Saturation Exponent n

The relationship between saturation and resistivity has been studied extensively
by many authors. ‘There are a number of factors affecting the value of the saturation
cxponent n; wettability, rock structure, presence of clay, measurement technique
and history of fluid displucement. It appears that wettability is the utmost controlling
factor of the saturation exponent. The conducted researches of [9-11] had shown a
clear trend of saturation exponent n going from n = 2 for water-wet pack ton = 25
in the case of oil-wet pack. It is found that wettability is an important factor in deter-
mining resistivity of partially saturated carbonate rocks. Why the saturation expo-
nent n depends on wettability. In water-wet rock, brine coates each grain and pro-
vides a continuous path for ion flow at all saturation, n remains constant around 2.
In oil-wct rock, brine is trapped in blobs in the middle of each pore. As waler sutura-
tion decreases, paths between blobs get broken. Thereby resistivity increases
dramatically and n increases to 10 or more [12].

The conventional determination of saturation exponentis based on Archic's formuia
S, = (aR, /™ R)'" (6)

Originally Archic formula did not include a coetficient, but Winsauer et al. (1953)
have added it to the equation. Since then, ais commonly used as part of Archie’s equ-
ation. By taking the logarithm of equation 6, it 1s trunsposed into

log R, = log (aR,/p™) — nlog S, (M

I the terms on both sides of the same sign in equation 7 can be combined, the equa-
tion is rewritten in the form:

logI=—nlog$§, (8

Where I = resistivity index (R /R,) and R, = aR_/¢™. Therefore, plotting of log I
versus log 5, should produce a straight line of 4 negative slope n.
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Laboratory measurements of the saturation exponent n can be accomplished by
a variety of techniques that can be generally defined as static or dynamic. The
methods for measuring the saturation exponent are tedious. It is, however, very
important to have these data measured in the laboratory on representative core sam-
ples. Ten core samples have heen collected from vil bearing zones especially pre-
served and prepared to retain their wettability conditions have been tested. Using,
statu;: technigue, the samples were placed in a high speed centrifuge and spun at
increasing incremental speed to an equivalent capillary pressure 35 Kg/cm?®. Then,
the samples were removed from the centrifuge cups. Brine saturations and electrical
resistivities were determined. Resistivity index I values were calculated from Rg.
resistivity at 100 percent brine saturation and R,, resistivity at partial brine satura-
tion. Table 3 summarizes resistivity index, electrical resistivity, brine saturation and
saturation exponent for the studied core samples (three samples failed during test) in
addition to the corresponding porosity.

Saturation exponents n were determined from the logarithmic plot of resistivity
index, 1 versus brine saturation, S_ for seven core samples. From these figures, it is
found that saturation exponent, n values varied from 1.83 to 2.59, Table 3. The com-
posite plot of the function I = f (8,) is depicted on Fig. 8. The data for this plot were
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Table 3. Brine saturation (5, }, electrical resistivity (R,), resistivity index (I}, saturatinin exponent {n) and
eore porosity (¢) for carbonate core samples, wetl 2

SampleNo.  ¢% at 50 Kg/em? S, % R, S.m. I n

2 RS e €380 1.0 2.06
93.3 0.44 1.16
728 0.72 1.9
7.3 5.36 14.1
16.3 5.6 410

3 RN IEY 041 1.0 2.14
7.5 0.73 1.78
68.2 0.92 2.25
.2 5.60 13.9
13.9 27.43 66.9

4 306.5 1% 1.375 1.00 1.83
56 th54 L.4d
63.9 (.86 2.29
56.6 L0 277
3 39 10.4

7 30 1K 0348 1.00 2.5
8.1 (4% |3
79.9 0.6l 1.77
29.8 7.5 217

8 174 10 0,335 (0 208
936 041 .15
w12 054 1.52
5.6 5.6 15.9

Y 313 100 1.5]4 LM 244
B35 0.74 143
30 577 1.2

10 .2 100 064 1 1.3
82 LR a1

17.2 RN ns
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taken from all core sample analysis. From the relationship plotted in Fig. 8, the aver-
age value of saturation exponent n was found 2.08. This saturation exponent n deter-
mined by the above procedure, using the retained limestone core samples equals o
2.08. is indicating that the studied reservoir is predominantly water wet carbonate
Teservoir,

Conclusions

The m and a values of Archie’s formula (F = 1.12/¢% determined by core
derived porosity versus formation resistivity factor were 2.03 and 1.12 respectively.
Thesc valucs are recommended to substitute a, m parameters in the water saturation
equation for the retained carbonate reservoir. Alsv, it is found that the parameters
a and m respomd to the overburden pressure change in a different fashion. While a
did not demonstrate a definite relationship to the pressure change, dm showed an
increasing function of the net vverburden pressure increasc 8P. The average satura-
tion exponent, n determined by the adopted procedure in this work, using limestone
core samples was around 2.08, This n value means that the reservoir could be consi-
dered as water-wet. Because of the effect of the wettability conditions on the selec-
tion of n, it is very important to identify the rock wettability preference.
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