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ABSTRACT 

Calculation of a reservoir's water saturation using the 

Archie equation requires the values for cementation exponent 

(m) and saturation exponent (n). Determination of these two 

parameters, particularly in carbonate reservoirs, is often 

difficult. Recently a new method (CAPE) for estimating m 

and n has been proposed by Maute et al. (1992). In the CAPE 

(Core Archie Parameter Estimation) method, m and n are 

determined by minimizing the error between laboratory 

derived water saturation (Sw ) and water saturation 
^ core' 

calculated by the Archie equation (Sŵ .̂̂ .̂̂ ) . Because core 

data are often unavailable, the author substituted 

dielectric water saturation (Sxo,- , ̂  - ) for core-derived 
^ dielectric' 

water saturation to determine m and n, and applied the 

technique to the Glorieta-Clearfork dolomites in the 

Monahans field. Ward County, Texas. 

The Permian (Leonardian) Glorieta-Clearfork dolomites 

in the Monahans field represents an upward-shoaling 

carbonate platform sequence. The predominant rock type is 

dolostone and the major mineral constituents are dolomite 

and anhydrite. Petrographic analysis reveals mainly 

intercrystalline/intergranular pore geometry with minor 

vuggy/moldic porosity. 

In this study the author applied three techniques: (1) 

non-linear, (2) linear, and (3) m-porosity transform to 

v 



determine m and n values that minimize the error (error-

function) between Sxo (dielectric) and Sxo (Archie). Two m-

porosity transforms were established, but the transform that 

represented the majority of the data (85%) was used to 

derive m values. Using data from the Glorieta-Clearfork 

dolomite in the Monahans field, the non-linear method 

resulted in the minimum error between Sxo (dielectric) and 

Sxo (Archie). 

The m and n values determined by the non-linear and 

linear methods probably do not represent physical rock 

characteristics but are only values that minimize the error 

functions. In contrast, m and n values determined by the m-

porosity transform method should represent physical 

attributes of reservoirs such as pore geometry or 

wettability. 

In order to further reduce the error between Sxo 

(dielectric) and Sxo (Archie), m and n were approximated by 

mathematical functions (polynomial and Fourier series) to 

model the vertical variation of m and n in the reservoir 

(variable m and n method). This variable m and n method 

based on a Fourier series resulted in the greatest error-

reduction when compared to the non-linear method. 

After determining m and n values that result in the 

minimum error between Sxo (dielectric) and Sxo (Archie), 

these values can then be used to calculate the water 

saturation in the uninvaded zone (Sw). 
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21: Reconstructing Sxô p̂  in the Glorieta 55 
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CHAPTER I 

INTRODUCTION 

Different lithological units in the Permian Basin of West 

Texas are traditionally prolific hydrocarbon producers. Most 

of the reservoirs were discovered, developed and produced 

extensively before modern petrophysical techniques were 

available. The study area, Monahans Field, is located in 

Ward and Winkler Counties, Texas. This field produces from 

the Permian Clearfork and Glorieta dolomites and has undergone 

several stages of development since its discovery in 1945. 

For optimal exploitation of oil and gas, a detailed 

characterization of the reservoir is necessary. This 

typically includes a detailed geologic description of the 

reservoir facies, interpretation of depositional environments 

and diagenesis, determination of porosity and permeability, 

and separation of flow units. One major prerequisite for 

proper prediction of hydrocarbon producibility and volumetric 

hydrocarbon reserve calculations is knowledge of correct water 

saturation (Sw). In a lithologically complex reservoir like 

the Glorieta-Clearfork dolomite v/ith varying pore geometries, 

calculation of water saturation by conventional log analysis 

often results in erroneous values. In this study, an effort 

has been made to determine the Archie parameters cementation 

exponent (m) and saturation exponent (n) more accurately which 

then are used to determine more accurate water saturations. 
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Location of Study 

The Monahans Field is located within the Permian Basin on 

the west side of the Central Basin Platform (Fig. 1). The 

Permian Basin is a broad geological province comprising the 

deeper Delaware Basin (to the west) and Midland Basin (to the 

east) separated by the Central Basin Platform. The Monahans 

structure is a northwest-southeast trending, doubly-plunging 

anticline with gently sloping limbs, having dips of less than 

3 degrees. The field covers an area approximately five miles 

in length by 1.5 miles in width. 

Purpose of Study 

The primary objective of this study is the petrophysical 

analysis of the Glorieta-Clearfork formations with particular 

reference to the determination of cementation exponent (m) and 

saturation exponent (n) . Owing to the complexity of the 

Glorieta-Clearfork reservoir, traditional methods of 

determining m and n from both well log and core analysis may 

not give m and n values that result in the most accurate water 

saturations. Along with the conventional methods, a new 

statistical approach using a combination of least error 

summation and dielectric water saturation has been used to 

determine more reliable values of m and n that result in the 

minimum error in the calculation of water saturation. 





Fig. l: Base map and location of Monahans Field. Dark spots 
on the central Basin Platform indicate oil fields with 
cumulative production greater than 5 MMbbl. 
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Reservoirs' water saturations are then calculated using these 

statistically determined m and n values. 

Previous work 

Several published and unpublished reports about the 

detail geology and engineering aspects of the Monahans Field 

have been released by Shell Exploration & Production Co. A 

number of workers have studied correlatable lithological units 

(Glorieta-Clearfork) in other fields. Mazzullo (1982, 1987, 

1989) has done extensive study on stratigraphy, depositional 

systems and diagenesis of Clearfork and other Leonardian 

strata. Sedimentology and related topics have also been 

addressed by other authors Presley and McGillis (1982), Jeary 

(1978), and Broadhead (1984, 1988). Barbe and Schnoebelen 

(1987), Barber et al. (1983), Dowling (1978), Wuetal. (1989) 

have concentrated on the water-flooding and infill drilling. 

Asquith (1984) reported on the difficulties in doing log 

analysis in carbonate reservoirs because of the variety of 

carbonate pore types and pore geometry. Borai (1987), Focke 

and Munn (1987), Rasmus (1987) have indicated the relationship 

of cementation exponent (m) and porosity in complex carbonate 

reservoirs and introduced the concept of variable m in 

analyzing carbonate reservoirs. Keller (1953), Morgan and 

Pirson (1964), Ransom (1984), Rasmus (1987), and Donaldson and 

Siddiqui (1987) have reported that the relative wettabilities 

of oil and water to the reservoir have the greatest effect on 



the value of saturation exponent (n). Maute et al. (1991) 

have proposed a new statistical approach called CAPE (Core 

Archie Parameter Estimation) to determine the Archie exponents 

(m and n) from core data. 

Methods of Study 

Well logs and cores have been collected from three wells 

(Shell Sealy Smith #164, #314 and #270). Core analysis 

included determination of porosity, permeability and 

cementation exponent. Core analysis on 28 core plugs was 

performed at the core laboratory in the Center for Applied 

Petrophysical Studies (Texas Tech University). In addition. 

Shell Exploration and Productions Co. provided core porosity, 

permeability and m data on 32 samples plus five measurements 

of saturation exponent (n) . Thin sections were made from each 

of the 28 core plugs in order to compare carbonate pore types 

and geometry to core data. Porosity transforms were 

constructed using core porosity versus bulk density and 

interval transit time in order to obtain more accurate 

porosity values. Porosity versus m transforms were 

constructed from the core analysis (both TTU and Shell data). 

The porosity versus m transforms were then used to generate 

variable m values at different depths throughout the 

reservoir. 

A series of mathematical analyses were carried out to 

estimate the m and n values which resulted in the least square 



errors in water saturations. The error is calculated by 

taking the difference between water saturation from the 

dielectric log and water saturation calculated by the Archie's 

equation, varying m and n to determine minimum error by least 

square summation. The importance of the dielectric log is 

that water saturation can be determined independent of m and 

n (Wharton et al., 1980). The PASCAL-program MN (IBM PC 

compatible version) developed by the author (Asquith and Saha, 

1991) was used for most of these computational tasks. 

In order to further improve the accuracy in determination 

of water saturation by least square summation, polynomial and 

Fourier series models were chosen to better represent the 

vertical variation in the reservoirs' m and n values. The 

very long computational times involved in minimizing these 

polynomial and Fourier functions necessiated the use of a 

UNIX-based workstation and MasPar parallel computer using 

software developed by the author. MasPar systems are often 

referred to as SIMD (Single Instruction, Multiple Data) 

systems. In SIMD systems, a single program instruction can be 

executed simultaneously on many relatively small processors. 

MasPar systems are effective in applications where the same 

operations are being performed on many data points at once and 

can be many times faster than other systems. 

The Glorieta-Clearfork was subdivided into 3 subzones and 

for each zone m and n values were determined by the various 

least square summation methods. The water saturations 



calculated by the various methods were graphically and 

statistically compared to dielectric water saturations to 

determine which method resulted in the minimum error in the 

calculation of water saturation. 

Stratigraphy and Depositional Environment 

The Glorieta-Clearfork dolomites represent a major 

carbonate depositional cycle that was deposited during Permian 

(Leonardian) time. Stratigraphically, the Glorieta-Clearfork 

is below San Andres (Guadalupian) and is underlain by the 

Wichita Formation (Fig. 2) . 

The sediments of Glorieta-Clearfork were deposited within 

a carbonate shelf depositional environment on the west side of 

the Central Basin Platform (Fig. 1). The shelf margin during 

Glorieta-Clearfork deposition was located approximately 12 

miles west of the Monahans field (Schoennagel, F. A. and 

Scott, G. L., 1964). The basinward strata (W-NW of the field) 

exhibit a higher percentage of marine sediments than the 

strata present in the shelfward locations (SE of the field). 

The Glorieta-Clearfork dolomites consist of multiple 

transgressive/regressive subcycles and sedimentary 

environments represented in cyclic units range from shallow 

marine (subtidal) to supratidal (Ruppel, 1992). 

Subtidal facies mainly include dolowackestones and 

dolomudstone, less commonly, doloboundstone. Burrowing is 

fairly common. Overall, these sediments are mud-supported, 
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Fig. 2: Stratigraphy and type log (Shell Sealy-Smith #270) 
for the Glorieta-Clearfork dolomite. 
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suggesting little current activity. The shallow shelf and 

intertidal facies contain dolograinstones and dolopackstones. 

These shallow shelf deposits pinch out toward the east end of 

the field into the tidal-flat and supratidal deposits (Henning 

and Wilson, 1981). The supratidal deposits have relatively 

low porosity and consist mainly of dolostone and dolomitic 

anhydrite. 

The Glorieta-Clearfork dolomites consist of several 

cycles (parasequences) of dolostone and anhydrite that were 

deposited as carbonate and evaporite sediments in a shallow-

water marine setting with adjacent intertidal or supratidal 

mud flats. A wedge of tidal flat (intertidal and supratidal) 

deposits intertongues with shallow-water marine (subtidal) 

deposits near the updip limit of marine sedimentation. These 

upward-shoaling repetitive cycles are ubiquitous in other 

fields the of Central Basin Platform (Ruppel, 1992) . 
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CHAPTER II 

PETROGRAPHY 

Thin sections were made of 28 core plugs from the three 

wells. Each of the thin sections were stained with alizarin 

Red-S in order to distinguish calcite from dolomite, but 

calcite was not observed. The Glorieta-Clearfork dolomite in 

the Monahans field was subdivided into four major rock types: 

(1) dolostone, (2) peloid (dolo)packstone/grainstone, (3) 

peloid (dolo)wackestone/mudstone, and (4) stromatolitic 

(dolo)boundstone. The major mineral constituents in these 

four rock types are dolomite and anhydrite. 

Dolostone 

Dolostone is by far the most common rock type in the 

Glorieta-Clearfork interval. The general lithology is 

crystalline fine grained dolomite (Fig. 3). Dolomite cement 

is also present in pores. Anhydrite is present both as 

replacement and pore filling material (Fig. 4). Additional 

minor sulphate minerals are "celbar" (celestite and barite) 

and gypsum. Some of the samples contain minor shell fragments 

and monocrystals (e.g., crinoid). Porosity is low but 

sometimes exhibits wide variation even within one thin 

section. Most of the porosity in dolostone is 

intercrystalline, however some shell molds and stairstep molds 

12 
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Fig. 3: Fine grained dolostone with intercrystalline 
porosity. Blue areas are porosity (lOOx) 

Fig. 4: Anhydrite (blue, red, and yellow) as replacement and 
pore filling material in dolostone (lOOx). 
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of anhydrite were also observed. Much of the moldic porosity 

is filled by anhydrite cement. 

Peloid fdolo)packstone/grainstone 

The general characteristic of this rock type is the 

presence of peloids in recrystallized and dolomitized 

carbonate mud (packstone). Where the mud content is lower, 

the rock is a peloid grainstone (Fig. 5). Besides peloids, 

other minor allochems are shell fragments. Some of the 

peloids have undergone dissolution leaving micritic envelopes 

that are sometimes filled with anhydrite and dolomite cements. 

Shell molds also contain pore-filling dolomite cement. Some 

large pores reveal a sequence of cement precipitation with 

scalenohedral cement (now dolomite) at the periphery, and 

anhydrite or rhombic dolomite at the center. The peloid 

packstone/grainstones have better porosity development 

compared to the dolostones. Porosity types mainly include 

intergranular, pelmoldic, and vuggy. 

Peloid (dolo)wackestone/mudstones 

This rock type is characterized by the high proportion of 

dolomitized carbonate mud (Fig. 6) . Some of the samples 

contain allochems such as pellets and shell fragments, whereas 

others are composed almost entirely of dolomitized carbonate 

mud. Porosity is low and is dominantly intercrystalline. 

Many of the pores are filled by anhydrite cement. 

15 
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Fig. 5: Peloid packstone/grainstone. White areas are cement 
and recrystallized and dolomitized carbonate mud; dark grains 
are peloids. Some anhydrite is also present (20x). 

Fig. 6: Peloid wackestone/mudstone (20x). 
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Stromatolitic (dolo)boundstone 

Very few of the samples fall into this category. This 

rock type is characterized mainly by two features: algal 

laminations and fenestral vugs. Pellets, crinoid components 

and bryozoans can be recognized in the matrix. Practically 

all the fenestral vugs are filled in by anhydrite cement (Fig. 

V). 
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Fig. 7: Stromatolitic boundstone. The fenestral 
filled by anhydrite (light shade) cement (20x). 

vugs are 
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CHAPTER III 

CONVENTIONAL PETROPHYSICS 

Archie Relationship and Measurement of Cementation 
Exponent (m) and Saturation Exponent (n) 

Water saturations determined from well logs are 

calculated by the Archie relationship (Archie, 1942): 

Sw= ( A ^ ) - (1) 

where Sw = water saturation, 

0 = porosity (in fraction), 

Rw = resistivity of formation water, 

Rt = true formation resistivity, 

m = cementation exponent, and 

n = saturation exponent. 

Since 1942, this relationship relating reservoir's water 

saturation to porosity and resistivity has been the very basis 

of formation evaluation and volumetric hydrocarbon-reserve 

calculation. Since the values of cementation exponent (m) and 

saturation exponent (n) greatly affect the calculation of 

water saturations, accurate values of m and n are important. 

Cementation exponent can be determined from both core data and 

log data (in water zones), whereas determination of saturation 

exponent requires core measurements. The conventional ways to 

determine m and n are described briefly. 

20 



Determination of m 

A rock's formation resistivity factor (F) is the ratio of 

its wet (Sw=100%) resistivity (Ro) to the resistivity of the 

formation water (Rw). 

F=^ (2) 

Formation factor (F) when plotted against porosity on double-

logarithmic graph paper gives a linear trend (Fig. 8A) , the 

slope of the trend represents cementation exponent (m). This 

is mathematically equivalent to: 

F = — (3) 

Determination of n 

It has been observed that the resistivity of rock 

increases due to presence of hydrocarbon by a factor called 

resistivity index (I) . 

J = — (4) 
Ro 

Resistivity index (I) when plotted against Sw (at every Sw, Rt 

is measured) on double-logarithmic graph paper also gives a 

linear trend. The slope of the best fit line through the data 

points (Fig. 8B) represents the saturation exponent (n) which 
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Fig. 8: An example illustrating the conventional measurement 
of cementation exponent (m) and saturation exponent (n). Fig. 
8A is a cross-plot of formation resistivity factor (Fr) and 
porosity to determine m. Fig. 8B represents a cross-plot of 
resistivity index (I) and water saturation (Sw) to determine 
n. 
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can be written as: 

1=-^ (5) 

The reason for plotting the data on log-log paper and 

fitting a line through them is to obtain "average" m and n for 

the reservoir. Archie (1942) showed that the cementation 

exponent and saturation exponent are close to 2.00, a number 

of different petrophysicists also have made a similar 

observation. However, cementation and saturation exponents of 

2.00 are only valid in water-wet rocks with 

intergranular/intercrystalline porosity. As pore geometry 

becomes more complex and concomitantly porosity becomes more 

isolated, the value of m increases above 2.00 (Asquith, 1984). 

However, the presence of fractures (Rasmus, 1987) lowers m 

value below 2.00 because fractures help interconnect porosity. 

The value of n is largely influenced by the relative 

wettabilities of oil, water and the reservoir. Morgan and 

Pirson (1953) report that dominantly water-wet reservoirs have 

n values less than 4.00. However, dominantly oil wet 

reservoir exhibit much higher saturation exponent (n = 8 to 

25) . 

Determination of Porosity 
(Core vs. Log Transform) 

Porosity logs (Neutron-Density and Acoustic) were 

available for the three wells. Porosity was also measured 

24 



from core. In order to obtain accurate porosity values, log-

derived porosity was correlated to core-derived porosity. 

Core depths were first adjusted to log depths by correlating 

the core porosity curves to log porosity curves and also by 

correlating the gamma-ray response from both the core and the 

log. 

Bulk densities (p̂ ; gm/cc) from log were cross-plotted 

with core porosities. The bulk density versus core porosity 

cross-plot yields a (Fig. 9) correlation coefficient of 0.67 

indicating a high degree of scatter. 

A cross-plot of interval transit times (ITT; /isec/ft) and 

core porosities was also constructed (Fig. 10). The acoustic 

log does not measure vuggy porosity, but detailed studies of 

cores from the three wells have shown very little vuggy 

porosity. Also, the acoustic log is less affected by the 

presence of anhydrite compared to the density log. The lower 

effect of anhydrite on the acoustic log is important because 

anhydrite is common in the Monahans field. The interval 

transit time versus core porosity cross-plot resulted in a 

correlation coefficient of 0.925. Due to this high 

correlation coefficient, the ITT versus core porosity 

transform (0 = 0.947*ITT - 43.41) was used for porosity 

calculation. 

25 
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Porosity versus m Transform 

In carbonate reservoirs where pore geometries are 

variable, m often varies within the reservoir. The variation 

of m in carbonates has led to the concept of variable m (Focke 

and Munn, 1987). In order to determine variable m, measured 

m values are correlated with porosity (Borai, 1987; Focke and 

Munn, 1987) and from the resulting m-porosity transforms, m 

values can be calculated at different depths. 

In the Glorieta-Clearfork dolomite, m values and 

porosities were measured from 60 samples. These m and 

porosity values were cross-plotted. Although there is a 

scatter, two transforms were established (Fig. 11) . Of the 60 

samples, only 9 (15%) cluster along the upper transform (m = 

(0^0.206) * 1.604), whereas 51 (85%) of the samples cluster 

along the lower transform (m = (0^0.142) * 1.432). Note, on 

both transforms (Fig. 11) , there is a decrease in m with a 

decrease in porosity. This relationship between m and 

porosity was first reported by Borai (1987) and is contrary to 

the earlier observation (i.e., m = = 0.019/0 + 1.87; the Shell 

relationship), where m increases as porosity decreases. 

Thin section study reveals the petrographic differences 

between the rocks that represents the two transforms. The 

range of m values (1.48 to 2.25) in the lower transform (Fig. 

IIB) indicates dominantly connected intercrystalline porosity 

(m = 2.0). Petrographic analysis of these reservoirs reveals 
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Fig. 11: m versus porosity (%) transforms for the Permian 
Glorieta-Clearfork dolomite. Ward County, Texas. Dark 
circles represent data from Shell, open circles represent 
measurements at Texas Tech University; 

A) Upper transform: m = (0^0.206) * 1.604 
B) Lower transform: m = (0^0.142) * 1.432 
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mainly intercrystalline porosity (Fig. 3) . The range of m 

values (1.8 to 2.75) for the upper transform (Fig. IIA) 

indicate a higher degree of porosity isolation compared to the 

lower transform. The porosity isolation present in the 

reservoirs representing the upper transform is caused by: (1) 

dissolution of grain and/or cement giving vuggy/moldic 

porosity (Fig. 12) ; (2) mosaic and sucrosic dolomitization, 

where the mosaic dolomite isolates some of the porous sucrosic 

dolomite (Fig. 13); and (3) anhydrite cementation - anhydrite 

plugs some of the pores leaving the remaining pores more 

isolated (Fig. 14). 

When variable m values were determined for the Glorieta-

Clearfork dolomite, the lower transform (Fig. IIB) was used 

because it represents the dominant reservoir type (i.e., 85% 

of the data). It would have been better to use each of the 

two transforms with their concomitant reservoir type. 

Unfortunately, this was not possible because there was no log 

signature to indicate when to use the appropriate transform. 
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Fig. 12: Porosity isolation by dissolution of grains or 
cement giving vuggy or moldic porosity. Blue areas are 
porosity (lOOx). 

Fig. 13: Porosity isolation by mosaic dolomite. Blue areas 
are porosity (40x). 
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Fig. 14: Porosity isolation by anhydrite (white) cementation. 
Blue areas are isolated porosity (40x). 
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CHAPTER IV 

DETERMINATION OF m AND n USING 

LEAST SQUARE ERROR 

In order to calculate accurate water saturations using 

the Archie Equation, reliable values for cementation exponent 

(m) and saturation exponent (n) are vital. This becomes 

essential in carbonate reservoirs where m and n vary due to 

varying pore geometries and wettabilities. The conventional 

way (discussed in the last section) to determine m and n 

values has two shortcomings: (1) The m and n values determined 

by this approach are not average values that minimize the 

error in the calculation of water saturation (Maute et al., 

1992) and (2) when the core is treated in the laboratory the 

original wettabilities could be altered. This change in 

wettability is of critical importance in determining n values 

because the magnitude of saturation exponent (n) is 

substantially affected by the wettability of oil or water 

relative to the reservoir rock (Keller, 1953; Ransom, 1984; 

Rasmus, 1987; Donaldson and Siddiqui, 1987). 

CAPE Method 

Maute et al. (1991) have proposed a new method of 

determining m and n values which result in the minimum error 

in the calculation of water saturation. In the new procedure 
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called CAPE (Core Archie Parameter Estimation), m and n are 

estimated by minimizing the error between measured and 

computed water saturations. Mathematically, this can be 

represented in the following equation where error-function (e) 

is minimized with respect to m and n. 

N 

e E[^-<c=.e,r(T^„^)'i 
1 Rw,^/^,2 (6) 

: = 1 (J).- R t , 

where e = error, 

Sw = water saturation of uninvaded zone (from core), 

Rw = resistivity of formation water, 

R̂  = true formation resistivity, 

0 = porosity, 

m = cementation exponent, 

n = saturation exponent, 

i = each depth, and 

N = number of depths. 

CAPE minimizes the error in the water saturations and it 

provides a better method of "averaging" Archie parameters. 

However, the CAPE method requires native state cores and even 

when cores are available, reconstruction of original reservoir 

water saturations and wettabilities are often difficult to 

achieve. 
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Application of Dielectric Log to 
Determine m and n 

When core data are unavailable, Asquith and Saha (1991) 

substituted dielectric-derived water saturations for core-

derived water saturations and then modified the error-function 

shown in equation 7. 

N 

e-^iS.o,,,,^-i-J-^^^'^r^ (7) 

where 

e = error, 

Sxo = water saturation of flushed zone {(p^p^/cp) , 

(p^pj= water-filled porosity from dielectric/EPT log, 

Rmf = resistivity of mud filtrate (replaced for Rw in eqn. 6) , 

Rxo = resistivity of flushed zone (replaced for Rt in eqn. 6) , 

0 = porosity from porosity log, 

m = cementation exponent, 

n = saturation exponent, 

i = each depth, and 

N = number of depths. 

The dielectric or EPT (Electromagnetic Propagation Tool) 

records the propagation time and attenuation of a very high 

frequency electromagnetic wave sent through the flushed zone 

near to the borehole. Using electromagnetic theory, these 

measurements can be related to the dielectric constant of the 

formation. As the dielectric constant of water is 

considerably larger than that of minerals and hydrocarbons, 
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Sxo can be determined independent of m and n. Previous work 

by Focke and Munn (1987), Borai (1987), and Schlumberger 

(1988) has demonstrated the validity of using the dielectric 

log to determine Sxo independent of m and n and to derive m 

and n values for the flushed zone. These authors then used 

these m and n values to calculate water saturations in the 

uninvaded zone (Sw). 

However, the dielectric log is affected by bad-hole 

conditions and thick mudcake (>3/8 in.). When these 

conditions exist the dielectric log will be unreliable. Also, 

because dielectric water saturations are flushed zone water 

saturations, the reservoir's wettabilities may have changed by 

the invasion of mud filtrate. 

Unique Minimum of the Function 

The error-function (equation 7) has to be minimized with 

respect to m and n (independent variables), the other 

variables are known from well log data (e.g., Sxo, 0, Rmf, and 

Rxo) . 

In order to minimize the error-function, numerical 

techniques should be employed because the error-function is 

fairly complicated and cannot be easily minimized by 

analytical methods. Before attempting to minimize the error-

function numerically, it is important to investigate the shape 

of the function and to determine whether it has a unique 

minimum. To do so, three-dimensional and contour plots were 
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constructed with error (e) in the Z-axis and m and n on the X-

Y plane. Figure 15 shows that the function has a trough or 

minimum that can be better visualized in a contour plot (Fig. 

16) which indicates the presence of a unique minimum in the 

error-function. 

Different Error-Functions to 
Determine m and n 

Three error-functions were used to determine m and n, 

they are: (1) non-linear, (2) linear, and (3) m-porosity 

transform. 

In order to estimate the Archie parameters (m, n) by the 

three methods, a computer program (IBM PC-compatible) was 

developed by the author. The program (MN) is written in 

Turbo-Pascal and to compile MN.PAS a Turbo-Pascal version 5 or 

higher compiler must be used. The program is written in 

interactive format and structured in a modular fashion. The 

jobs performed by the program can be subdivided into the 

following parts: 

1. Temperature correction for Rmf. 

2. Input of Sxo/EPT-porosity, Rxo and porosity from 

either the keyboard or data file (an example of data file is 

presented in the appendix). 

3. Determine least error (e) by user-defined variations 

in both m and n (NON-LINEAR). 

4. Determine least error (e) by user-defined variations 

in both m and n (LINEAR). 
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Fig. 16: Contour plot of the error. Contours represent the 
trough shown in Figure 15. Elliptical, closed contours 
indicate the presence of unique minimum of the error-function 
(eqn. 7) . Note that the scales of m and n have been 
multiplied by 10 to make the axis labels more compact. 
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5. Determine least error using m vs. porosity transform 

to determine m together with user-defined variations in n. 

6. Determine mean-square errors to find out which method 

(non-linear, linear, etc.) gives least error. 

A disk containing the source-code (MN.PAS), compiled 

version of the program (MN.EXE) and pertinent data file are 

provided at the end of this thesis. 

Non-linear 

In this method, the error-function shown in equation 7 is 

minimized with respect to m and n (same as Maute et al. , 

1992) . Two different techniques were employed to check the 

results: 

(a) Varying m and n incrementally until the least error 

is obtained (Program 'MN', Asquith and Saha, 1991). 

(b) Downhill Simplex Method of Nelder-Mead (Press et 

al., 1989) ; a PRO-MATLAB (1990) script was written for a UNIX-

based workstation for the minimization of the function. The 

Downhill Simplex Method can minimize any class of function and 

makes no special assumptions about the function. Briefly, the 

downhill simplex method is as follows: a simplex is the 

geometrical figure consisting of N+1 points in N dimensions 

(e.g., in two dimensions, a simplex is a triangle). The 

method is started with N+1 points (initial guess) defining an 

initial simplex. The algorithm is then follow downhill 

through N-dimensional topography, until it encounters a minimum. 
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Both methods (a and b) gave the same result, indicating the 

presence of unique minimum of the function. 

Linear 

This method was used because the minimization of the 

linear function is much easier than the non-linear technique, 

since linear minimization can be done with standard numerical 

linear algebra algorithms. In this approach, the original 

Archie equation is transformed into a linear form as 

illustrated below: 

Sxo,,,-{-^^^)~- (8) 

"̂^̂  (J)̂  Rxo 

Taking natural logarithm in equation 8, 

Rmf. 
n ln(5^o^pJ =ln(^^) -m ln((t)) (9) 

^̂ '̂ • Rxo 

Rearranging equation 9, 

0 = m ln(4)) +n In(S'xô p̂ ) - l n { ^ ) (10) 
^̂ •' Rxo 

In equation 10, the left side will not be equal to zero if m 

and n values are inexact. The above equation represents a 

single depth and a straight line on m-n plot, and for several 

depths there would be a family of straight lines each 
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representing a different depth (Fig. 17). To determine the 

minimum error for several depths equation 10 can be rewritten 

as: 

xV 

e = y ; [m ln{<\>,)+n IniSxo^p^ ) - i n ( - ^ ^ ) ] (11) 
1 = 1 1 

i = each depth and 

N = number of depths. 

In equation 11, e is minimized with respect to m and n by 

varying m and n incrementally or by matrix algebra. The 

values of m and n obtained by this approach are the m and n 

values of the linear method. Figure 17, for example, 

illustrates several lines, each representing eqn. 10; the m 

and n values where e is minimum is shown by the asterisk (*). 

Using m-porosity transform 

The reason for this approach is that the physical 

controls on the magnitude of n are better understood than 

those of the n. Also, m values can be more readily obtained 

from core measurements than n, and m values can be determined 

from log data (Asquith, 1984; Focke and Munn, 1987; Borai, 

1987). From core analysis, m values were determined and 

cross-plotted with porosity (Fig. 11). At each depth, m was 

calculated (variable m) using the lower transform (Fig. IIB). 
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m 

Fig. 17: Plot of lines representing m and n values that 
satisfy the Archie equation rewritten as linear equation (see 
eqn. 10) . Each line represents a particular depth. The m and 
n value obtained by minimizing the error in equation 11 is 
indicated by "*". 
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Therefore the original equation (eqn. 7) takes the form: 

e=£[Sxo„,„^-(_i-^)^^'=]^ (12) 
1=1 (J)/^ R^Oj, 

Here e is minimized with respect to n only; m (m.) is 

generated at each depth (i) by the m-porosity transform (Fig. 

IIB) . 

Note that, if Sxo values are available from the 

dielectric log and m is generated by the m-0 transform, it is 

possible to determine n at each depth by the Archie 

relationship (in flushed zone): 

^^^ 4)̂ ' Rxo 

However, in order to estimate n for a zone, the author prefers 

to use equation 12 because it averages n over several depths 

and thereby any error incorporated into m (from m-0 transform) 

or Sxo (from EPT log) are not exaggerated in the calculation 

of n. Also, a single average n value can be more easily 

extrapolated in the same zone to the other wells. 

m and n Values from the Glorieta-
Clearfork Dolomite 

All the three methods were applied to the Permian 

Glorieta-Clearfork dolomite in the Monahans field. Ward 

County, Texas. The Shell Sealy Smith #270 well had the proper 
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log suites including an EPT (dielectric) log so that the new 

techniques could be applied. The Glorieta-Clearfork was 

subdivided into three zones on the basis of petrography and 

depositional environments (Ruppel, 1992). These are Glorieta 

(top) , upper Clearfork (middle) , and lower Clearfork (bottom) . 

In each of these three zones, data were collected at depths 

where 0̂  > 0̂ p̂  (as indicated by the dark areas in Figures 18, 

19, and 2 0). Depths where 0̂  > 0̂ p̂  indicate hydrocarbon 

bearing zones because the dielectric log (<P^pj) measures water-

filled porosity (i.e., Sxo = 0̂p.j./0) . From these zones, m and 

n were determined by all three techniques (non-linear, linear, 

and m-0 transform) as described above. The m and n values are 

presented in Figures 18, 19, and 20. 

An examination of the m and n values obtained by the 

three methods reveals some interesting differences. The 

linear method's m and n values are more consistent with 

expected values when compared to the m and n values determined 

by the non-linear method. The m values determined by core 

analysis range from 1.48 to 2.45 (average =2.1) and n values 

range from 1.46 to 2.44 (average = 1.97). Note that these 

values are similar to the linear method's m and n (see Figures 

18, 19, and 20). The most likely reason for the closeness of 

the linear method's m and n to that obtained by core analysis 

is that the linear method resembles the conventional log-log 

approach for determining m and n. 
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Fig. 18: Gamma ray, 0̂ , and (p^p^ for the Glorieta. Data were 
collected at depths where 0̂  > 0̂ p̂  indicated by the dark 
areas; m, n, and error values (error calculated by eqn. 13) 
are also listed. 
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Fig. 19: Gamma ray, 0̂ , and cp^p^ for the upper Clearfork. 
Data were collected at depths where 0̂  > cp^pj indicated by the 
dark areas; m, n, and error values (error calculated by eqn. 
13) are also listed. 
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Fig. 20: Gamma ray, 0̂ , and (p^p^ for the lower Clearfork. 
Data were collected at depths where 0̂  > (p^p^ indicated by the 
dark areas; m, n, and error values (error calculated by eqn. 
13) are also listed. 
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In both the linear and non-linear methods, there is 

probably no physical significance to the magnitude of m and n. 

They only represent two numbers that minimize the respective 

error-functions (equations 7 and 11) . However, the results 

from the m-porosity transform method appear to be related more 

to known rock properties compared to the linear and non-linear 

methods. Thin sections of the samples from the Glorieta-

Clearfork reveal mainly intercrystalline porosity. 

Intercrystalline pore geometry generally gives an m value of 

approximately 2.00 (Focke and Munn, 1987), which is 

substantiated by core analysis (Fig. IIB) . 

Several authors (Morgan and Pirson, 1964; Keller, 1953; 

Donaldson and Siddique, 1987) report that water-wet rocks 

exhibit n values less than 4.00. Therefore, the values for n 

in the m-porosity transform method (n = 2.98 to 3.64) indicate 

a water-wet reservoir. 

Comparison of the Methods 

To determine the best method with the least error in the 

reconstruction of water saturations, dielectric water 

saturations (Sxô p̂ ) were compared to the water saturations 

(Sxo , ) calculated using m and n values from the three 
^ calc' ^ 

methods. The relative accuracy of the different methods was 

compared both statistically and graphically. The error values 

were calculated by the following formula: 
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N 

E= 
2^ [SXO^^pj,^^ '̂ '̂̂ (CaJc)̂ ^ ̂  (13) 

_ 2=1 

N 

where E = error, 

i = each depth, 

N = number of depths, 

Sxô p̂  = Sxo from Dielectric/EPT log (Sxô p̂  = (p^pj/cp) , 

Sxô ĝ =̂ Sxo calculated by Archie equation using m and 

n derived from different methods, i.e.. 

Note, the lower the error (E), the better the reconstruction 

of Sxo. Figures 18, 19, and 2 0 illustrate the three zones 

analyzed (Glorieta, upper Clearfork, and lower Clearfork). 

Included are the m and n values determined by the three 

methods (non-linear, linear, m-0 transform) and the 

corresponding error for each method. For all three zones, the 

non-linear method shows the least error and the linear method 

gives the largest error, whereas, the error by the m-0 

transform is intermediate. 

Figures 21, 22 and 2 3 show the graphical representations 

of the comparison between Sxô p̂  and Sxô ^̂ .̂ Depth versus 

(Sxô „, - Sxo , ) are plotted for each zone. The central 
^ EPT calc' ^ 

vertical line (Figs. 21, 22, 23) represents the line where 

Sxô p̂  = Sxô ĝ ;̂ any deviation from this line indicates the 
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Fig. 21: Reconstructing Sxô p̂  in the Glorieta. Note, the 
deviation of (Sxô p.̂  - Sxô ^̂ )̂ from the central vertical line 
is less in the non-linear method than the linear method. 
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Fig. 22: Reconstructing Sxô p̂  in the upper Clearfork. Note, 
the deviation of (Sxô „- - Sxo , ) from the central vertical 

. . . EPT , calc' , 

line IS less m the non-linear method than the linear method. 
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Fig. 23: Reconstructing Sxô p̂  in the lower Clearfork. Note, 
the deviation of (Sxô p̂  - Sxô ^̂ )̂ from the central vertical 
line IS less m the non-linear method than the linear method. 
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error in reconstructing Sxô p.̂ . For all three zones, the non

linear method shows the least departure, whereas the linear 

method shows most. The same plot for the m-porosity transform 

method would plot between linear and non-linear curves and is 

not presented for clarity. 

One reason for the larger error in the m-porosity 

transform method compared to the non-linear method may be that 

only one m-porosity transform was used to represent the 

Glorieta-Clearfork. However, even if the Glorieta-Clearfork 

dolomite was represented by a single m-porosity transform, the 

scatter in the transform (Fig. 11) would probably still cause 

the m-porosity transform method to yield a greater error than 

the non-linear method. 

Discussion of the Results 

Through the use of the error-functions, m and n values 

were determined for the Permian Glorieta-Clearfork dolomite. 

Although m and n data were determined for the flushed zone, 

the same m and n values can also be used to calculate Archie 

water saturations (Sw) in the uninvaded zone. Compared to the 

conventional method of determining m and n, the CAPE method 

(Maute et al., 1992) and the methods outlined in this 

dissertation estimate m and n values with the least error in 

the calculation of water saturation. 

The non-linear and linear methods' m and n probably do 

not represent physical rock characteristics, but they provide 
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the log analyst with the ability to determine values for m and 

n if core data are unavailable. Most importantly, the non

linear method reconstructs the water saturations with the 

least error. 

The results from the linear method are intriguing. The 

Glorieta-Clearfork m and n values from the linear method are 

very similar to core-derived data. The similarity between the 

m and n values determined by the linear method and core 

analysis is probably because both methods are based on a log-

log approach. It would be interesting to calculate m and n by 

the linear method in rocks with varying characteristics such 

as fractured or vuggy porosity, and water-wet or oil-wet 

reservoirs. 

The strength of the m-porosity transform method is that, 

one of the variables (m) is determined by core analysis and 

the other (n) is determined by a minimizing process which 

results in the least error in water saturations. The values 

of m and n determined by this method should be related to the 

physical properties of the reservoir. 

In areas where core data are not available, or an m-

porosity transform cannot be established, the dielectric log-

derived water saturations (Sxo) and the non-linear method can 

be used to provide m and n values that result in minimum error 

in the calculation of water saturation. These m and n values 

can then be used to calculate water saturations in the 

uninvaded zone (Sw) in the well with the dielectric log and 
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other wells in the field. All these techniques could be 

applied to wells with water saturation (Sw) obtained from 

native state cores and the program 'MN' can also be used in 

.those situations (in the data file, Rmf and Rxo will be 

replaced by Rw and Rt, respectively). 
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CHAPTER V 

ERROR-REDUCTION OF Sxo BY VARIABLES m AND n 

In the last chapter, determination of values of m and n 

that give the least error in the calculation of water 

saturation was discussed. It has been observed that the non

linear method gives the lowest error in reconstructing the 

original Sxô p.̂ . However, it should be pointed out that, even 

in the non-linear method, only a single value of m and n for 

each zone is determined. Any vertical variation of m or n 

within a zone cannot be modelled. In reality, m and n within 

a zone, especially in carbonate rocks, may be varying 

vertically. If this vertical variation of m and n can be 

approximated by some mathematical function, the error in the 

calculation of water saturation (Sxo) could be further reduced 

resulting in the more accurate water saturation (Sw) . This is 

clarified in Figure 24. In Figure 24A, the solid line 

connecting the points represents the actual variation of m or 

n with depth and the dotted straight line represents the 

single value of m or n determined by the non-linear method 

(Chapter IV) . In Figure 24B, the dotted line represents a 

mathematical function which describes the variation of m or n. 

The complexity of the mathematical function will determine how 

well the actual variations of m and n are approximated. 
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Fig. 24: Figure illustrating the variable m and n concept. 
The solid line connecting the points is the actual variation 
of m and n with depth (for both A and B) . In A, the dotted 
line represents a single value of m and n from the non-linear 
method. In B, the dotted line represents a mathematical 
function to describe the variation of m and n. 
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In this new approach, therefore, instead of obtaining a 

single value for m or n for a zone, m and n will be determined 

at each depth within the zone. These m and n values 

determined at each depth are not the actual m and n values of 

the reservoir but represent the vertical variation 

approximated by a mathematical function of m and n (Fig. 24) . 

Polynomial as a Mathematical Function 

Mathematical equations that are used to simulate the 

vertical variation of m and n should be a function of depth, 

this can be illustrated as follows: 

m or n = f(x) 

where x is a depth-parameter. The value of x at a particular 

depth within a zone is: 

dep th - dep th^jnimuw ^^^^ 
aep tn^^^j_^^^- oep L/Î ^̂ ^̂ ^̂ ^ 

For example, if a zone starts at 5000 ft and the bottom of the 

zone is at 6000ft then x value at 5300 ft will be: 

_ 5300ft-5000-Zf&_Q ^ 
^ 60G0ft-5000ft 

Therefore, within a zone, x varies between 0 and 1, and x will 

be calculated at the same depths where Sxo or 0̂p.̂, 0, and Rxo 

are measured. 
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Now m and n can be represented by a simple polynomial 

equation of second degree, i.e., 

m^a^+b-^x+c^x^ (15) 

n=a^+b^x+c.,x^ (16) ••2 ^2-^ ^ 2 

Putting these m and n values into equation 7, we have 

€ = > [ Sxo, pp̂ v J -̂  ( I J ) 

Therefore, In this equation, e is minimized (downhill simplex 

method of Nelder-Mead) with respect to the variables a.,, b^, 

c,, a^, h^, c^. After obtaining the values for these unknowns, 

m and n values are calculated at each depth by equations 15 

and 16. 

The m and n values determined at each depth are used to 

calculate Sxo (Sxo ĝ )̂ and then can be compared with Sxô p.̂ . 

Using equation 13, errors between Sxô p̂  and Sxô ^̂ ^ can be 

calculated for each zone (Glorieta, upper Clearfork, lower 

Clearfork) and compared with the concomitant errors from the 

non-linear method. The lower the error, the better the method 

in the reconstruction of Sxô p̂ . Table 1 gives the error 

values for non-linear and polynomial (second degree) methods. 

A look at the error values indicates that although there is 
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Table 1: Comparison of error-values between non-linear and 
polynomial methods. Error-values are calculated by equation 
13. Note: the lower the error, the better the method. 

Error-values 

Zone Non-Linear Polynomial (2nd degree) 

Glorieta 0.021 0.019 

Up. Clearfork 0.009 0.006 

Lr. Clearfork 0.009 0.008 
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not a very large reduction of error, it is not insignificant. 

Reduction of errors for the polynomial method compared to the 

non-linear method are: 9.52%, 33.3%, and 11.1% for Glorieta, 

upper Clearfork, and lower Clearfork, respectively. 

Therefore, the approach of using a mathematical function to 

approximate the variation of m and n leads to less error. 

Naturally, as a further step, if a more complex function is 

assumed, error should be much less thereby resulting in more 

accurate water saturation (Sw) calculation. At this stage, to 

allow for more variation, a higher degree of polynomial 

equation can be considered or a more general Fourier series 

equation can be applied. For this next analysis, Fourier 

series with varying terms to approximate the variation of m 

and n is used and is discussed in the following section. 

Fourier Series as a Mathematical Function 

The basic approach in applying Fourier series to model 

the variation of m and n is similar to that of polynomial 

method. A general Fourier series is represented by the 

following equation: 

y. = V [a^cos ^+P„sin ^ ] (18) 
n = l ^ ^ 

This states that the amplitude, Y., at a point X. is determined 

by the sum of the amplitudes of the component sine and cosine 
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waves at a distance X- from the origin of the series (Davis, 

1973). A function f(x) on the interval between 0 and 1 can be 

represented by a Fourier series involving only cosine terms. 

This is shown by considering the even periodic extensions of 

f(x) (Williamson, 1986). Therefore, m and n can be modelled 

as partial sums of a Fourier cosine series as follows: 

m=aQ+a^cos (nx) + . . . +a^cos (mzx) (19) 

n=bQ+b^cos (nx) + . . . +b^cos (mix) (2 0) 

Here x has the same connotation as before (eqn. 1 4 ) . Putting 

these m and n (eqns. 19 and 20) into equation 7, we get: 

N 

L JXO I pprp\ — [ 

T ^ l ^ ^ ^ ^ > 1 . ao + . . .+a„cos(n7tx) RxO, 

(21) 

Note, here N indicates the number of depths in a zone to be 

analyzed and n is number of terms to be used in the Fourier 

series expressions. Similar to the polynomial method, the 

unknowns in equation 21 (a^, a^...a^, bg, b.,...b^) are obtained 

by minimizing e (Nelder-Mead' s algorithm) and then m and n are 

calulated at each depth by equations 19 and 20. 

As can be seen from the equation 21, a multidimensional 

minimization of this nature takes an ample amount of 
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computational time, particularly, if there are many depths 

(i.e., data-points) in the zone to be analyzed and if a large 

number of Fourier terms to be considered. Therefore, a very 

fast computer becomes a necessity. In order to do this 

calculation, source code in C was written for a UNIX-based 

workstation. To reduce the computational time, an attempt was 

made to modify the source code and to run the program in 

MasPar (Massively Parallel Processing) computer. MasPar or 

SIMD (Single Instruction, Multiple Data) computers are useful 

in applications where the same operations are being performed 

on many data points at once. Because this machine is fairly 

new, the basic approach of utilizing the multiple processors 

is described briefly: 

1. Maspar has two main parts: Front End and DPU (Data 

Parallel Unit). Front End provides operating system and other 

user-interfacing capabilities. DPU has 64x32 processors and 

performs all the parallel processing. 

2. All the variables, e.g., Sxo, 0, Rxo, and x (eqn. 14) 

corresponding to each depth are loaded into each memory block 

corresponding to each of the processors (i.e., for 100 depths 

in a zone, 100 processors will be utilized). 

3. Then the error-function is minimized to obtain 

unknowns â , a^...a^, b^, b^...b^ and m and n at each depth. 

The total number of depths (data-points) in the Glorieta-

Clearfork formations is 107, therefore, out of 2048 processors 

only about 5% are used. This underutilization of PEs 

72 



(Processor Element) does not reduce the time of computation, 

and due to the queuing up time for DPU, it takes more time in 

MasPar than with a workstation. So, for all the data sets, 

the program was run on the workstation, and use of MasPar was 

not pursued any further. 

The program MAX (Modeling Archie exponents) is easy to 

run on a workstation. The program will read the data ((p^pj, 

Rxo, 0, depth) from an already created ASCII data-file. First 

the program calculates x values (eqn. 14) for the zone using 

depths. After determining the values for coefficients â , 

a^...a^, bg, b.j...b̂  (minimizing the function in eqn. 21 by 

Nelder-Mead algorithm), the program will calculate m and n 

values at each depth by equations 19 and 20. The program's 

output is as follows: (a) Mean-Square error between Sxô p̂  and 

^̂ °caLc (eqî - ^^) f (̂ ) unknowns (aQ, a^...a^, b^, b.,...b̂ ) from 

minimization, and (c) a table of four columns (ASCII) , 

comprising depth, (Sxô p̂ -Sxô ^̂ )̂ , m, and n. This tabular 

output can be easily imported into other spreadsheet and 

graphics programs to compare and plot different data. 

Error-Values (Fourier series) 

The program (MAX) can be run with several terms in the 

Fourier series with the anticipation that the more the terms, 

the less the error (eqn. 13) . However, it should be noted 

that the total number of Fourier terms (for both m and n) 

should be less than or equal to the number of depths 
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(data-points). Taking this factor into account, each of the 

zones (Glorieta, upper Clearfork, and lower Clearfork) were 

analyzed with the maximum number of Fourier terms. The number 

of data-points or depths in Glorieta, upper Clearfork, and 

lower Clearfork are 53, 14, and 40, respectively. Table 2 

lists and compares the error values from the different 

methods, the numbers in parentheses are the number of Fourier 

terms used. Interestingly, there is a significant reduction in 

the error values when compared to the non-linear method. 

Reduction of error from the non-linear method for Glorieta, 

upper Clearfork, and lower clearfork are 61.9%, 66.7% and 

66.7% respectively. Also, Figures 25, 26, and 27 (similar to 

Figures 21, 22, and 23) show that there is less deviation from 

the vertical line (where SxOgp̂ =Sxô ĝ )̂ for the Fourier series 

method than for the non-linear technique. This is an 

encouraging finding which clearly indicates that variable m 

and n leads to less error and would eventually yield a more 

accurate water saturations (Sw). It is important to remember 

that this variable m and n approach can also be used with 

core-derived water saturations (Sw) instead of dielectric 

logs. 

if one is interested in accurate water saturation (Sw), 

and if a fairly fast computer is accessible, the method 

described here is worthwhile. Particularly, for a field in an 

advanced development stage and for an effective enhanced oil 

recovery program, this kind of analysis could be useful. 
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Table 2: Comparison of error-values among non-linear, 
polynomial, and Fourier series methods. Error-values are 
calculated by equation 13. Note, the lower the error, the 
better the method. The numbers in the parentheses are the 
number of Fourier terms used. 

Error-values 

Zone Non-Linear Polynomial Fourier 

Glorieta 0.021 0.019 0.008 (26) 

Up. Clearfork 0.009 0.006 0.003 (7) 

Lr. Clearfork 0.009 0.008 0.003 (20) 
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Fig. 25: Comparison of the non-linear and the Fourier series 
method in the Glorieta. Note, the deviation of (Sxô p.̂  -
Sxo , ) from the central vertical line is less in the Fourier 

Qa I c' 

series method than the non-linear method. 
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Fig. 26: Comparison of the non-linear and the Fourier series 
method in the upper Clearfork. Note, the deviation of (Sxo 
" ^̂ °caic) f̂ °"̂  the central vertical line is less in the 
Fourier series method than the non-linear method. 
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Fig. 27: Comparison of the non-linear and the Fourier series 
method in the lower Clearfork. Note, the deviation of (Sxo 
~ ^̂ °caic) f^°^ the central vertical line is less in the 
Fourier series method than the non-linear method. 
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m and n values 

Let us now examine the m and n values that are obtained 

after applying the fourier series. Remember, these m and n 

values do not relate to the physical characteristics of the 

reservoir, they only calculate water saturation (Sw) with 

least error. In addition to determining the m and n values 

for each zone (i.e., Glorieta, upper Clearfork, and lower 

Clearfork), these values have also been determined for the 

entire Glorieta-Clearfork interval. One interesting feature 

of all the m and n values (from each zone or whole Glorieta-

Clearfork) , irrespective of the number of Fourier terms used, 

is that there is a strong negative correlation between m and 

n. This is illustrated in Figure 28, which indicates that an 

increase of one parameter is accompanied by a concomitant 

decrease of the other and vice versa. It is difficult to put 

forward any logical explanation for this observation. It 

could simply be due to the nature of the original function and 

its minimization with respect to m and n. If not, m and n may 

be related as suggested by Ransom (1974) and Guillotte et al. 

(1979). Why are the correlation equations (Fig. 28) between 

m and n for different situations so similar? From the 

correlation equations (Fig. 28), an m value of 2.00 for the 

Glorieta-Clearfork gives an "expected" n value, why? There 

could be a physical explanation for all these questions. 

Future research may throw some light on this. 
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Fig. 28: Cross-plot of m and n values (Fourier series). The 
m and n values are derived from the entire Glorieta-Clearfork 
interval with 3 0 Fourier terms for each m and n. Note, the 
strong negative correlation between m and n. 
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CHAPTER VI 

CONCLUSIONS 

In this dissertation, a new approach is proposed to 

determine Archie exponents by utilizing a dielectric log and 

least square summation method. The basic premise of this 

technique was to minimize error between measured water 

saturation (Sxo) from a dielectric log and water saturation 

calculated by the Archie equation. Based on this approach, 

several methods have been applied to the Glorieta-Clearfork 

dolomite. One is an m-porosity transform method where m 

values are generated by transform and n values are obtained by 

the minimization technique. In addition, the function was 

also minimized by the non-linear and linear methods. These 

three methods resulted in a single value for both m and n from 

the zone. 

Also, variable m and n values were approximated by both 

polynomial and Fourier series to model the variation of m and 

n within the zone to be analyzed. The variable m and n method 

gave less error compared to the constant m and n methods 

(i.e., non-linear, linear, and m-0 transform method). 

Briefly, application of the techniques developed here can 

be summarized as follows: 

1. Subdivide the reservoir into correlatable zones. 

2. Choose the well with a reliable dielectric/EPT log and 
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the other necessary logs (i.e., Rxo, porosity). 

3. From the zone pick, 0gp̂ , Rxo, 0 values at depths where <p 

> 0gp̂  (hydrocarbon indicator). In the program 'MN', these 

values can be input from keyboard or from an ASCII file 

containing 3 columns: 0gp̂  or Sxo in the 1st column, Rxo in the 

2nd column and <p in the 3rd column (0gp̂  or Sxo and 0 should be 

in fraction). 

4. In order to use the m-0 transform, 

(a) Determine cementation exponent (m) from core analysis 

or from log data in water-bearing zones. 

(b) Cross-plot m against porosity and curve fit the data 

to get m-0 transform. 

5. Use the least square summation technique (program 'MN') 

to determine m and n in the well with the dielectric log. 

6. Then extrapolate the m and n values for the same zone in 

other wells. 

7. To further minimize the error in water saturation, and if 

access to a fairly fast computer is available, the concept of 

variable m and n as described in the chapter V can be applied. 

8. Derive the coefficients ag, a^...a^, bg, b^...b^ by 

minimizing the function as given in equation 21 and compute m 

and n values (eqns. 19 and 20) from the well with a dielectric 

log (the computer-program MAX will do this). 

9. To apply the result in other wells (without dielectric 

log) in the same zone, calculate the depth-parameter x (eqn. 

14) for the zone in the well with no dielectric log. 

85 



10. Using the coefficients a^, â ...â , h^, b^...b^ derived 

from the well with a dielectric log, and the x values from the 

well without dielectric log, calculate m and n by equations 19 

and 20 for the well without dielectric log. 

11. Finally, utilizing these statistically determined m and 

n values (constant or variable m and n) and the Archie 

equation, calculate water saturation (Sw) of the uninvaded 

zone. 

It should be mentioned, again, that if water saturation 

values (Sw) from native state core are available instead of a 

dielectric log, the same techniques and the computer-programs 

developed in this dissertation can be applied. 

Although the dielectric log helps to calculate water 

saturation (Sxo) independent of m and n, this fairly new log 

is not beyond criticism. Besides its sensitivity to bore-hole 

rugosity and mudcake thickness, the interpretation technique 

is not unequivocal. Therefore, reliability of the dielectric 

log and its success in an area has to be considered carefully. 

However, by summing several depths in the minimization 

process, any error in Sxo is not exaggerated into m and n. 

Another concern about this method is the question of 

wettability. It has been recognized that wettability has a 

major influence on the value of the saturation exponent. 

Since the dielectric log measures Sxo (flushed zone), some 

might argue that the original wettability of the reservoir 

could be altered during flushing by mud-filtrate. There is no 
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strong evidence to disprove this assertion. However, the same 

criticism is valid for determination of n from core anlysis 

because the core is taken from the flushed zone. 

Although it is not definitely known whether wettability 

affects the formation factor and thereby m, it is likely that 

changes in wettability could play a role in changing formation 

factor, as pointed out by Anderson (1986). In that case, a 

statistical approach as described in this dissertation or by 

Maute et al. (1992) is probably the logical route to estimate 

m and n. 

One critical question to be asked is "Does this new 

method's m and n really give more accurate water saturation in 

the uninvaded zone?" The only way to answer this question is 

to calculate water saturation (Sw) using new m and n values, 

and then compare this with some absolute reference such as 

water saturation taken from "native" state cores drilled with 

oil based mud, assuming the latter is accurate. Due to a lack 

of Sw values from native state core, this step could not be 

performed as part of the present research. Future research 

may address this aspect to establish the validity of the 

method. 

This year marks the 50th anniversary of Archie's famous 

paper. The empirical equation published in that paper remains 

today as one of the essential petrophysical relationships. 

Geoscientists, for most part, agree on this equation and apply 

it for their day-to-day formation evaluation. However, a 

87 



value of 2.00 for cementation exponent (m) and saturation 

exponent (n) as Archie noted is only valid for reservoirs with 

certain characteristics namely intergranular/intercrystalline 

pore-geometry and water as the wetting phase. In carbonate 

reservoirs, with vuggy or fracture porosity, that are oil-wet, 

m and n are not 2.00. 

In this work, an attempt has been made to take a new look 

to determine Archie parameters using mainly log data, which 

should calculate water saturation (Sw) more accurately in 

carbonate reservoirs. Hopefully, others will try this 

technique and highlight the strength and weakness of this 

method. 
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As part of this dissertation, three computer programs 

were developed. All three programs (source code and 

executable version of the program) and pertinent data files 

are provided in a disk at the end of this dissertation (in 

pocket). The programs are described briefly to help the 

users. 

Program MN 

- IBM PC-compatible (DOS) 

- Source code: Turbo-Pascal (5.0 or higher) 

- Interactive 

- Input of data from keyboard or ASCII file (Sxo or 0gp̂ , Rxo, 

0 in three consecutive columns in that order). 

- Determines least square errors and corresponding "m" and "n" 

for all the three methods (Non-linear, Linear, and m-0 

transform); basic algorithm used: Grid-Search. 

- Finally, the program tells which of the three methods is 

most effective (in terms of least error, eqn. 13) 

- Can be applied for Sw from native state core 

One of the data files from the Glorieta-Clearfork are 

shown next. In the three files, 1st column is (p^p-^, second 

column is Rxo, and the third column is 0 (Sxo or 0̂ p̂ , 0 in 

fraction, not %) . All these data are measured at depths where 

0 > 0gp.̂  (hydrocarbon indicator) . 
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Data file for the upper Clearfork (FILE2.DAT) 

0EPT R^O 0 

0.03 
0.035 
0.03 

0.044 
0.06 
0.04 
0.04 
0.03 
0.03 

0.055 
0.03 

0.032 
0.055 
0.06 

45 
28 
15 
40 
8 

25 
25 
25 
40 
12 
90 
70 
9 
9 

0.08 
0.07 
0.07 
0.07 
0.09 
0.08 

0.055 
0.05 
0.07 
0.07 
0.055 
0.068 

0.1 
0.08 

The following files associated with the program MN are 

provided in the disk: 

MN.EXE - Executable version of the program. 

MN.PAS - Main source code. 

SF.PAS - Source code of a Turbo-Pascal unit for user-friendly 

data entry. 

CURSOR.PAS - SF.PAS needs this unit for cursor control. 

SF.TPU - Compiled version of SF.PAS. 

CURSOR.TPU - Compiled version of CURSOR.PAS. 

FILE1.DAT - Data file for the Glorieta (53 depths). 

FILE2.DAT - Data file for the upper Clearfork (14 depths). 

FILE3.DAT - Data file for the lower Clearfork (40 depths). 

Program MNTEST 

This program is written in a PRO-MATLAB script for a 

UNIX-based workstation. The program does the same thing as 
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that of 'MN', only using different algorithm. It was written 

to get a "quick" result and also to compare and check the 

results obtained by the program MN. The in-built library 

routines in the PRO-MATLAB helps to minimize the functions 

easily. The algorithm used for the Non-linear and the m-0 

transform was downhill simplex method of Nelder-Mead and for 

the Linear method the algorithm was matrix-solution. 

Data file (ASCII) is slightly different than that of 

'MN'. The data file consists of four columns: the first 

column is cp^pj, the second column is Rxo, the third column is 

0, and the fourth column is depth ((p^pj and 0 should be in 

fraction) . Depths are used to plot the graphs of depth versus 

(Sxc.p-Sxo , ) as shown in Figures 21, 22, and 23. In this 
^ EPT calc' -^ 

data file, data for Glorieta, upper Clearfork, and lower 

Clearfork are taken together (107 depths). Therefore, to 

analyze only the Glorieta, at the prompt of "Input starting 

level:" and "Input ending level:", input should be 1 and 53, 

respectively. Similarly, for the upper Clearfork input should 

be 54 and 67, and for the lower Clearfork input are 68 and 

107. A portion of the original data file (DATAD.MAT) is shown 

below: 

0̂ p̂  Rxo 0 Depth 

0.07 12 0.08 4642 
0.053 15 0.07 4644 
0.064 10 0.084 4645 
0.03 70 0.074 4647 

12 
15 
10 
70 
9 

22 
4.5 
33 

0.08 
0.07 

0.084 
0.074 
0.09 

0.055 
0.09 

0.065 

0.07 9 0.09 4650 
0.02 22 0.055 4652 
0.075 4.5 0.09 4667 
0.04 33 0.065 4669 
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The following files associated with the program MNTEST 

are provided in the disk: 

MNTEST.M - Source code and executable version. 

TEMPDATA.M - Contains the data necessary for temperature 

correction of Rmf. 

RTF.M - It does temperature correction of Rmf (Arp's formula) . 

SFUN.M - Calculates Sxô ^̂ ^ (eqn. 13) 

NLERR.M - Subroutine for the original error-function and to 

determine mean square error (eqn. 13) for the Non-linear 

method. 

LERR.M - Subroutine to determine mean square error (eqn. 13) 

for the linear method. 

TERR.M - Subroutine for the error-function (m-0 transform) and 

to determine mean square error (eqn. 13) for the method. 

TLERR.M and TNLERR.M - Subroutine to determine linear and non

linear error. 

DATAD.MAT - Data file (discussed earlier) 

Program MAX 
(Modeling Archie exponents) 

- UNIX based (Sun 4, Sun OS 4.1.X). 

- Source code: C. 

- Interactive and batch-mode. 

- Input from ASCII file (0̂ p̂ , Rxo, 0, depth), data file is 

similar as DATAD.MAT (described under 'MNTEST'). In the 
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data-file, five lines of data have to be added for 

temperature correction of Rmf before columns of 0̂ p̂ , Rxo, 0, 

and depth. These five lines, with example data are: 

1. Bottom-hole temperature, BHT; 106.0. 

2. Surface temperature, Ts; 70.0. 

3. Total depth, TD; 5449.0. 

4. Measured Rmf; 0.041. 

5. Temperature at which Rmf was measured; 7 5.0. 

- Algorithm: down-hill simplex method of Nelder-Mead. 

- Output: 

(a) Mean square error (eqn. 13). 

(b) Unknowns (ag, a^...a^, b^, b^...b^) from minimization. 

(c) a table of four columns (ASCII), comprising depth, 

(Sxô p.̂ -Sxô ĝ )̂ , m, and n. 

The following files associated with the program MAX are 

provided in the disk: 

MAX - Executable version of the program. 

MAX.C - Main source code. 

NELMEAD.C - File containing code for Nelder-Mead's algorithm 

(code for this algorithm was taken from Press et 

al., 1989) . 

DATA.DAT - Data file. 

98 




