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FOREWORD

Log Interpretation Fundamentals: Open Hole is a home study course
which covers the important basic elements of open hole log interpretation.
The emphasis is on log interpretation, not on tool measurement theory. The
first few lessons introduce relevant rock and fluid characteristics. Subse-
quent lessons present progressively more complex log interpretation tech-
niques. The number of interpretation techniques is kept to a minimum.

This is a lesson-by-lesson course. Participants should study each lesson
and then answer the related questions. (A study guide has been provided).
Supplementary reading is suggested throughout the text. The text, along
with the supplementary reading, should provide a sound basis for basic
open hole log interpretation.

Comments or questions, regarding any of the course material, should be
made to Dresser Atlas sales or log analysis personnel worldwide.
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QUESTIONS

(1) Which of the following rock types are usually clastics?

a) limestone
b) evaporites
¢) sandstones
d) dolomites

(2) Calculate the permeability of a fracture whose width is 0.2 in.

a) 10 darcy
b) 11 x 10° darcy
¢) 2 x 10° darcy
d) 544 darcy

(3) Sandstones are usually composed of:

a) feldspar
b) mica

¢) quartz
d) calcite

(4) Shales have (high, low) effective porosity and very (high, low) permeability.
(5) Relative permeability equals:

a) effective permeability/absolute permeability

b) absolute permeability/effective permeability

c) absolute permeability x primary porosity

d) primary porosity/effective permeability

(6) Determine the reservoir permeability for a gas-bearing formation with @ = 15% and S; = 20%
using both the Timur equation and Morris and Biggs equation.

k (Timur) = k (Morris & Biggs) =

10



BASIC RESISTIVITY CONCEPTS
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INTRODUCTION

Resistivity Concepts in Well Logging

Resistance is the property of a substance that of-
fers opposition to the electrical current flow. Ohm’s
law describes the behavior of electrical current flow
through a material.

E

i

M

r =

resistance, ohm

..
I

E

electromotive force, volts

i current, amperes

Resistivity is a measure of the resistance of a given
volume of material.

A
R=r -E )
R = resistivity, ohms m2/m
r = resistance, ohm$
A = cross-sectional area, meters?
L = length of material, meters

In practice, the resistance of a certain volume of
the formation is measured. The volume of formation
measured is a function of the configuration of the in-
strument, which is a constant, therefore, the
measurement is expressed in terms of resistivity.

The resistivity of any formation is a function of the
amount of water in that formation and the resistivity
of the water itself. lon-bearing water is conductive;
the rock grains and hydrocarbons are normally in-
sulators.

FORMATION FLUIDS

Changes in resistivity that occur in porous and
permeable beds between the well bore and the virgin
zone influence most resistivity logs. The following
discussion assumes that some invasion occurs during
the drilling process. The depth of invasion is a func-
tion of the mud and formation properties. In general,
low porosity formations invade more deeply than
high porosity formations. Explanations as to why
are, at best, rationalizations. In general, any par-
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ticular case may violate the rule. Figure 2.1 il-
lustrates the various symbols and terms used.
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FIGURE 2.1
Formation parameters.

The flushed zone, next to the borehole, is created
by the mud filtrate passing through it during the pro-
cess of invasion. The hydrocarbon saturation in the
flushed zones is at a minimum, and all the virgin for-
mation water is replaced by mud filtrate. The invaded
zone is that portion of the formation which has been
penetrated by drilling fluids. (Fig. 2.2)

Moving through the flushed zone next to the well
bore, deeper into the transition zone, water satura-
tion can vary. In a water zone there is no change in
water saturation, only a change in water resistivity or
salinity. In a hydrocarbon bearing zone, the
hydrocarbon saturation is reduced in the flushed
zone and increases in the transition zone until the
original saturation in the undisturbed formation is
reached. These changes in water saturation, combin-
ed with changes in the resistivity of the fluids filling
the pores, create resistivity profiles.

In fresh drilling muds, the mud resistivity is nor-
mally higher than the formation water. In a water-
bearing zone, the formation resistivity is higher in the
flushed zone due to R > R and decreases with
movement out into the undisturbed formation. In a
hydrocarbon-bearing zone, drilled with fresh mud,
the resistivity behind the flushed zone may be higher
or lower depending on the water saturation and the
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resistivity of the formation water. In Figure 2.3 the
invasion profiles are indicated with the relative posi-
tion of the deep, medium and shallow resistivity
curves. This assumes the shallow resistivity curve
reads mostly the flushed zone, the medium reads
some of the transition zone and the deep reads mostly
the undisturbed formation.

With a salt water based mud, the flushed zone nor-
mally has a lower resistivity. With the undisturbed
zone, resistivity is either the same or higher, if the
formation contains cquivalent or higher resistivity
water. The virgin zone will have a higher resistivity, if
there are hydrocarbons. Notice that the resistivity
curve positions are reversed because of the reversal of
the resistivity profile.

STEP PROFILE

The step profile of invasion assumes the simplest
geometry between the invading mud filtrate and undis-
turbed formation. This invasion profile consists of a
cylindrical interface moving laterally into a porous and
permeable homogeneous formation. The diameter of
this cylindrical interface is d;. The formation within the
interface is the flushed zone, with resistivity Ryq.
Beyond the interface lies the undisturbed zone, with a
resistivity of R,. Figure 2.4 shows a schematic diagram
for this invasion profile.

ﬁ
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FIGURE 2.4

Step profile of invasion.

TRANSITION PROFILE

The transition profile of invasion assumes that a
transition zone exists in a porous and permeable
homogeneous formation between the portion of the
formation flushed by mud filtrate and the uncon-



taminated formation. The conductivity in the transi-
tion zone is assumed to vary linearly between the con-
ductivity of the flushed zone,and the undisturbed for-
mation. (Figure 2.5)

The width of this transition zone is dependent
upon the type of formation, rate of invasion by mud
filtrate and the length of time the formation has been
exposed to the invading fluid.
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FIGURE 2.5
Transition profile of invasion.

ANNULUS PROFILE

Since it is possible for mud filtrate invasion of a
hydrocarbon-bearing formation to create a zone of
formation water which is displaced ahead of the inva-
sion front by a process of miscible drive, considera-
tion must be given to the response of the logging
devices in the event this particular type of invasion
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profile exists. This invasion pattern is usually refer-
red to as a low resistivity zone or annulus profile, and
its existence is an indication of moveable hydrocar-
bons.

Due to the current patierns of the logging devices,
the induction devices are affected to a greater degree
by the low resistivity zone. The low resistivity zone
has a more severe effect upon the medium induction
device. Computations show that in the case of a
severe annulus, existing in a shallow to moderately
invaded formation, the medium induction may
record lower resistivity than the deep induction
device when the ratio of R,/R, is less than five.
When ratios of R, /R are greater than five, or
deeper invasion exists, the effect decreases and the
medium curve will record resistivity approximately
equal to or greater than the deep induction curve.
Calculations show that the deep induction curve is
only slightly affected by an annulus, and the record-
ed resistivity is only about 10% low for R, /R, ratios
of three to five and 5% low for R / R, ratios greater
than five. Figure 2.6 shows a low resistivity annulus
profile. Induction devices are covered in detail in
Chapter 6.
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Low resistivity annulus profile of invasion.




QUESTIONS

(1) The resistivity of the formation is a function only of the resistivity of the formation water.

a) True
b) False

(2) A step profile of invasion assumes

a) invading fluids are intermixed with the formation fluids.
b) invading fluids are never mixed with the formation fluids.
¢) invasion scldom occurs and, as such, need not be considered in regard (o resistivity devices

(3) In a transitional profilc the width of the transition zone is assumed to vary only with the type of
formation.

a) True
b) False

(4) When an  Annulus invasion profile cxists and R,,/R, ratios are greater than five,

a) deeper invasion exists

b) the medium curve will record a resistivity approximately equal to or less than the deep induc-
tion curve

¢) the medium curve will record a resistivity approximately equal to the deep induction curve

d) the deep curve will record a resistivity approximately equal to the medium induction curve or
less than the medium induction curve

- 14



FORMATION FLUID PROPERTIES

FORMATION WATERS

Subsurface waters represent a diversity of sources.
They are mixtures of newly formed waters, at-
mospheric waters, ocean waters and waters produced
from diagenetic reactions. The history of any specific
sample is exceedingly complex. Throughout geologic
time, formation waters have undergone continuous
modification by filtrations through clays, by ion ex-
change, by precipitation of minerals and by reaction
with rock matrix and other fluids.

The initial fluid in most sedimentary rock was sea
water. Although it cannot be assumed that the com-
position of sea water has remained constant
throughout geologic time, most data suggest that its
composition has not undergone significant change
over the past few billion years.

The salinity of subsurface waters generally in-
creases with depth. Reversals, however, are not un-
common. Considerable variation within the same
formation may occur within a basin. Studies of
cementation in sandstones indicate that significant
salinity variation can occur over very short distances,
both horizontally and vertically. Filtration through
clay membranes appears to be one of the key
mechanisms capable of producing the gradients
observed.

The density of water depends upon its salt content,
temperature and pressure. The specific gravity of a
substance is the ratio of its density to that of water at
specified temperatures. The density of water
decreases with increasing temperature, but increases
with higher total solid concentration and pressure.

All porous rocks contain some water. By virtue of
ionized salts contained in solution, these formation
waters are electrically conductive, exhibiting
resistivities ranging from 0.02 Q-m to several ohm-
meters at formation temperature. The predominant
salt in these solutions is sodium chloride. Resistivity
of such an electrolyte normally decreases with in-
creasing salt concentration due to the higher amounts
of ions which carry electric charges and higher
temperature which affects the mobility of the ions.
The resistivity of formation water may be determined
by direct resistivity measurement on a sample,
chemical analysis, or an estimation of R or
equivalent NaCl (in ppm) from well logs.

The resistivity of an aqueous solution, which is
water plus a salt such as sodium chloride, varies with
temperature. The resistivity of a water measured at
surface conditions is different from the resistivity of
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the same water in a reservoir at a higher temperature.
Likewise, water-base drilling mud changes resistivity
with depth, due to the change in temperature. Figure
3.1 shows how to correct the resistivity of mud, for-
mation water, ete. for the effects of temperature.
When the temperature of a solution is increased it is
assumed that the salinity stays constant, making
resistivity the only other variable.

Example: Draw a straight line on Figure 3.1 from
139° and a resistivity at 0.06 Q-m; the salinity of this
mixture is 62,000 ppm as shown on the center string
of the nomograph. An increase in temperature to
179° (the salinity stays constant so the line still goes
through 62,000 ppm) changes the resistivity to 0.046
Q-m. All aqueous solutions arc handled in the same
manner. The salinities shown are for sodium chloride
solutions, but the nomograph works well for most
practical well logging applications.

In many cases. brines are encountered with total
solid concentrations composed of ions other than Na
and Cl. To accurately correct the R, R, 0r R .. us-
ing Figure 3.1, the total ionic concentration must be
expressed as equivalent NaCl concentration. Figure
3.2 is used to correct ionic concentrations to
equivalent NaCl concentrations.

Example: If a brine with 50,000 ppm total solids
which includes 10,000 ppm Na, 16,000 ppm Cl, 7,000
ppm Mg, 5,000 ppm Ca and 12,000 ppm SO, is en-
countered, Chart 3.2 can be used to determine a
value for equivalent NaCl concentration to enter in
Chart 3.1. From the chart read K = 0.92 for Mg. at
50,000 ppm, K = 0.78 for Ca at 50,000 ppm, and
K = 0.36 for SO, at 50.000 ppm, noting that
K = 1.0 for the Na and Cl at 50,000 ppm. Then add
(10,000 x 1) + (16,000 x 1) + (7,000 x 0.92) +
(5.000 x 0.78) + (12,000 x 0.36) = 40,660 ppm
equivalent NaCl. This value is used at the ppm NacCl
entry in Chart 3.1 when correcting R, R or R . for
the temperature.

mt

OIL & GAS PROPERTIES

Specific gravity of oil is related to its API gravity
by the relationship:

141.5

= (1
°’API + 131.5
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Resistivity of saline solutions.
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SUBSURFACE PRESSURE REGIMES

Hydrostatic pressure is caused by the unit weight
and vertical height of a fluid column. The size and
shape of this fluid column has no effect on the
magnitude of this pressure. Hydrostatic pressure,
PH , equals the mathematical product of the average
fluid density and its vertical heights, such as:

PH_v =pxgxD (2)
where: p = average density
g = gravity value
D = height of the column

The hydrostatic pressure gradient is affected by the
concentration of dissolved solids (i.e., salts) and
gases in the fluid column and different or varying
temperature gradients. In other words, an increase in
dissolved solids (i.e., higher salt concentration) tends
to increase the normal pressure gradient, whereas in-
creasing amounts of gases in solution and higher
temperature would decrease the normal hydrostatic
pressure gradient. For example, a pressure gradient
of 0.465 psi/ft assumes a water salinity of 80,000
ppm NaCl at a temperature of 77 °F (25 °C).

Typical average hydrostatic gradients which may
be encountered during drilling for oil and gas are
shown below: :

Total
Chlorides

ppm

Equivalent
Mud Wt.

ppg

Basin
Location

Hydrostatic
Gradient

0.433 8.33 Fresh
water

20,000

Rocky
Mountains
Beaufort,
Brunei,
Malay,
Sverdrup,
N. Slope in
Alaska
(most of
world’s
basins)
North Sea,
Delaware
(older
portion-
prePenn.)
Gulf Coast
Portions of
Gulf Coast

0.442 8.5

0.452 8.7 40,000

0.465
0.478

9.0
9.2

80,000
95,000

In general, the hydrostatic pressure gradient (in
psi/ft) can be defined as:
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PFG = 0.433 x p 3)
where p is the specific gravity of a representative col-
umn of water.

Overburden pressure originates from the combined
weight of the formation matrix (rock) and the fluids
(water, oil, gas) in the pore space overlying the for-
mation of interest. Mathematically, the overburden
pressure can be expressed as:

weight (rock matrix + fluid)
area

p @

o

Generally, it is assumed that overburden pressure
increases uniformly with depth. For example,
average Tertiary deposits on the U.S. Gulf Coast,
and elsewhere, exert an overburden pressure gradient
of 1.0 psi/ft of depth. This corresponds to a force ex-
erted by a formation with an average bulk density of
2.31 g/cm3. Experience also indicates that the pro-
bable maximum overburden gradient in clastic rocks
may be as high as 1.35 psi/ft.

Worldwide observations over the last few years
have resulted in the concept of a varying overburden
gradient used for fracture pressure gradient predic-
tions in drilling and completion operations.

Formation pressure (P,) is the pressure acting upon
the fluids (formation water, oil, gas), in the pore
space of the formation. Normal formation pressures
in any geologic setting will equal the hydrostatic head
(i.e., hydrostatic pressure) of water from the surface
to the subsurface formation. Abnormal formation
pressures, by definition, are then characterized by
any departure from the normal trend line.

Formation pressures exceeding hydrostatic pres-
sure (Py> Py,) in a specific geologic environment
are defined as abnormally high formation pressure
(surpressures) whereas formation pressures less than
hydrostatic are called subnormal (subpressures).
These subsurface pressures and siress concepts are
related.

In normal pressure environments (P = P, ), the
matrix stress supports the overburden load due to
grain-to-grain contacts. Any reduction in this direct
grain-to-grain stress (o — 0) will cause the pore fluid
to support part of the overburden, the result being
abnormal formation pressures (P, > P,;)- In other
words, the overburden may effectively be ‘“floated”’
by high formation pressures.

There are numerous factors that can cause abnor-
mal formation pressures, such as surpressures and
subpressures. Frequently, a combination of several
causes superimposed prevails in a given basin and as
such is related to the stratigraphic, tectonic and
geochemical history of the area.

In most cases, abnormal pressures are caused by





