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ABSTRACT

Changes in the water content of unsaturated, fractured,

crystalline rocks were measured with electrical resistivity and neutron

techniques. Boreholes drilled into a quartz monzonite near Lochiel,

Arizona were logged periodically from October 1982 through August 1983;

and a borehole drilled into a dacitic ash-flow tuff near Superior,

Arizona was logged periodically from March 1983 through August 1983.

The boreholes, drilled from existing mine tunnels, were situated above

the water table and six meters below the surface at the Lochiel site and

80 meters below the surface at the Superior site. The resistivity and

neutron data indicate changes in the water content of the quartz

monzonite were in response to surface precipitation. The response time

was approximately six weeks when the overburden was initially dry. The

resistivity and neutron data also correlate with water level data

measured in a nearby saturated borehole. Similar trends were not

observed at the Superior site. The resistivity and neutron data from

Superior indicate the water content of the dacitic ash-flow tuff did not

change during this study.

x i



CHAPTER I

INTRODUCTION

Subsurface water supplies are withdrawn from the saturated zone

located below a water table. For this reason, more is known about the

hydrology of the saturated zone than about the unsaturated zone lying

between the water table and the land surface. This is beginning to

change. In the past few years research has been directed toward the

unsaturated zone as a possible site for nuclear waste disposal. The

reasoning is simple. Burial in the unsaturated zone could further

isolate the waste from the accessible environment than if the waste is

buried in the saturated zone. The hydrologic characterization of un-

saturated, fractured, crystalline rocks is the area of research opened

by the political search for an acceptable nuclear waste disposal site.

Many of the parameters in the governing equations for flow through

unsaturated media are functions of water content. The objective of this

thesis is to evaluate the ability of two geophysical methods, electrical

resistivity and neutron-moisture, to measure in situ changes in the

water content of unsaturated, low porosity, fractured, crystalline

rocks.

Downhole resistivity and neutron-moisture are used to detect

temporal variations in the water content of a quartz monzonite at the

Santo Nino mine near Lochiel, Arizona, and in a dacitic ash-flow tuff at

the Magma mine in Superior, Arizona. The feasibility of using

1
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electrical resistivity and neutron-moisture to measure temporal changes

in the water content at the quartz monzonite site is decided by com-

paring the relative measurements over time, by comparing the results of

both methods, and by correlating the borehole measurements with surface

rainfall data. These results are then used to evaluate temporal changes

in the water content at the dacitic ash-flow tuff site from the wet

winter months through the dry summer months. Before this qualitative

analysis can be undertaken, the physical parameters which affect each

method must be evaluated.

The principles of electricity and the parameters which affect

the resistivity of earth materials are discussed in Chapter 2. The

definitions presented in Section 2.1 are elementary but basic to under-

standing the flow of electricity. Similarly, it is important to know

what properties distinguish the different types of solid conductors.

The equations for calculating the resistivity of earth materials are

derived for metallic conductors, although, in general, earth materials

are not metallic conductors (Section 2.2). The physical parameters

which affect these resistivity values are discussed in Section 2.3. By

evaluating the effects of various parameters on the resistivity of earth

materials, a functional relationship leading to Archie's equation is

developed. Archie's equation for calculating the water content of

porous media is discussed in Section 2.4; and its applicability to

fractured, crystalline rocks is discussed in Section 2.5. A similar

analysis of the parameters which affect neutron measurements is pre-

sented in Chapter 3.
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Following these introductory chapters, the Santo Nino and Magma

field sites are discussed in detail. Site descriptions are essential

because many site specific characteristics affect resistivity and

neutron measurements. The site characteristics discussed include

mineralogy, temperature, precipitation, and borehole locations. The

equipment and logging procedures are also discussed in this chapter.

Finally, an interpretation of the data suggesting that both

methods are able to detect qualitative changes in the water content of

low porosity, fractured, crystalline rocks is presented in Chapter 6.



CHAPTER 2

ELECTRICAL CONDUCTION IN EARTH MATERIALS

The purpose of this chapter is to review the principles of

electrical conduction through earth materials. The basic principles of

electricity will be reviewed and these will be built upon to derive the

equations used to evaluate the apparent resistivity of earth materials.

An understanding of these principles is essential to determine the water

content of rocks using downhole resistivity.

2.1 Physical Principles 

An object is recognized as charged when it attracts lighter

nearby objects. When the interactions between two charged objects are

examined they either attract or repel each other. This force of attrac-

tion or repulsion is associated with the number of unbalanced free

electrons or ions within each object. An acceptable way to measure the

electric charge (Q) of an object is to measure the relative deflection

the object causes when it is placed near a standard charge. Normally,

electric charge is expressed in coulombs, a coulomb is the charge

associated with 1.7 x 10 19 like atomic charges.

The potential at a single point A (Figure 2.1) is defined as the

work necessary to move a unit charge from a reference point B to A:

A
w

AB	 B
f f•ds

V 	= 	  -AB Q
t	 Qt

(2.1)

4
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Figure 2.1. Path AB for the definition of potential difference.
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where VAB is the potential at point A relative to B and WAB is the work

required to move the charge Q t from B to A; andr.ds is the force acting

on the moving charge along the path s.

The difference in potential between point A and infinity is

referred to as the potential at A because a charge at infinity has no

influence on A. The term potential difference is used when the refer-

ence point is a finite distance from A. The measure of potential is

volts. One volt is equal to one joule of work per coulomb of charge.

The electric field strength rA is defined as the force exerted

on a stationary unit charge at point A:

(2.2)

where TA is the force exerted on the charge Qt . It can be shown by

rearranging and substituting equation (2.2) into (2.1) that:

IA = -vVA
	

(2.3)

where vVA is defined as:

B	 3VVA = (i—+j	 +k)VA •3x	 ay

Electric field strength is defined relative to a stationary

charge because a moving charge is influenced by electric and magnetic

forces. It is a vector quantity. For steady one-dimensional flow, the

magnitude of 4 is equivalent to the potential difference between two
points divided by the distance between the points.
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Electricity is seldom perceived as the interaction between

static charges. More commonly, it is perceived as the flow of charge

through a wire. Current is the rate at which charged particles flow

across a section of wire:

= dQI dt •
(2.4;

Current is a scalar quantity and it can be measured in one of

three ways: by measuring the rate at which a wire generates heat

(Joule's law), by measuring the rate at which oxidation or reduction

occurs if a wire is broken and each end is placed in a salt solution

(Faraday's law), or by measuring the magnetic deflection between two

parallel wires. The unit of current is amperes. One ampere is the

steady current necessary to produce a force of 2 x 10 -7 newtons per

meter between two infinite wires one meter apart.

The final property to be discussed, current density (J), is

defined for steady flow as the current (I) divided by the cross-

sectional area (A):

( 2.5)

As defined above, J is a scalar quantity. J can also be defined in

terms of the average charge velocity, in which case it is a vector

quantity. The electric field strength vector and the current density

vector are colinear.

Coulomb's law states that the force between two charged parti-

cles is inversely proportional to the square of the distance between the

particles:
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_	 k(),Q 2
F= 	 '

r 2 (2.6)

where F acts in the direction of r, k is a constant, Q1 and Q2 are the

charges of the two particles and r is the separation between Ql and Q2 •

When two or more particles interact this law implies that the net force

on a single particle can be calculated by adding the coulomb forces

which exist between that particle and each remaining particle. This

principle of superposition will be used to derive the equation for

calculating the resistivity of earth materials.

The assumptions required to evaluate the resistivity of earth

materials are embodied in Ohm's law. Given a steady current through a

metallic conductor, Ohm's law states:

V 	
(2.7)

where the resistance (R) is a constant, V is the potential difference

between two points and I is the current. This equation is restricted to

metallic conductors at a constant temperature and pressure. The more

general form of Ohm's law is:

(2.8)

where P is defined as the resistivity of the conductor, Hfl is the

magnitude of the electric field strength vector and	 is the magni-

tude of the current density vector. This equation is valid for all

conductors. It does not imply that p is constant or that 131 is a
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linear function of it]. The equation for calculating the resistivity of

a metallic conductor can be derived if these conditions are met. The

current density of a conducting cylinder of length L and cross-sectional

area A is:

I	 1 —
J = — = —A	 '	 • (2.

By substituting the equivalent expression for the magnitude of E, equa-

tion (2.9) becomes:

(2.10)

Substituting (R = V/I), equation (2.10) becomes:

AR
L (2.11)

where the resistivity of the metallic conductor (p) is constant when

temperature and pressure are constant.

The equation for calculating the resistivity of an infinite,

isotropic, metallic conductor from a point current source is derived

using equation (2.11). A schematic diagram of a single current elec-

trode and a single potential measuring electrode in an infinite medium

is shown in Figure 2.2. Current lines radiating from the center elec-

trode are uniformly spaced and the equipotential surfaces are concentric

spheres. Ohm's law can be applied to this problem because the current

through an infinitesimally thin shell (dL) is linear. Hence, the poten-

tial drop from the inner to outer shell is:



I ••16...

C
I

1 0

Figure 2.2. Diagram of a point current source (C1) and a potential
measuring electrode (P1) in an infinite, isotropic,
homogeneous, metallic conductor.
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dV	 =	 dL =	 PI	 dL	 (2.12)
P 1	 A	 A I 2

..+TL

where A is the surface area of the sphere with radius L. The potential

at P1 is calculated by integrating equation (2.12) from L to infinity:

v p =	 1	 - 	L 	P 2 	dL
14 P L = 41 7P a

1	 L	 47L
(2.13)

Equation (2.13) is for calculating the resistivity of an

infinite, isotropic, metallic conductor when a single current and a

single potential measuring electrode are used. By convention, a is used

for the length term (L).

The equation for calculating the resistivity of earth materials

is derived by adding the potentials calculated from equation (2.13) for

two current and two potential measuring electrodes. The Wenner array, a

particular electrode configuration for measuring the resistivity of

earth materials, is shown in Figure 2.3. From equation (2.13), the

potential at P1 due to current from Cl(Vp i c l ) for the Wenner array is:

V	 =	 IP ) 1
P

1
C

1	 47	 a (2.14a)-

Similarly, the potential at P1 due to current from C2 and the potentials

at P2 due to current from C1 and C2 are:

Il) 1
Vp 

1 c 2
 = -	 —

47 2a (2. 1 4b)



AMMETER

	(D	
1 D. C. GENERATOR

12

il

VOLTMETER

...C-- CI -31.• ...C.--- CI ...E-- 0 --3.-

P	 P2	 C21

Figure 2.3. The Wenner array for measuring earth resistivity values.
Cl and C2 are the current electrodes and P1 and P2 are
the potential measuring electrodes. The spacing between
the electrodes is a (after Telford et al., 1976).



v P2 C 1 
=

13

(2.14c)

11 1V
P2C2 

=	 —4r a (2.14d)

The potential at P1 less the potential at P2, by superposition,

(VP 1 C 1	
Vp C )	 (VD r 	Vn ') =	 = 14)	 (2.15)

1 2	 r2`1	 r22

is:

or:

P	 47 ( AY )= 	a . (2.16)

Equation (2.16) is used for calculating the resistivity of earth

materials. It is a function of the resistance (AV/I) between the elec-

trodes and a geometric factor. The geometric factor depends on the

particular array used. For the Wenner array in a borehole, the factor

is (47ra) where a is the spacing between the electrodes.

Resistivity, the electric field strength per unit current den-

sity, is a measure of the opposition that a conductor has to the flow of

charged particles. The conductivity (a) of a conductor is defined as:

o =
	 -1	 (2.17)
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Strictly speaking, the scalar quantities P and a are only defined for

isotropic conductors because P is defined by the magnitudes of two

colinear vectors.

2.2 Conduction through Solids 

Electric conductors are divided into three categories--metals,

semiconductors, and solid electrolytes. These categories are based on

charge freedom. The valence electrons in metallic conductors are free

and, as a result, very little energy is required to drive these elec-

trons. Ideally, all metals would be perfect conductors (zero resistiv-

ity), but in reality minor crystal imperfections oppose the flow of

valence electrons. Interestingly, thermal agitation also hinders the

flow of these electrons. The effect of temperature on the resistivity

of a typical metallic conductor is shown in Figure 2.4. The resistivi-

ties of metallic conductors are less than 10-5 ohm-meters (Keller,

1966).

Current in semiconductors is also due to the movement of elec-

trons; but, as these electrons are more closely affiliated with a par-

ticular atom, more energy is required to free them. As a result,

thermal agitation decreases the resistivity of a semiconductor (Figure

2.4). Resistivities of semiconductors range between 10 -5 and 108 ohm-

meters (Keller, 1966).

Current is propagated by the movement of ions in solid electro-

lyte conductors. The ionic bonds between atoms are continually being

broken and reformed in these conductors as valence electrons jump from

shell to shell. The free ions migrate randomly once a bond is broken



metallic conductor

semiconductor

TEMPERATURE --*-

Figure 2.4. Variation of resistivity with temperature for a typical
metallic conductor and a typical semiconductor (after
Sears and Zemansky, 1973).

15
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until they are captured by another atomic partner. These free ions are

the charge carriers when an electric field is applied. As expected,

thermal agitation decreases the resistivity of a solid electrolyte by

weakening the ionic bonds between the atoms. Solid electrolyte resis-

tivities are usually greater than 108 ohm-meters (Keller, 1966).

Most rock forming minerals are solid electrolyte conductors.

Charge movement is slow because it is accomplished by the mass transport

of ions from one location to another. Ohm's law does not hold for these

minerals. As evidence, the resistivity of a solid electrolyte conductor

increases with time when a steady current is applied. The reason is,

under steady current, migrating ions eventually reach a barrier. This

barrier may depend on the size of the ions, or on a particular crystal

imperfection. When a barrier is reached, the ions no longer contribute

to the flow of charge. As a result, the resistivity of the conductor

increases. To eliminate this time dependence, either low frequency

alternating current or commutated direct current is employed in most

resistivity surveys.

The resistivity values calculated using equation (2.16) are

referred to as apparent resistivities because the propagation of current

through the earth is primarily due to the transfer of ions through

anisotropic heterogeneous materials (Van Nostrand and Cook, 1966).

Apparent resistivity values are not only a function of primary mineral

properties and electrode geometry, but are also a function of the prop-

erties which facilitate ion transfer such as porosity and percent fluid

saturation. Archie's empirical equation derived in 1942 can be used to
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identify many of the bulk properties which affect apparent resistivity.

This equation will be discussed later in this chapter.

2.3 Parameters which Affect the Resistivity 
of Earth Materials 

The conduction of electricity in the earth occurs through the

rock matrix and the fluid within the pores of the bulk rock. The

parameters affecting the resistivity of these pathways are (Moskowitz,

1977):

(1) rock matrix minerals,

(2) pore fluid,

(3) porosity,

(4) salinity,

(5) pressure,

(6) temperature,

(7) cation exchange capacity, and

(5) surface conductance.

As mentioned, current flow through the rock matrix is by solid

electrolyte conduction. Dry rock resistivity values for various rock

types are presented in Table 2.1, and resistivity values for various

pore fluids are presented in Table 2.2. The pore fluid values are

magnitudes less than the dry rock values because disassociated salt ions

are nearly as mobile as the valence electrons in metallic conductors.

The movement of salt ions is not limited by crystal imperfections. The

role of pore fluids in the conduction of electricity through earth

materials cannot be overemphasized. "At low temperatures near the
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Table 2.1.	 Dry rock resistivity values*

Rock Type Resistivity	 (ohm-meters)

Quartz diorite 10
5

Granite porphyry 10 6

Basalt 10 7

Marble 10
8

Granite 10 16

*After Parkhomenko (1967).

earth's surface, even a part per thousand of water in a rock will

dominate the conduction of electricity" (Keller, 1971). With this in

mind, emphasis will be placed on how the above parameters affect bulk

rock resistivity by changing pore fluid resistivity.

If introducing a small amount of water causes the resistivity of

a dry rock to decrease by several orders of magnitude, then the resis-

tivity of a saturated rock sample will be a function of porosity.

Porosity is defined as the ratio of the pore volume to the total volume

of a rock. Intuitively, one would not expect all the porosity in a

saturated sample to contribute to the movement of ions because many of

the pores are isolated. Total porosity is often divided into effective

porosity (porosity which contributes to water flow) and residual poros-

ity (porosity which is discontinuous or isolated) to distinguish the

pore volume which contributes to flow. If this concept is valid for
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Table 2.2. Average values of connate water resistivity*

Average
Resistivity

(ohm-m)

Igneous rocks, Europe 7.6

Igneous rocks, South Africa 11.0

Metamorphic rocks,	 South Africa 7.6

Metamorphic rocks, Australian Precambrian 3.6

Pleistocene to Recent Sedimentary rocks from Europe 3.9

Pleistocene to Recent Sedimentary rocks from Australia 3.2

Tertiary Sedimentary rocks from Europe 1.4

Tertiary Sedimentary rocks from Australia 3.2

Mesozoic Sedimentary rocks from Europe 2.5

Paleozoic Sedimentary rocks from Europe .93

Chloride waters from oil	 fields 1.2

Bicarbonate waters from oil	 fields .98

Morrison Formation	 (Jurassic),	 Colorado-Utah 1.8

Cisco Series, North Texas .061

Des Moines Series	 (Pennsylvanian),	 Central	 Oklahoma .062

After Keller and Frischknecht (1966).

electricity, ions will only migrate through effective porosity. Knapp

(1975) subdivided residual porosity into diffusion porosity (porosity

which is discontinuous) and residual porosity (porosity which is iso-

lated). An electric analog for current through this refined porosity
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model is shown in Figure 2.5. The flow and diffusion porosity are

represented by resistors of finite resistance and the residual porosity

by open switches (Moskowitz, 1977). According to this model residual

porosity is not a pathway for current. Archie's empirically derived

equation (see Section 2.4) relating resistivity and porosity does not

support this model. Consequently, the theoretical basis for Archie's

equation is not understood (Moskowitz, 1977). The conduction of elec-

tricity is related to porosity, but the concept of effective electrical

porosity has yet to be defined. Effects of porosity on the bulk resis-

tivity of a granite and a granodiorite sample are presented in Figure

2.6.

The effects of salinity on the resistivity of various solutions

are presented in Figure 2.7, and its effects on the bulk resistivity of

two rock samples are presented in Figure 2.8. The resistivity of a

solution decreases as the number of disassociated ions increase with

increasing salinity.	 This decrease causes a decrease in the resis-

tivity of the bulk samples.

Pressure does not significantly affect the resistivity of pore

fluid (Glasstone, 1953). Effects of pressure on the saturated resis-

tivity of a granite and a granodiorite are presented in Figure 2.9.

Increasing pressure indirectly increases the resistivity of a saturated

sample by decreasing the pore volume available to the conducting fluid.

Effects of temperature on the resistivity of two sodium chloride

solutions are presented in Figure 2.10. The resistivity of these solu-

tions at 20 degrees centigrade is equivalent to the resistivity of the

tap water and the sodium chloride solution used by Brace et al. (1965)
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POROSITY

Figure 2.6. The effect of porosity on the resistivity of a granite
and a granodiorite_sample, The saturating fluid was
tap water (after Brace, Orange and Madden, 1965).
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Figure 2.7. Relationship between resistivity and concentration for
various salt solutions at 18° centigrade (after Keller
and Frischknecht, 1966).
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Figure 2.8. Relationship between the saturated resistivity of a
granite and a granodiorite sample and the salinity of
the saturating fluid at 20 0 centigrade and 0.05 kilobars
of pressure (after Brace et al., 1965).
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Figure 2.9. Relationship between the saturated resistivity of a
granite and a granodiorite sample and pressure at 20 0

centigrade. The saturating fluid was tap water (after
Brace et al., 1965).
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Figure 2.10. Variation in fluid resistivity with temperature (after
Keller and Frischknecht, 1966).

26



27

to saturate the granite and granodiorite samples. Temperature effects

on the saturated resistivity of these samples are presented in Figure

2.11. These two figures illustrate that temperature induced bulk resis-

tivity changes correlate with the effects of temperature on the

resistivity of the saturating fluids.

Two factors complicate the approach that the resistivity of a

saturated rock is dominated by the resistivity of the pore fluid. These

are cation exchange and surface conductance. Clays have the ability to

adsorb cations into exchangeable sites (cation exchange capacity).

These ions desorb when free water is available (Keller and Frischknecht,

1966). Desorption decreases the resistivity of a pore fluid by in-

creasing the number of disassociated ions in solution. This process

complicates pore fluid resistivity measurements because these ions

remain near the exchange sites. When pore water drains from a rock many

of these desorbed ions are readsorbed.

The second complicating factor is surface conductance. Rocks

fracture along planes of weakness which correspond to certain ions.

These ions (such as oxygen) attract and align polar water molecules.

The resistivity of adsorbed water is less than the resistivity of free

water (Keller and Frischknecht, 1966).

Cation exchange and surface conductance can usually be ignored

in clean sands (no clay) or when the salinity of the pore fluid is high

(Keller and Frischknecht, 1966). However, Brace et al. (1965) have

shown that these factors may decrease the resistivity of tap water in

fractured crystalline rocks by 10 to 20 times.
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Figure 2.11. Relationship between the saturated resistivity of a
granite and a granodiorite sample and temperature at
a pressure of 0.05 kilobars. The saturating fluid was
tap water (after Brace et al., 1965).
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It is reasonable to conclude from the comparisons presented in

this section that: (1) mineral conduction is unimportant in saturated

or partially saturated rocks; (2) fluid resistivity is a function of

salinity, temperature, cation exchange capacity, and surface

conductance; and (3) pressure indirectly affects bulk rock resistivities

by altering porosity. Applying these relationships, the functional

relationship suggested at the beginning of this section reduces to:

P e = f(p w ,61)
	

(2.18)

where p e is the bulk rock resistivity, p w is the resistivity of the pore

fluid in the rock and (3' is the fluid filled porosity.

2.4 Archie's Equations 

Archie's equation (1942) relating bulk rock resistivity and

pore fluid resistivity is:

-m -n
p
e
 = 6	 p

W

where

Pe is the bulk rock resistivity,

Pw is the resistivity of the pore fluid,

O is the total porosity of the rock,

m is the cementation factor,

S is the fractional saturation of the rock, and

n is the saturation exponent.

(2.19)
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The value of p e is calculated from field data using equation

(2.16) when the lithology is homogeneous, and p w is measured directly

from water samples in a clean formation (no clay). Values for m may

vary between 1.3 for loosely consolidated materials and 2.2 for well

cemented materials (Keller, 1971), and values for n vary between 1.0 and

2.5 (Dunlop et al., 1949). A more complete discussion of each parameter

is presented in Appendix A. Archie derived this equation empirically

using laboratory results from fluid saturated sandstone cores. He

noticed that the resistivity of each core was proportional to the

resistivity of the saturating fluids:

F =
	

(2.20)
P w

where F is defined as the formation factor for a particular core and p s

is the resistivity of the saturated core. By plotting F versus porosity

Archie concluded (Figure 2.12):

F = e -m .	 (2.21)

Archie combined this relationship with a relationship previously

derived by Martin, Murray and Gillingham (1938) and supported by

Leverett (1939), namely (Figure 2.13):

n
P s = p e

S (2.22)

to obtain equation (2.19). Archie's equation often takes the form:

(2.23)
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Figure 2.12. Archie's results showing the relationship between
porosity and the formation resistivity factor for
sandstone cores (1942).
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Figure 2.13. Results of Martin et al. showing the relationship
between bulk resistivity and the fractional saturation
of two sand cores (1938). Line 1 corresponds to a
core with a total porosity of 45% and line 2 to a core
with a total porosity of 20%.
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where I is the saturation index (p e /p s ). The advantage of this form is

that each parameter can be evaluated using resistivity data alone.

Knowledge of e, s, m, and n is unnecessary.

Theoretically unproven, Archie's equation is widely used in the

oil and gas industry (Schlumberger, 1972).

2.5 Justification for Using Archie's Equation to 
Evaluate Fractured, Crystalline Rocks 

Data from Brace et al. (1965) and Brace and Orange (1968) indi-

cate Archie's empirical relationship (p s /p w = e -m) is valid for frac-

tured crystalline rocks where the value of in (the slope of the line in

Figure 2.14) is equal to 1.3. The plotted points represent resistivity

values of saturated igneous and metamorphic cores under a confining

pressure of 0.05 kb at 20 0 centigrade. Ideally, in applying this

knowledge to the field, a homogeneous system is desirable. Because

apparent resistivity is a volume averaged rock parameter, the effects of

individual fractures decrease as the measured volume of rock is in-

creased. To justify treating a fractured rock as a homogeneous unit it

is necessary that the measured volume of rock be larger than the dimen-

sions of the fractures (Hoenig, 1979). On a smaller scale, the same

applies to porous media. There is a critical volume below which poros-

ity cannot be treated as a homogeneous property (Bear, 1979).

There is no conclusive evidence to suggest that Archie's second

relationship (h1 	p s /P e ) can be extended to fractured crystalline

rocks. Keller (1971) states that it holds for crystalline rocks where n

is around 1.6. Furthermore, the saturation exponent (n) will be equal

to the cementation factor (m) if the nearly saturated case is modeled by
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Figure 2.14. Relationship between resistivity and porosity for
various igneous and metamorphic rock samples at 20 0

centigrade and 0.05 kilobars. The resistivity of
the saturating fluid was 45 ohm-meters (after Brace
et al., 1965, 1968). Field data from the Santo
Nino quartz monzonite (p w = 20 ohm-meters) and the
Magma dacitic tuff (p w = 34 ohm-meters) are included
for comaprison.
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assuming less porosity and complete saturation. Intuitively it is hard,

but not impossible, to imagine a situation where bulk rock resistivity

will decrease with a decrease in water content (n < 1.0). Indeed, Fatt

(1956) has shown that n varies between 1.0 and 4.0 for different network

models. As previously mentioned, a more complete discussion can be

found in Appendix A.



CHAPTER 3

NEUTRON RESPONSE IN EARTH MATERIALS

Neutron logging has been used extensively by soil scientists to

measure the water content of soils and by geophysicists to measure the

saturated porosity of oil-bearing formations. The procedure is simple.

High energy or fast neutrons are emitted from a radiation source and the

water content within the pore volume is calculated from the number of

slow neutrons counted at a detector. The purpose of this chapter is to

acquaint the reader with the principles relating the number of slow

neutrons counted to the water content of a rock. A more complete review

can be found in Tittman (1956) and in McHenry (1962).

3.1 Physical Principles 

A neutron is an uncharged subatomic particle with a mass nearly

equal to the hydrogen nucleus (1.00892 amu to 1.00814 amu). A fast

neutron is defined as a neutron whose energy level is greater than one

million electron-volts (ev) and a slow neutron is one whose energy level

is less than one thousand ev. A slow neutron is said to be thermal if

it is in energy equilibrium with adjacent atoms (less than one ev) and

epithermal if its energy level is between one and one hundred ev

(McHenry, 1962). An electron-volt is a unit of work (see definition of

potential in Section 2.1 where Qt = 1.6 x 10 19 electrons).

Fast neutrons are emitted by certain elements when they are

bombarded by alpha particles. Two common neutron sources are radium-
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beryllium and americium-beryllium. Beryllium, because it has a high

neutron yield, has been used extensively as the target material in

commercially available probes. The number of neutrons per second

emitted from a target material is a function of how fast the alpha

particle provider (radium or americium) disintegrates. One curie is

equal to 3.7 x 10 1° 'disintegrations per second. The fast neutrons
emitted by the target material must be slowed to the epithermal or

thermal level before they can be detected. And they are slowed each

time they collide with atomic nuclei. The ability of a medium to slow

these fast neutrons is often referred to as the slowing-down power of

the medium (Tittman, 1956).

A medium's slowing-down power depends on the effect a collision

between a neutron and a nucleus has on the energy level of the neutron

and on the number and type of nuclei present. When a neutron collides

with the nucleus of an atom, the neutron imparts a portion of its

kinetic energy to the nucleus. These elastic collisions can be

described using classical mechanics where the amount of energy trans-

ferred depends on the mass of the nucleus and on the angle of scatter

(Figure 3.1), although the average amount of energy transferred depends

only on the mass of the nucleus. Cumulative frequency distributions of

the energy retained by a neutron on colliding with five common rock

forming minerals are presented in Figure 3.2. Theoretically, on col-

liding with any one of these five nuclei, except hydrogen, a high energy

neutron will retain at least 72 percent of its incoming energy. The

hydrogen nucleus is effective at moderating the energy of a fast neutron

because the neutron and the nucleus are nearly equal in mass.
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Figure 3.1. Schematic diagram of a neutron-nucleus collision. A is
the scattering angle and B is the recoil angle (after
Tittman, 1956).
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RELATIVE NEUTRON ENERGY RETAINED AFTER COLLISION

Figure 3.2. Energy retained by a neutron after colliding with a
nucleus (after Tittman, 1956).
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Increasing mass decreases the ability of a nucleus to moderate the

energy of a fast neutron.

The probability that a neutron collides with the nucleus of a

particular element depends on the cross-sectional area of, and on the

number of, those nuclei present. The cross-sectional area of a nucleus,

as seen by the neutron, is a function of the neutron's energy level.

The relative probabilities of a neutron colliding with hydrogen, oxygen,

or silicon nuclei are presented in Figure 3.3. High energy neutrons are

more likely to collide with hydrogen nuclei even though, from a sta-

tionary reference, the radius of a hydrogen nucleus is less than the

radii of the oxygen and silicon nuclei. The slowing-down power of these

three elements in a clean sand is presented in Figure 3.4. This figure

was constructed by combining the probabilities of collision (Figure 3.3)

with the probabilities of energy loss on collision (Figure 3.2). It

shows that hydrogen's ability to slow high energy neutrons is an order

of magnitude greater than oxygen's ability. The use of the neutron

probe for determining the water content of a soil is based on this

evidence. In soils where the majority of the hydrogen is in the water,

the thermal neutron flux is proportional to the saturated porosity of

the soil. In this case, calibration curves relating the thermal neutron

flux to the water content of a soil are constructed by logging holes

with a known water content.

Thermal neutron capture limits the use of these calibration

curves. Thermal neutrons are in energy equilibrium with surrounding

atoms and, as such, are susceptible to being captured by these nuclei.

When captured, a portion of the neutron's mass is converted to energy
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SILICON

Figure 3.3. Relative probability, per unit length of path, that a
neutron will make a collision with a given type of
nucleus, for a typical clean sand with 15% water-filled
porosity (after Tittman, 1956).



10 -3 	
te e 	le I	 "12	 le 3	 fe,

NEUTRON ENERGY Co I earon-vo I ts)

187te s

42

Figure 3.4. The slowing-down powers for three elements in a clean
sand with 15% water-filled porosity (after Tittman,
1956).
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and the nucleus emits a gamma ray. Nuclei having an affinity for cap-

turing thermal neutrons are called neutron absorbers. Two common

neutron absorbers are chlorine and boron. Absorption, by decreasing the

number of thermal neutrons detected, deflates the measurable water

content of a soil. This drawback can be circumvented in one of two

ways: epithermal neutrons can be detected, or the gamma rays emitted

after capture can be detected. Detectors for both alternatives are

commercially available.

The number of thermal neutrons detected also depends on the

spacing between the source and the detector. Due to the slowing-down

power of a medium, the number of thermal neutrons decreases outward from

the source. The rate of this decrease is sensitive to the hydrogen

concentration in the medium. A neutron probe will be unable to detect

changes in the water content of a rock if the detector is placed where

the decreasing rate curves associated with different hydrogen concentra-

tions intersect (Figure 3.5). A spacing larger than the distance to

this crossover zone increases the radius of influence and the resolution

of the probe. An increasing hydrogen concentration causes fewer thermal

neutrons to reach the detector when this configuration is used. Large

spacings characterize probes used for downhole oil exploration. The

disadvantage of these probes is that they require a source in the curie

range to emit sufficient neutrons. To facilitate using a millicurie

source, the source to detector spacing is less than the crossover dis-

tance in most soil moisture probes. Using this configuration, an

increasing hydrogen concentration results in higher counts.
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Figure 3.5. Thermal neutron density for a point source of Ra-Be
neutrons in an infinite formation (after Tittman,
1956).
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3.2 Structural Hydrogen 

Structural hydrogen is unimportant when the neutron probe is

used to determine the water content of most porous media because the

percent hydrogen in the water far exceeds the percent hydrogen struc-

turally bound within the rock matrix. This may not be true when the

neutron probe is used to detect water in low porosity igneous rocks. The

percent bound water by volume and representative total porosity values

for various rock types are presented in Table 3.1. The percent bound

water exceeds the maximum saturated porosity in each case. For these

samples, the bound water shifts the crossover zone toward the source.

Table 3.1. Percent porosity and percent structural water by volume for
various crystalline rocks

Rock Type
Porosity Structural	 Water

Quartz monzonite* 0.68 1.72

Granodiorite* 1.00 2.25

Andesite** 2.35 4.7-	 8.1

Latite** 6.00 4.7-11.4

Di abase** =1.00 2.7-	 9.5

*After Nelson et al.	 (1979)
**After Nelson and Glenn	 (1975)

In a clean saturated sand a small amount of structural hydrogen

will affect the absolute water content as calculated using a standard

calibration curve (if the saturated porosity is 30 percent and the bound
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water is 1 percent, the error will be 3 percent), but the shape of the

calibration curve will remain the same. For this reason, the calibra-

tion curve is still useful for determining relative changes An water

content. This will not be true for the rock types listed in Table 3.1.

Because the relative changes measured by the neutron probe are a

function of the radius of influence, and because the radius of influence

for these samples will be sensitive to small changes in water content,

the calibration curves for these samples will be individually unique and

non-linear. A general calibration curve for determining relative

changes in the water content of these samples is not applicable.

Without proper bound water calibration it may be advantageous to use a

probe with a short spacing between the source and detector. With this

choice, increasing water will insure increasing counts.



CHAPTER 4

SITE CHARACTERISTICS, FIELD EQUIPMENT AND PROCEDURES

The purpose of this chapter is to present site specific informa-

tion that affects resistivity and neutron measurements. The chapter is

divided into three sections. General information pertaining to the

Santo Nino and Magma field sites is discussed in the first two sections.

This information includes location, geology, climate, and borehole loca-

tion. The equipment and methods used to log the boreholes are discussed

in Sections 4.3.

4.1 Santo Nino Mine 

4.1.1 Location

The Santo Nino mine is situated 1800 meters above sea level on

the east slope of the Patagonia Mountains three kilometers north of the

Mexican border and 22 kilometers east of Nogales, Arizona, in Section 9,

Township 24 South, Range 16 East (Figure 4.1). The Santa Rita Moun-

tains, 40 kilometers to the north rising 2875 meters, and the Huachuca

Mountains, 40 kilometers to the east rising 2562 meters, are the major

physiographic features visible from the mine.

4.1.2 Geology

The Patagonia Mountains are underlain by the Patagonia Range

Batholith. The Santo Nino mine, abandoned since the early 1940's, was

excavated into this Tertiary intrusive in a search for disseminated

47
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Figure 4.1. Location of the Santo Nino and Magma field sites (from

Hecht and Reeves, 1981).
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copper and molybdenite ore. At this location the intrusive is grada-

tional between a biotite-hornblend granodiorite and a quartz monzonite.

Specific mineralogy is presented in Table 4.1 (Baker, 1962). The bulk

density of the quartz monzonite matrix is 2.63 ± 0.06 grams per cubic

centimeter and the grain density is 2.67 ± 0.04 grams per cubic centi-

meter (Evans, 1983a). Thus, the matrix porosity is 1.7 ± 0.8 percent.

Table 4.1. Mineralogy of the Santo Nino quartz monzonite*

Mineral Percent

Albite-orthoclase 32-38

Potassium feldspar 26-29

Quartz 20-33

Biotite 6-8

Hornblend 0-3

*After Baker (1962).

Although two joint sets are obvious in Figure 4.2 (one set

strikes 170 degrees east and dips 60-70 degrees west; the other set is

nearly horizontal), video logs from the boreholes (see Section 4.1.4)

suggest that many of these fractures are filled or closed. The spatial

location of the fractures detected using the video logger in holes 5.2

and 5.8 are presented in Figure 4.3. In contrast, the fracture density

calculated from the core data is three fractures per meter. Estimating

an average aperture of 300 micrometers (less than the resolution of the
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Figure 4.2. Entrance to the Santo Nino Mine. Quartz monzonite outcrop
above the mine entrance illustrates two principal joint
sets: one is nearly horizontal and one dips 60-70 degrees
to the west (Evans, 1983a).
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Figure 4.3. Plan view location, strike and dip for each fracture
detected on the video log.
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video logger), a crack porosity of 0.1 percent can be calculated.

Therefore, an estimate of the total porosity for the Santo Nino quartz

monzonite is 1.8 percent.

4.1.3 Climate

The Patagonia Mountains have a semi-arid climate with abundant

precipitation occurring in July, August and September. The major por-

tion of this rainfall is received from thunderstorms which develop over

the mountains in moist tropical air from the Gulf of Mexico. Winter

storms from the Pacific do not produce appreciable moisture because they

generally pass to the north. Typically, at the San Rafael ranch (eight

kilometers to the south at an elevation of 1445 meters) 60 percent of

the yearly precipitation occurs between July and September and 20 per-

cent occurs between December and February (Sellers, 1974). Precipita-

tion data collected between September 1982, and August 1983, from rain

gages situated above the mine portal are presented in Figure 4.4.

During the winter of 82-83 an unusually low jet stream carried many

Pacific storms farther south than normal. This explains the high rain-

fall values recorded between November 1982, and February 1983.

Mean monthly surface and recorded borehole temperatures for the

Santo Nino mine are presented in Figure 4.5. The mean monthly data,

from the Nogales weather station, have been corrected for an elevation

difference of 640 meters using an adiabatic lapse rate of two degrees

centigrade per 300 meters.
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Figure 4.4. Relative water levels in borehole 6.0a (line graph)
and precipitation (bar graph) versus time at the
Santo Nino field site (Evans, 1983c).



                        

54

-8• 29
o

o
1""• 15

e

1-- 5

Li
O. e

SU OCT NOV DEC JAN FEB MAR APR MAY JIM ‘11.1 AUG                         

1982	 1983

Figure 4.5. Borehole temperatures (line graph) and mean monthly
surface temperatures (bar graph) at the Santo Nino
field site (surface temperatures from National
Oceanic and Atmospheric Administration, 1982, 1983).
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4.1.4 Borehole Location

Eight holes, each with a diameter of 4.75 centimeters, were

drilled into the walls of the Santo Nino mine. Of these, the two

horizontal holes in the east wall were logged for this study. They are

located 5.2 and 5.8 meters from the portal and six meters below the

surface (Figure 4.6). Hole 5.2 is 5.6 meters long and hole 5.8 is 6.4

meters long. Two slightly inclined holes (ten degrees below horizontal)

in the west wall 6.0 meters from the portal have standing water. Water

levels in the upper hole (6.0a) measured between October 1982, and

August 1983, are presented in Figure 4.5 (Evans, 1983c).

By comparing the precipitation histogram and the borehole water

level profile, it appears that the response time between the surface and

borehole 6.0a is approximately eight weeks when the overburden is

initially dry, and less than four weeks when the overburden is nearly

saturated.

The water levels for borehole 6.0b are not included because the

standing water on the mine floor flooded this hole in February and again

in July. Although a drain was installed at the portal, flow into the

mine exceeded the capacity of this pipe. Unexpectedly, standing water

above the pipe level remained through the dry spring months. A diagram

of the location of these boreholes and the standing water levels is

presented in Figure 4.7.
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Figure 4.6. Cross-section of the Santo Nino mine. Rain gages were
located at points A and B (Evans, 1983b).
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4.2 Magma Field Site 

4.2.1 Location

The Magma field site is located inside Magma Copper - Company's

"Never Sweat" haulage tunnel in Superior, Arizona. Superior, situated

at an elevation of 913 meters on the extreme western edge of the moun-

tains of central Arizona, overlooks the vast desert valleys of the Gila

and Salt rivers (Figure 4.1) Elevations rising above 2100 meters are

found in the Mazatzal Mountains 50 kilometers to the north-northwest, in

the Sierra Ancha Mountains 56 kilometers to the north-northeast, and in

the Pinal Mountains 25 kilometers to the east (Sellers, 1974).

4.2.2 Geology

Dacitic ash-flow deposits originally covered an area of at least

1000 square kilometers in the Superior-Globe region. Presently, this

area has been reduced to 250 square kilometers by erosion. Although the

average thickness of the ash-flow is around 150 meters, its thickness

exceeds 600 meters east of Superior (Peterson, 1961).

Ash-flow tuffs are consolidated deposits of volcanic ash (diame-

ter less than 0.4 millimeters) resulting from a turbulent mixture of

gas and pyroclastic materials of high temperature, ejected from a

crater, that have traveled rapidly down the slope of a volcano. The

beds resulting from this flow mechanism, where the suspending liquid is

a gas, may or may not be completely or partially welded (Ross, 1961).

Peterson (1968) has divided the Miocene ash-flow tuff at the

Magma field site into five zones depending on their degree of welding

(Figure 4.8). The more densely welded middle or brown zone is the zone
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of interest. Mineralogically, this zone is remarkably similar to the

other four zones. Although classified as a quartz latite, the term

dacite is genetically more descriptive because the tuff units consist of

large phenocrysts embedded in a groundmass. The mineralogy of the

phenocrysts (0.5-3.0 millimeters in diameter) and the crypto- and micro-

crystalline groundmass in the brown zone is presented in Table 4.2

(Peterson, 1961). The bulk density of the brown zone, calculated from

core samples, is 2.45 ± 0.07 grams per cubic centimeter, and the matrix

porosity is 6.1 ± 2.5 percent (Evans, 1983b). The fracture density,

also from core data, is three fractures per meter (Evans, 1983b).

Estimating an average aperture of 300 micrometers, a crack porosity of

0.1 can be calculated. Thus, an estimate of the total porosity for the

Magma brown zone is 6.2 percent.

4.2.3 Climate

Superior, Arizona, has a semi-arid climate receiving less than

510 millimeters of rain per year. The rainy season is bimodal with

nearly equal amounts of precipitation occurring between July and Septem-

ber, and between December and February. The summer precipitation is

caused by moist tropical air from the Gulf of Mexico, and the winter

precipitation is caused by middle latitude cyclones advancing across

Arizona from the Pacific Ocean (Sellers, 1974). A histogram of the

monthly precipitation measured at Superior from March 1983, to August

1983, is presented in Figure 4.9, and mean monthly surface and recorded

borehole temperatures are presented in Figure 4.10.
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Table 4.2 Mineralogy of the Magma quartz latite*

Mineral	 Percent of Total

Phenocrysts (.5-3 mm)	 35-45

Plagioclase	 75%
Quartz	 10%
Biotite	 10%
Sanidine

Magnetite	 <5%

Hornblende

Groundmass (<.5 mm)	 55-65

Cristobalite

Potassium feldspar

Quartz

Plagioclase

*After Peterson (1961).

4.2.4 Borehole Location

Two horizontal holes were drilled where the brown zone inter-

sects the "Never Sweat" haulage tunnel. These holes, 4.75 centimeters

in diameter, are located 1800 meters from the portal and 80 meters below

the surface (Figure 4.11). The 15-meter top hole was logged periodical-

ly with the resistivity and neutron probes between March and August

1983. Water did not stop flowing from the 22-meter bottom hole until

June 1983. Therefore, this hole was not logged. Flowrates for the

lower borehole are presented in Figure 4.9.
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4.3 Field Equipment 

4.3.1 Resistivity Equipment

Electrical resistivity measurements were taken using a Minnetech

ER-2 portable earth resistivity meter. The range of this meter is from

0 to 650 ohms. It is designed to locate sand and gravel deposits by

measuring resistivity along the surface. Normally the meter is attached

to four copper or stainless steel electrodes driven into the ground.

Two common electrode arrays are shown in Figure 4.12. Choosing a par-

ticular array depends on the field situation and on the area of investi-

gation (vertical or horizontal). For example, obtaining a vertical

profile is easier using the Schlumberger array because the depth of

investigation can be increased by moving only two electrodes. In com-

parison, it would be necessary to move four electrodes when using the

Wenner array. The arrays are similar in that current is passed into the

earth through the outer electrodes and the potential difference is

measured between the inner electrodes. A complete analysis comparing

these and other arrays is presented in Keller (1968).

The two most common electrode configurations used for downhole

logging are presented in Figure 4.13. The distance between C1 and P1

(C1P1) is fixed in the normal configuration and resistivity readings are

recorded as these electrodes are moved uphole. The distance between the

surface electrodes (C2 and P2) and the downhole electrodes (C1 and P1)

is much greater than the distance C l ip'. In the lateral configuration

the distance P1P2 is fixed and the distances between C1 and P1 and

between C 1 and P2 are large enough such that CiPi	 C1P2. Thus, instead



AMMETER

	(Ds	

66

D. C. GENERATOR

VOLTMETER

Cc )
n*----0---4n-->••

P
2	

C
2

AMMETER	 D. C. GENERATOR

	Il 	
	2L

VOLTMETER

(b) 2 I°'
C
2

P
I

Figure 4.12. The Wenner (a) and Schlumberger (h) arrays for measuring
surface resistivity (after Telford et al., 1976).



AMMETER GENERATOR VOLTMETER
0

SPACING

C l

1

P
2

LATERAL 

1
AMMETER GENERATOR

o
	

I I o VOLTMETER

SPACING T

NORMAL

67

Figure 4.13. The lateral and normal downhole resistivity configurations
(after Schlumberger, 1972).



68

of measuring the potential difference, this configuration measures the

potential gradient between P1 and P2 (Schlumberger, 1972).

The Wenner array was adapted for borehole use in this study

because the holes were shallow and fixing near-surface electrodes (C2

and P2 in the normal configuration or C2 in the lateral configuration)

is difficult in crystalline rock. The maximum apparent resistivity

value the ER-2 can measure, attached to the Wenner array in an infinite

medium with an a spacing of one meter, is 8000 ohm-meters (see equation

(2.16)).

Errors in apparent resistivity readings may be caused by elec-

trode polarization, electrical noise, and poor signal strength. Gish

and Rooney (1925) recognized that the chemical reactions occurring

between the electrodes and the pore fluid could be minimized by

alternating current direction. As a result, electrode polarization does

not progress to the point where it significantly affects the recorded

resistivity values. Another common method to minimize the effects of

electrode polarization is to use non-polarizing electrodes surrounded by

a salt solution of the same metal (Habberjam, 1979). The model ER-2

minimizes polarization by cycling current 20 times per second.

Errors in resistivity readings due to electrical noise can be

ignored when the potential difference is sufficiently large. This is

usually the case when the spacing between the electrodes is small.

The most critical error parameter affecting apparent resistivity

is signal strength. The current induced into the ground is limited by

battery resistance (Rb), cable resistance (R e ) and contact resistance

(Rg):
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V
b I -

R
c 

+ R
b + Rg

(4.1)

where Vb is the voltage supplied by the battery (Keller, 1968). Contact

resistance (R g ), the most significant, is highly variable. Theoretical-

ly, the resistance across an electrode-medium interface will not affect

apparent resistivity values. But insufficient current impares a poten-

tiometer's balance and increases the relative effects of electrical

noise. Electrical continuity between the electrodes and the medium

increases current by reducing contact resistance (R g ).

Electrical contact between the electrodes and the wall rock is

not a problem in downhole logging when the holes are fluid filled. The

fluid provides the necessary contact. When the fluid is non-conducting

or when the holes are empty, induction is used to generate current in

the rock. Introduced in 1947, the induction log "is the only device

capable of measuring resistivity in an empty borehole" (Rodermund, Alger

and Tittman, 1961). Unfortunately, the induction log is unsuitable for

measuring resistivity values greater than 100 ohm-meters (Schlumberger,

1972). Prior to the induction log scratcher electrodes were used with

limited success in empty boreholes (Johnson, 1961).

Spring steel scratcher electrodes were designed and used with no

success in the unsaturated holes at the Santo Nino field site. The

electrode design adopted consisted of a wire lead soldered to a copper

cylinder which was 1.3 centimeters in diameter and 15 centimeters long.

This cylinder, slipped over a 25 centimeter length of 1.27 centimeter

PVC pipe, was tightly wrapped in a layer of polyurethane foam and was
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covered by a heavy canvas protective shell. The diameter of the elec-

trodes (5 centimeters) was slightly larger than the diameter of the

boreholes (4.75 centimeters). The electrodes were soaked in local mine

water and excessive water was lightly squeezed away before they were

inserted into the boreholes. The water provided the electrical contact

between the copper cylinders and the wall rock. A diagram of an elec-

trode and the entire in-hole probe is presented in Figure 4.14. Changes

in the water content of the system due to water from the electrodes are

discussed in Appendix B.

A tripotential error measurement was made prior to each logging

run to insure that sufficient current was crossing the interface between

the electrodes and the wall rock. The tripotential measurement involved

varying the electrode arrangement using a simple switch box. The spe-

cific arrangements are shown in Table 4.3.

Table 4.3.	 Assignment of electrodes for the tripotential measurement*

Resistance

Probe

1 2 3 4

R 
1
**

R
2

R3

C
1

C1

C1

P
1

C
2

P1

P
2

P
2

C
2

C 2

P1

P
2

* After Habberjam (1979).
**Standard Wenner.
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If Vik is defined as the potential at the j th electrode due to

the current passing into the earth at k, by superposition:

1 = V
21 - V

24 + V34 - V 31 (4.2a)

0
2 = V41 - V42 + V32 - V 31 (4.2b)

03 = V 21 - V23 + V43 - V41 (4.2c)

where Ri = AVi (i = 1-3) when the current is unity (Carpenter and

Habberjam, 1956). By the theorem of reciprocity ("in any conductor or

system of conductors having four terminals 1, 2, 3, and 4 selected in

any way, the drop in potential from 1 to 2 caused by a current entering

at 3 and leaving at 4 is equal to the drop in potential from 3 to 4

caused by an equal current entering at 1 and leaving at 2" (Wenner,

1912)), Vik is equal to Vo. Therefore, it can be shown that R1 = R2 +

R3. Empirically, if (R1 - R2 - R3)/(1R11 + 	 + 1R31) is less than

one percent, sufficient current insuring accurate readings is entering

the ground (Habberiam, 1979).

4.3.2 Neutron Probe

The neutron measurements were made using a Nuclear-Chicago 3.8

centimeters subsurface moisture probe model number 5810 in combination

with a Nuclear-Chicago scalar model number 5920. The source of the fast

neutrons, a 30-millicurie americium-241/beryllium powder, is located in

a downhole probe, and a helium-3 thermal neutron detector is located
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alongside the source (Figure 4.15). The portable scalar is used to

count the electronic pulses generated by the detector when thermal

neutrons are intercepted. The porous media calibration curve relating

water content and thermal neutron counts supplied with this probe is

included in Appendix C.

Normally, before logging a soil column, a steel casing is

inserted into the hole. Casing was not used in this study because the

holes were stable and the lip of the shield fit snugly into the bore-

holes. Radiation safety procedures were strictly followed.

4.4 Logging Procedure 

The boreholes at the Santo Nino and Magma field sites were

logged using the Minnetech ER-2 earth resistivity meter and the Nuclear-

Chicago neutron probe. The resistivity electrodes were soaked in local

mine water and lightly squeezed before being inserted into the bore-

holes. A typical probe arrangement is shown in Figure 4.13. The

spacing between the electrodes was 152 centimeters. Thus, the total

length of the probe was 470 centimeters. The a spacing at the Santo

Nino site was dictated by the upper range of the meter. At the Magma

site, the same spacing was used because the volume investigated was

sufficiently large to moderate the effect of small fractures. After

conducting a tripotential check to insure that the inserted electrodes

were in contact with the wall rock, the holes were logged back to front

twice. The logging interval was five and 15 centimeters at the Santo

Nino and Magma sites, respectively.
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Neutron measurements were taken in conjunction with the resis-

tivity measurements at each location. Three one-minute shield counts

were recorded before and after each hole was logged. The average shield

count was used to normalize the one-minute counts taken every 30 centi-

meters as the probe was drawn out of the holes. Two and three one-

minute counts were taken at each interval in the Santo Nino and Magma

boreholes, respectively.



CHAPTER 5

RESULTS AND INTERPRETATION

The purpose of this chapter is to present and interpret the data

collected between October 1982, and August 1983, at the Santo Nino and

Magma field sites. The data are presented in the first section and an

interpretation follows in Section 5.2.

5.1 Results 

Data from the ER-2 earth resistivity meter were converted to

apparent resistivity values using equation (2.16). Next, these values

were corrected for the effects of the mine wall. The correction proce-

dure is discussed in Appendix D. A typical corrected apparent resis-

tivity versus depth profile is presented in Figure 5.1. The field

neutron data were reduced by dividing the counts per minute readings,

averaged at each logging interval, by the average shield count. The

normalized neutron data from the top borehole at the Magma field site

for July 20, 1983, are also presented in Figure 5.1. The reduced

logging data collected at both field sites between October 1982, and

August 1983, are tabulated in Appendix E.

Three dimensional plots of the neutron data collected at the

Santo Nino field site are presented in Figures 5.2 and 5.3. Similarly,

three dimensional plots of the neutron and resistivity data collected at

the Magma field site are presented in Figures 5.4 and 5.5. The average

apparent resistivity values for the two Santo Nino boreholes are plotted

76
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versus time in Figures 5.6 and 5.7. The average is used in these plots

because only a small interval (less than one meter) was logged in each

hole. For comparison, the average neutron data for the Santo Nino

boreholes are also plotted in Figures 5.6 and 5.7.

When comparing these results it is important to realize that the

neutron probe's radius of influence is approximately 50 centimeters

(calculated using a hydrogen index of 0.04) and only 20 percent of the

induced current from the earth resistivity meter (assuming an isotropic,

homogeneous medium) passes through a circle, located perpendicular to

the boreholes midway between the current electrodes, of equal radius.

Two dimensional plots of the neutron and resistivity data from the Magma

borehole, constructed by profiling the three dimensional plots at depths

of 5.2 and 11.3 meters are presented in Figures 5.8 and 5.9.

5.2 Interpretation 

Temporal variations in resistivity data can be attributed to

changes in the water content of a rock if equation (2.18) is valid and

if the fluid resistivity (pw ) is constant. With the additional

assumptions that the porosity (e) and the cementation factor (m) are

constant, Archie's equation states:

P e 
_ constant 	

( 5 . 1 )

where the value of the saturation exponent (n) is a constant depending

on the wettability of the rock (Morgan and Pirson, 1964). Therefore,

the bulk rock resistivity (p e ) is inversely proportional to Sn.
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Furthermore, as discussed in Chapter 3, an increase or decrease

in the water content of the rock can be detected by a corresponding

increase or decrease in the number of thermal neutrons detected by the

neutron probe. Indeed, by comparing the two dimensional plots for the

Santo Nino boreholes (Figures 5.6 and 5.7), the maximum and minimum

resistivity values correspond to the minimum and maximum neutron values,

respectively.

The resistivity profile for borehole 5.2 at the Santo Nino field

site in Figure 5.6 indicates that the water content of the quartz mon-

zonite gradually decreased from the beginning of October through the end

of December; then, responding to winter rains, steadily increased

through February. The water content remained at this high level until

the end of May. In June the water content decreased slightly only to

rebound upward in July and August. The normalized neutron profile for

borehole 5.2 shows the same general trends. The major difference is the

neutron counts did not level off in March and April. A possible expla-

nation for this is the standing water in the adit (Figure 4.7) affected

the resistivity measurements but not the neutron measurements. Similar

trends for borehole 5.8 at the Santo Nino field site are shown in Figure

5.7. The June resistivity data point in this figure may be in error.

On this date, the wire inside a current electrode broke while the hole

was being logged. Attempts to fix the problem in the field were unsuc-

cessful.

Besides responding similarly in time, by overlaying these pro-

files with the borehole water level profile presented in Figure 4.5, it

appears these methods were responding to the same mechanism which
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controlled the water level in borehole 6.0a. In particular, the bore-

hole water level profile overlays the inverted resistivity profiles

remarkably well.

The similarities between the resistivity and the normalized

neutron profiles for boreholes 5.2 and 5.8, and the positive correlation

between these profiles and the standing water level profile for borehole

6.0a, suggest that the temporal variations in the resistivity and neu-

troh measurements recorded at the Santo Nino field site were the result

of changes in the water content of the quartz monzonite.

The resistivity and normalized neutron profiles from the Magma

borehole do not show these consistent trends. Although the resistivity

profiles at 5.2 and 11.3 meters are similar (Figures 5.8 and 5.9), they

are not mirrored by the normalized neutron profiles. For the most part,

the profiles are smooth and uninteresting. Drawing from the Santo Nino

conclusions, this indicates that the water content of the rock sur-

rounding the Magma borehole did not change significantly during the span

of the survey.

The Magma borehole is located 80 meters below the surface. This

may explain why the resistivity and neutron data did not detect water

content changes. The response time for a seasonal rainfall event to

infiltrate six meters at the Santo Nino field site was eight weeks when

the overburden was initially dry. Indeed, it is probable that the water

content of the rock surrounding the Magma borehole did not change sig-

nificantly. In this case, the minor fluctuation observed in the data

may be attributed to error. A discussion of the error for each method

is presented in Appendix F.
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The first step in applying Archie's equation to quantitatively

determine changes in the water content of a rock is to evaluate the

various parameters for the fully saturated case. The form to evaluate

is:

'e = ae -mS -np
	

(2.19)

where a is a fit parameter added by Winsauer et al. (1952). The value

of a varies from slightly less than one for rocks with intergranular

porosity to slightly more than one for rocks with joint porosity (Keller

and Frischknecht, 1966). The value of the saturated bulk rock resis-

tivity (p e when S =1) at the Santo Nino field site is approximately 4700

ohm-meters. This value is the average apparent resistivity value for

boreholes 5.2 and 5.8 on August 26, 1983. On this date, the ponded

water in the adit was at its maximum height (Figure 4.7) and free water

was dripping from the boreholes. Furthermore, if one assumes that the

porosity (e) of the quartz monzonite is 0.018; the cementation factor

(m) is 1.3 (Figure 2.14); and the fluid resistivity (p w ), as measured in

the standing water in borehole 6.0a (Appendix A), is 20 ohm-meters; then

the value of a is 1.3. This value, being greater than one and within

the range of values presented in Appendix A, suggests that the resis-

tivity of the pore fluid is not affected by surface conductance and/or

cation exchange. Thus, the resistivity of the water samples is equal to

the resistivity of the fluid within the pores. This evidence does not

support the conclusion by Brace et al. (1965) that surface conductance
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lowers the resistivity of tap water in saturated fractured crystalline

rocks by a factor of 10-20.

Coincidentally, the choice of m (1.3) and the calculated value

of a (1.3) for the Santo Nino quartz monzonite correspond to the m value

(1.35) and the value of a (1.6) reported by Porter and Carothers (1970)

for Gulf Coast Miocene sandstones.

The same analysis can be applied to the Magma field data. The

saturated resistivity of the Magma dacitic ash-flow tuff is less than

185 ohm-meters. There is no evidence suggesting that the rock sur-

rounding the Magma borehole was close to or at saturation during the

span of this work. The measured fluid resistivity (p w ) is 34 ohm-

meters, the porosity (e) is 0.062, and the cementation factor (m) is

1.3. Thus, the fit parameter for the Magma dacitic tuff is less than

0.150. This low value suggests that surface conductance and/or cation

exchange have a significant unmeasured effect on the resistivity of the

pore fluid. This effect can be approximated by arbitrarily assigning a

value of one to the fit parameter (a) and solving for the fluid resis-

tivity (P )• Following this procedure, the calculated fluid resistivity

value is at least seven times less than the measured fluid resistivity

value. This evidence supports the aforementioned conclusion by Brace et

al. (1965).

The next step, having discussed Archie's equation for the

saturated case, is to evaluate the average percent saturation in each

hole on each date using the following equation:
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(2.22)

This equation can be derived from Archie's equation (2.16) by assuming

that the fluid resistivity (p w ) is independent of time and degree of

saturation. These assumptions and the choice of 1.6 for the saturation

exponent (n) are discussed in Appendix A. Plots of percent water versus

time for the Santo Nino boreholes are presented in Figures 5.10 and

5.11. Similar calculations are not presented for the Magma data because

the saturated resistivity of the dacitic ash-flow tuff is unknown, and

the data show little or no variation in time.

Although Archie's equation appears to be valid for saturated

crystalline rocks, a high degree of reliability cannot be attached to

these quantitative results. This is not to say that the approach is

incorrect, just untested. The sensitivity of these data to errors in

parameter estimation is presented in Appendix F.

For comparison only, the percent water by volume for boreholes

5.2 and 5.8 at the Santo Nino field site calculated from the neutron

data using the porous media calibration curve in Appendix C is also

presented in Figures 5.10 and 5.11.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Two geophysical methods were evaluated as to their usefulness in

measuring the water content of unsaturated, fractured, low porosity,

crystalline rocks. The conclusion is that downhole resistivity and

neutron-moisture are able to detect qualitative changes in the water

content of these rocks. The evidence supporting this conclusion is that

each method responded similarly in time, and precipitation and borehole

water level data corroborated these trends at the Santo Nino field site.

Furthermore, the time lag between the surface precipitation data and the

borehole data is eight weeks during the dry months and less as the

overburden becomes saturated. The distance between the boreholes and

the surface is six meters. Similar trends were not observed at the

Magma field site where the distance between the borehole and the surface

is 80 meters.

It has also been shown that the saturated data from the Santo

Nino field site fits Archie's equation when a value of 1.3 for the

cementation factor (m) is used. The most interesting aspect of this

analysis is that the parameters fitting the Santo Nino data to Archie's

equation are similar to the parameters which fit Miocene sandstone data.

This coincidence is due to the low m value derived from the Brace et al.

(1965, 1968) data. This value was used because the field data collected

fit well with the laboratory results of Brace et al. Furthermore, the
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resistivity data from the Magma field site support one of the Brace

conclusions, namely that surface conductance can decrease the resistivi-

ty of tap water by 10-20 times.

Although these results are significant, the survey was designed

by trial and error. The first challenge to design electrodes capable of

accurately measuring the resistivity in the unsaturated boreholes over-

shadowed the quest to understand the principles necessary to design an

efficient logging program. Today, with this knowledge, the following

changes would be made to better fit the logging program to the stated

objective. The Santo Nino field site would remain the primary site

because of the proximity of the boreholes to the surface. This feature

is desirable because changes in the water content of the rock measured

at the borehole level can be correlated to surface trends. Once the

methods proved reliable and accurate, this requirement would be unnces-

sary. Furthermore, the holes should be longer (at least 25 meters).

This length would permit measuring spatial as well as temporal changes

in the water content of the rock. Also, more attention should be

devoted to the resistivity of the pore fluid. This parameter was not a

major concern in this study (see Appendix A).

How to equate the volumes investigated by the resistivity and

neutron methods is the most difficult problem in redesigning the logging

program. Decreasing the spacing between the resistivity electrodes

increases the effect of fractures, and increasing the spacing between

the source and detector in the neutron probe necessitates preliminary

calibration before an increasing or decreasing count can be related to
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an increasing or decreasing water content. A solution to this probl6m

would make these tools useful in calibrating each other.

Both methods were able to detect qualitative changes- in the

water content of crystalline rocks, and the data support the laboratory

work of Brace et al. (1965, 1968). The contribution of this work,

although, is in its potential. This potential will not be realized

until the saturation exponent (n) and the neutron calibration curves for

low porosity igneous rocks are developed in the laboratory. With this

in mind, sufficient information has been provided within this thesis to

field verify future laboratory results. Ideally, someone will save a

year's worth of field work by discovering this thesis.



APPENDIX A

PARAMETERS IN ARCHIE'S EQUATION

Bulk Rock Resistivity (pe )

The resistivity of a bulk rock (p e ) in Archie's equation: pe =

ae
-m

S
-n

p
w' 

is equal to the apparent resistivity calculated using equa-

tion (2.16) if the investigated rock volume is homogeneous. Otherwise,

apparent resistivity reflects the bulk rock resistivity (p e ) of each

separate homogeneous rock unit. Knowledge of the structural geology is

essential before the bulk rock resistivity of individual formations can

be calculated from apparent resistivity data. This process is further

complicated in saturated boreholes where the borehole fluid acts as a

near field conductor. Fortunately, the boreholes at the Santo Nino and

Magma field sites are unsaturated and are located in extensive intrusive

and extrusive rock formations, respectively.

Pore Fluid Resistivity (pw )

The resistivity of the fluid within the pores of a bulk rock

(p
w
) is a function of the resistivity of a water sample, the cation ex-

change capacity of the rock and surface conductance. Cation exchange

and surface conductance are insignificant in clean porous formations

(no clay) and/or when the salinity of the pore water is high (Keller and

Frischknecht, 1966). Fluid resistivity of water samples from the Santo

Nino mine are presented in Figure A.1. A value of 20 ohm-meters was

chosen for the calculations in Chapter 5 because borehole 6.0a is
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Figure A.1. Fluid resistivity data from the Santo Nino field site.
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immediately adjacent to boreholes 5.2 and 5.8 (see Figure 4.7). Values

from capture system 1 and capture system 2 (see Figure 4.6) are included

to illustrate the temporal variations in fluid resistivity remained

within a relatively small range.

Cementation Factor (m)

The rock parameters affecting the cementation factor (m) have

not been identified beyond a reasonable doubt. Archie (1942) assumed

the cementation factor depended on the degree of cementation between

sand grains (ranging from 1.3 for unconsolidated sands to 2.0 for con-

solidated sandstones); whereas variations in m were attributed to rock

type by Guyod (1944). Jackson et al. (1977) concluded that m was en-

tirely dependent on grain shape (ranging from 1.2 for spheres to 1.9

for platey shell fragments). Representative values for the empirical

fit parameter (a) and the cementation factor (m) are presented in Table

A.1.

Saturation Exponent (n)

The value of the saturation exponent (n) depends on the wetta-

bility of a rock sample (Morgan and Pirson, 1964). Upon desaturation,

n remains nearly constant until the water films between the pore spaces

become discontinuous. The measured resistivity of a rock sample in-

creases dramatically beyond this point. The often quoted value of 2 for

the saturation exponent corresponds to a water wet rock (Keller and

Frischknecht, 1966; Morgan and Pirson, 1964; and Dunlop et al., 1949).

On the other hand, if the rock is preferentially oil wet, water films
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Table A.1. Empirical fit parameters from Archie's equation for various
formations.

Formation Porosity Range
Fit Parameter

(a)
-Cementation
Factor (m)

Frio sandstone
1

0.15-0.37 0.62 2.15

Gulf Coast sandstone
2

0.15-0.40 1.60 1.35

Shaley sandstone
1

0.07-0.26 1.7 1.65

Oolitic limestone
1

0.07-0.19 2.3 1.64

Siliceous	 limestone
1

0.07-0.30 1.2 1.88

Volcanic tuff
3 0.20-0.80 3.5 1.44

Igneous rocks
3 <0.04 1.4 1.58

1
From Keller and Frischknecht (1966).

2
From Porter and Carothers (1970).

3From Parkhomenko (1967).

become discontinuous more rapidly. Keller (1953) reported values be-

tween 1.5 and 11.7 for the saturation exponent of a sandstone core

treated with a silicon fluid in successive steps to render it oil wet.

If the nearly saturated case is modeled by assuming complete

,l/m
saturation (e' = (p w/p e )	 where e' is the saturated porosity and S =

e'/e), the saturation exponent (n) is equal to the cementation factor

(m). A value of 1.6 was chosen for the saturation exponent in this

study because 1.6 is midway between the selected cementation factor

(1.3) and 2; and because 1.6 corresponds to the value mentioned by

Keller (1971) for crystalline rocks.



APPENDIX B

EFFECT OF WATER FROM THE RESISTIVITY ELECTRODES ON THE WATER
CONTENT OF THE SANTO NINO QUARTZ MONZONITE

On July 27, 1983, borehole 5.2 at the Santo Nino field site was

logged with the neutron probe before and after the borehole was logged

electrically. The results from this test, indicating that water from

the resistivity electrodes did not significantly affect the measurable

water content of the quartz monzonite, are presented in Figure B.1.

Furthermore, calculated theoretical changes expected in the water con-

tent of the quartz monzonite due to electrode dewatering are presented

in Table B.1. These values were calculated by assuming all the avail-

able water within the electrodes desaturated evenly throughout a

cylinder centered along the axis of the borehole.
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Figure B.1. Normalized neutron data recorded on July 27, 1983,
before and after the resistivity readings were
recorded.
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Table B.1. Change in saturation due to electrode dewatering.

Cylinder
Radius
(cm)

Pore Volume
Within Cylinder

(cm3)1

Percent Change in
Saturation Due to

Electrode Dewatering 2

Ratio of Current
Passing Within

Cylinder 3

10 3.2 x 10 3
8.98 0.04

25 2.0 x 10 4 1.44 0.11

50 7.9 x 10
4

0.36 0.21

100 3.2 x 10
5

0.09 0.40

200 1.3 x	 10
6

0.02 0.66

500 7.9 x 10
6

0.00 0.91

' Calculated using a porosity of 0.018 and a length of 560 cm.
2
Calculated by assuming an initial saturation value of 0.8 and the total
available electrode water as 230 cm3 .

3Calculated by assuming an isotropic, homogeneous, infinite medium. A
similar calculation for a semi-infinite medium is presented in Van
Nostrand and Cook (1966).



APPENDIX C

THERMAL NEUTRON POROUS MEDIA CALIBRATION CURVE FOR THE
NUCLEAR-CHICAGO MODEL 5810 SOIL MOISTURE PROBE
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Figure C.1. Thermal neutron porous media calibration curve for the
Nuclear-Chicago model 5810 soil moisture probe (Texas
Nuclear Corporation, 1968).
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APPENDIX D

VERTICAL BOUNDARY CORRECTION APPLIED TO THE RESISTIVITY DATA

The apparent resistivity values were corrected for the mine adit

using image theory. A diagram of the real and the imaginary current

electrodes, when the mine wall is simulated by a vertical impermeable

boundary, is presented in Figure D.1. Following the same derivation

used to derive equation (2.16), the potential at P 1 due to the real and

imaginary current electrodes is:

and the potential at P 2 is:

4 1 (1	 1 	k 	.  	 _	 +	 _ 	
V P 2	 47	 2a	 a	 2a+2d	 2d 1+5a)

(D.2)

where k is the reflection coefficient (k = (p 2 - p 1 )/(p 2 + p l ) = 1 when

p 2 = ...). Therefore, the potential at P 1 less the potential at P 2 is:

I , 	 4 1 (1	 1	 1	 1 
+ 	47	 a	 2d+a - 2d+4a	 2a+2d	 2d+5a)

Solving for p l , equation (D.3) becomes:

AV ( 1	 1	 1	 1 + 	1 = 4-n- —	 — +P 1	 I	 a	 2d+a	 2d+4a	 2a+2d	 2d+5a
(D.4)
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Figure D.1. Location of the real (C1 and C2) and the imaginary
(Ci and C) electrodes when the mine wall is simulated
by a vertical impermeable boundary.
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or p l = 4n (flae .	 ( 0.5)

Values of ae 
with distance from the impermeable boundary (d),

when the actual spacing between the Wenner array electrodes is 152

centimeters, are presented in Figure 0.2.
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Figure D.2. Values of a e with distance from the impermeable
boundary (d) when the actual spacing between the
Wenner array electrodes is 152 centimeters.
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APPENDIX E

RESISTIVITY AND NEUTRON DATA FROM THE
SANTO NINO AND MAGMA FIELD SITES
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SANTO NINO FIELD SITE - October 2, 1982

Borehole 5.2 	 Borehole 5.8 
Depth	 Resistivity	 Neutron	 Resistivity	 Neutron
(m) 	(ohm-m) 	(cpm/shield count) 	 (ohm-m) 	(cpm/shield count)

5.79
5.49
5.18
4.88
4.57
4.27
3.96
3.66
3.35
3.10
3.05

	

3.00	 4852

	

2.95	 4945

	

2.90	 5619	 4921

	

2.85	 5733	 4925

	

2.80	 5947	 4994

	

2.75	 6116	 5130

	

2.70	 6385	 5300

	

2.65	 6507	 5577

	

2.60	 6550	 5827

	

2.55	 6614	 6046

	

2.50	 1707	 6281

	

2.45	 6771	 6481

	

2.40	 6840	 6664

	

2.35	 6863	 6738
2.13
1.83
1.52
1.22
.91
.61
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SANTO NINO FIELD SITE - November 10, 1982

Borehole 5.2 	 Borehole 5.8 
Depth	 Resistivity	 Neutron	 Resistivity	 Neutron

(m) 	(ohm-m) 	(cpm/shield count) 	 (ohm-m) 	(cpm/shield count)

5.79
5.49
5.18
4.88
4.57
4.27
3.96
3.66
3.35
3.10
3.05
3.00
2.95

	

2.90	 6125

	

2.85	 5412

	

2.80	 6555

	

2.75	 6775

	

2.70	 7009

	

2.65	 7003

	

2.60	 7093

	

2.55	 7279

	

2.50	 7306

	

2.45	 7149

	

2.40	 7388

	

2.35	 7439
2.13
1.83
1.52
1.22
.91
.61
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SANTO NINO FIELD SITE - December 12, 1982

Borehole 5.2 	 Borehole 5.8 
Depth	 Resistivity	 Neutron	 Resistivity	 Neutron
(m)	(ohm-m) 	 (cpm/shield count) 	 (ohm-m) 	 (cpm/shield count)

5.79
5.49
5.18
4.88
4.57
4.27
3.96
3.66
3.35
3.10

	

3.05	 5316

	

3.00	 5449

	

2.95	 5448

	

2.90	 6471	 5413

	

2.85	 6794	 5460

	

2.80	 7201	 5500

	

2.75	 7371	 5749

	

2.70	 7608	 6036

	

2.65	 7657	 6442

	

2.60	 7829	 6712

	

2.55	 7960	 6956

	

2.50	 8035	 7163

	

2.45	 8109	 7441

	

2.40	 8232	 7672

	

2.35	 8124	 8086
2.13
1.83
1.52
1.22
.91
.61
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SANTO NINO FIELD SITE - January 6 and 18, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity*	 Neutron**

(ohm-m)	 (cpm/shield count)
Resistivity*	 Neutron**

(ohm-m)	 (cpm/shield count)

5.79
5.49 .126 .151
5.18 .134 .127
4.88 .144 .128
4.57 .135 .130
4.27 .125 .125
3.96 .130 .123
3.66 .126 .121
3.35 .120 .122
3.10 4959
3.05 .121 4940 .119
3.00 5081
2.95 5159
2.90 6762 5127
2.85 6962 5172
2.80 7204 5194
2.75 7368 .129 5395 .132
2.70 7608 5719
2.65 7860 6121
2.60 8061 6518
2.55 8201 6747
2.50 8297 6965
2.45 8438 .117 7126 .123
2.40 8495 7281
2.35 8802 7445
2.13 .116 .123
1.83 .119 .119
1.52 .126 .122
1.22 .123 .120
.91 .123 .120
.61 .118 .125

* January 6, 1983
**January 18, 1983
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SANTO NINO FIELD SITE - February 22, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .127 .156
5.18 .137 .129
4.88 .148 .131
4.57 .135 .132
4.27 .131 .130
3.96 .132 .128
3.66 .128 .123
3.35 .129 .125
3.10 4545
3.05 .123 4737 .124
3.00 4906
2.95 4996
2.90 5389 5016
2.85 5478 4975
2.80 5703 4917
2.75 5844 .133 4889 .134
2.70 6036 4991
2.65 6349 5264
2.60 6592 5486
2.55 6704 5760
2.50 6822 5976
2.45 .122 6348 .125
2.40 7681 6524
2.35 7610 6693
2.13 .121 .124
1.83 .121 .120
1.52 .128 .127
1.22 .127 .123
.91 .121 .123
.61
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SANTO NINO FIELD SITE - March 11, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .130 .162
5.18 .147 .129
4.88 .153 .130
4.57 .143 .133
4.27 .133 .131
3.96 .138 .133
3.66 .134 .125
3.35 .133 .125
3.10 4085
3.05 .132 4136 .124
3.00 4344
2.95 4350
2.90 4778 4363
2.85 4983 5315
2.80 5160 4332
2.75 5187 .142 4337 .138
2.70 5341 4438
2.65 5590 4775
2.60 5669 4958
2.55 5694 5207
2.50 5792 5434
2.45 5760 .139 5594 .125
2.40 5697 5701
2.35 5756 5810
2.13
1.83

.126

.127
.127
.125

1.52
1.22
.91

.136

.130

.128

.127

.126

.128
.61
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Depth
(m)

SANTO NINO FIELD SITE - April	 16,

Borehole 5.2

1983

Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .120 .156
5.18 .128 .130
4.88 .147 .126
4.57 .135 .131
4.27 .124 .129
3.96 .129 .129
3.66 .127 .122
3.35 .125 .124
3.10 4112
3.05 .130 4174 .120
3.00 4405
2.95 4640
2.90 4730 4841
2.85 4891 4729
2.80 5045 4635
2.75 5225 .130 4572 .135
2.70 5358 4599
2.65 5558 4944
2.60 5670 5239
2.55 5763 5514
2.50 5817 5755
2.45 5809 .116 5943 .122
2.40 5752 6155
2.35
2.13

5867
.118

6329
.121

1.83 .123 .120
1.52 .130 .124
1.22 .130 .125
.91 .124 .124
.61 .123 .124
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SANTO NINO FIELD SITE - May 24, 1983

Depth
(m)

Borehole 5.2 Borehole 5-.8
Resistivity	 Neutron

(ohm -ni)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .118 .153
5.18 .128 .127
4.88 .139 .126
4.57 .128 .131
4.27 .120 .127
3.96 .123 .130
3.66 .120 .123
3.35 .118 .124
3.10 4502
3.05 .116 4496 .120
3.00 4543
2.95 4592
2.90 5458 4630
2.85 5568 4537
2.80 5700 4477
2.75 5651 .124 4548 .133
2.70 5582 5282
2.65 5610 5715
2.60 5651 5960
2.55 5639 6175
2.50 5623 6488
2.45 5587 .115 6498 .119
2.40 5502 6671
2.35 5600 6789
2.13 .113 .122
1.83
1.52
1.22
.91

.112

.118

.116

.113

.118

.122

.122

.120
.61 .111 .123
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SANTO NINO FIELD SITE - June 16, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .113 .147
5.18 .123 .122
4.88 .134 .119
4.57 .128 .123
4.27 .116 .124
3.96 .116 .120
3.66 .116 .113
3.35 .115 .114
3.10 4394
3.05 .113 4482 .111
3.00 4780
2.95 5046
2.90 6619 5172
2.85 6813 5198
2.80 6583 5165
2.75 6186 .122 4907 .123
2.70 5962 4894
2.65 6063 4395
2.60 6173 4400
2.55 6257 4367
2.50 6332 4505
2.45 6323 .107 4670 .115
2.40 6280 4929
2.35 6272 5339
2.13 .106 .113
1.83 .107 .110
1.52 .115 .115
1.22 .113 .113
.91 .108 .113
.61 .109 .114
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SANTO MIND FIELD SITE - July 8, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron	 Resistivity	 Neutron

(ohm-m)	 (cpm/shield count) 	(ohm-m)	 (cpm/shield count)

5.79
5.49 .118 .138
5.18 .127 .118
4.88 .138 .115
4.57 .129 .117
4.27 .120 .118
3.96 .122 .118
3.66 .117 .110
3.35 .118 .110
3.10
3.05 .116 .109
3.00
2.95
2.90 5601
2.85 5872
2.80 5975
2.75 5946 .122 .119
2.70 5937
2.65 5976
2.60 5990
2.55 5944
2.50 5902
2.45 5891 .115 .112
2.40 5818
2.35 5772
2.13 .109 .112
1.83 .113 .108
1.52 .120 .111
1.22 .117 .112
.91 .113 .110
.61 .113 .108
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SANTO NINO FIELD SITE - July 26, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .123 .122 .153
5.18 .133 .130
4.88 .143 .144 .123
4.57 .135 .129
4.27 .127 .125 .125
3.96 .129 .125
3.66 .122 .124 .122
3.35 .126 .119
3.10 3920
3.05 .122 .119 4022 .118
3.00 4092
2.95 4144
2.90 4682 4136
2.85 4779 4093
2.80 4890 4072
2.75 5001 .127 4336
2.70 5034 4661
2.65 5140 4951
2.60 5099 5181
2.55 5107 5415
2.50 5131 5589
2.45 5125 .118 .119 5768 .118
2.40 5108 5894
2.35 5232 5985
2.13 .119 .122
1.83 .118 .117 .117
1.52 .128 .123
1.22 .124 .122 .121
.91 .119 .120
.61 .120 .118 .122
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SANTO NINO FIELD SITE - August 26, 1983

Depth
(m)

Borehole 5.2 Borehole 5.8
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)
Resistivity	 Neutron

(ohm-m)	 (cpm/shield count)

5.79
5.49 .132 .147
5.18 .139 .124
4.88 .151 .123
4.57 .139 .128
4.27 .132 .128
3.96 .138 .127
3.66 .131 .123
3.35 .128 .121
3.10 3951
3.05 .123 4022 .120
3.00 4078
2.95 4074
2.90 4593 4098
2.85 4751 4102
2.80 4974 4069
2.75 5016 .129 4345 .130
2.70 5130 4664
2.65 5189 4838
2.60 5261 5002
2.55 5256 5214
2.50 5239 5418
2.45 5256 .120 5561 .122
2.40 5095 5681
2.35 5264 5745
2.13 .117 .119
1.83 .118 .116
1.52 .123 .120
1.22 .126 .122
.91 .120 .121
.61 .119 .121
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MAGMA FIELD SITE - March 1, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity	 Neutron

(ohm-m)	 (count. ratio)

14.94 7.32 156
14.63 7.16 155
14.33 7.01 147
14.02 6.86 166
13.72 6.71 206
13.41 6.55 196
13.11 6.40 203
12.80 6.25 198
12.50 6.10 175
12.19 5.94 171
11.89 5.79 164
11.58 5.64 160
11.28 202 5.49 162
11.13 206 5.33 160
10.97 190 5.18 158
10.82 179 5.03 153
10.67 181 4.88 148
10.52 183 4.72 163
10.36 184 4.57 171
10.21 183 4.42 167
10.06 177 4.27 166
9.91 233 4.11 160
9.75 283 3.96 151
9.60 270 3.81 147
9.45 294 3.66 143
9.30 297 3.51 139
9.14 290 3.35 139
8.99 289 3.20 132
8.84 271 3.05 105
8.69 267 2.90 103
8.53 273 2.74 98
8.38 242 2.59 96
8.23 179 2.44 93
8.08 180 2.13
7.92 166 1.83
7.77 155 1.52
7.62 154 1.22
7.47 154 .91
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MAGMA FIELD SITE - March 8, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity

(ohm-m)
_	 Neutron
(count ratio)

14.94 7.32 140 .258
14.63 .276 7.16 136
14.33 .249 7.01 131 .259
14.02 .229 6.86 152
13.72 .262 6.71 191 .256
13.41 .239 6.55 180
13.11 .239 6.40 193 .254
12.80 .249 6.25 182
12.50 .251 6.10 162 .253
12.19 .245 5.94 152
11.89 .277 5.79 150 .253
11.58 .254 5.64 150
11.28 193 .251 5.49 151 .255
11.13 193 5.33 150
10.97 173 .246 5.18 147 .265
10.82 163 5.03 145
10.67 164 .252 4.88 140 .258
10.52 172 4.72 152
10.36 165 .252 4.57 155 .260
10.21 164 4.42 154
10.06 157 .258 4.27 150 .265
9.91 206 4.11 147
9.75 262 .271 3.96 139 .276
9.60 244 3.81 134
9.45 263 .262 3.66 134 .294
9.30 276 3.51 130
9.14 267 .269 3.35 132 .298
8.99 261 3.20 117
8.84 248 .280 3.05 94 .281
8.69 245 2.90 93
8.53 257 .259 2.74 89 .290
8.38 223 2.59 90
8.23 163 .268 2.44 87 .303
8.08 167 2.13 .303
7.92 146 .256 1.83 .311
7.77 137 1.52 .315
7.62 139 .260 1.22 .334
7.47 139 .91 .338
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MAGMA FIELD SITE - March 22, 1982

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity

(ohm-m)
Neutron

(count ratio)

14.94 .275 7.32 156 .256
14.63 .251 7.16 155
14.33 .231 7.01 148 .262
14.02 .261 6.86 164
13.72 .243 6.71 206 .254
13.41 .240 6.55 196
13.11 .252 6.40 207 .254
12.80 .259 6.25 197
12.50 .263 6.10 177 .250
12.19 .251 5.94 174
11.89 .254 5.79 166 .256
11.58 .246 5.64 163
11.28 197 .250 5.49 162 .263
11.13 204 5.33 162
10.97 185 .252 5.18 157 .258
10.82 176 5.03 154
10.67 176 .244 4.88 147 .258
10.52 178 4.72 157
10.36 176 .260 4.57 169 .260
10.21 177 4.42 162
10.06 167 .288 4.27 159 .268
9.91 226 4.11 153
9.75 274 .261 3.96 146 .280
9.60 258 3.81 142
9.45 282 .286 3.66 137 .294
9.30 287 3.51 134
9.14 281 .263 3.35 136 .295
8.99 274 3.20 119
8.84 262 .262 3.05 99 .283
8.69 260 2.90 96
8.53 267 .253 2.74 93 .291
8.38 226 2.59 93
8.23 177 .263 2.44 89 .293
8.08 181 2.13 .306
7.92 167 .254 1.83 .306
7.77 156 1.52 .329
7.62 155 .266 1.22 .337
7.47 155 .91 .317
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Depth
(m)

MAGMA FIELD SITE - April	 6,

Top Borehole

1983

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Depth	 Resistivity

(m)	 (ohm-m)
'	 Neutron
(count ratio)

14.94 .275 7.32 163 .257
14.63 .250 7.16 162
14.33 .230 7.01 153 .268
14.02 .260 6.86 166
13.72 .238 6.71 218 .254
13.41 .239 6.55 207
13.11 .249 6.40 218 .256
12.80 .255 6.25 210
12.50 .250 6.10 185 .258
12.19 .249 5.94 180
11.89 .253 5.79 173 .255
11.58 .244 5.64 169
11.28 204 .252 5.49 170 .257
11.13 211 5.33 168
10.97 198 .255 5.18 168 .255
10.82 185 5.03 163
10.67 186 4.88 155 .259
10.52 185 4.72 166
10.36 186 .267 4.57 176 .258
10.21 185 4.42 168
10.06 178 .284 4.27 165 .274
9.91 223 4.11 158
9.75 295 .262 3.96 152 .296
9.60 287 3.81 145
9.45 294 .282 3.66 138 .298
9.30 303 3.51 138
9.14 295 .265 3.35 139 .307
8.99 292 3.20 127
8.84 275 .290 3.05 101 .279
8.69 273 2.90 100
8.53 280 .254 2.74 97 .288
8.38 258 2.59 95
8.23 181 .261 2.44 93 .302
8.08 186 2.13 .308
7.92 173 .254 1.83 .307
7.77 163 1.52 .328
7.62 162 .265 1.22 .336
7.47 161 .91 .327



127

MAGMA FIELD SITE - May 3, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohM-m)	 (count ratio)
Resistivity

(ohm-m)
-	 Neutron
(count ratio)

14.94 .291 7.32 154 .253
14.63 .258 7.16 153
14.33 .238 7.01 142 .259
14.02 .272 6.86 152
13.72 .248 6.71 204 .252
13.41 .251 6.55 191
13.11 .260 6.40 199 .251
12.80 .258 6.25 195
12.50 .248 6.10 173 .253
12.19 .248 5.94 171
11.89 .251 5.79 161 .253
11.58 .242 5.64 159
11.28 196 .248 5.49 159 .261
11.13 200 5.33 157
10.97 185 .252 5.18 153 .260
10.82 177 5.03 151
10.67 176 .244 4.88 144 .254
10.52 175 4.72 155
10.36 174 .259 4.57 165 .260
10.21 174 4.42 159
10.06 167 .281 4.27 156 .264
9.91 203 4.11 153
9.75 266 .260 3.96 146 .276
9.60 249 3.81 142
9.45 275 .285 3.66 142 .290
9.30 283 3.51 140
9.14 275 .260 3.35 137 .294
8.99 271 3.20 130
8.84 257 .264 3.05 101 .282
8.69 257 2.90 97
8.53 265 .257 2.74 91 .290
8.38 224 2.59 91
8.23 171 .261 2.44 91 .297
8.08 169 2.13 .311
7.92 156 .254 1.83 .309
7.77 147 1.52 .330
7.62 150 .262 1.22 .340
7.47 149 .91 .327
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MAGMA FIELD SITE - May 20, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity

(ohm-m)
-	 Neutron
(count ratio)

14.94 .277 7.32 160 .255
14.63 .255 7.16 160
14.33 .234 7.01 143 .264
14.02 .259 6.86 146
13.72 .238 6.71 210 .252
13.41 .243 6.55 204
13.11 .250 6.40 207 .255
12.80 .259 6.25 202
12.50 .250 6.10 173 .249
12.19 .251 5.94 177
11.89 .257 5.79 175 .252
11.58 .248 5.64 172
11.28 208 .252 5.49 172 .261
11.13 218 5.33 165
10.97 202 .252 5.18 155 .262
10.82 187 5.03 152
10.67 194 .245 4.88 153 .261
10.52 200 4.72 163
10.36 193 .258 4.57 173 .265
10.21 203 4.42 165
10.06 189 .278 4.27 162 .269
9.91 228 4.11 155
9.75 304 .261 3.96 145 .278
9.60 290 3.81 141
9.45 296 .281 3.66 135 .292
9.30 303 3.51 132
9.14 303 .259 3.35 133 .296
8.99 301 3.20 121
8.84 277 .265 3.05 96 .282
8.69 298 2.90 95
8.53 282 .253 2.74 94 .290
8.38 272 2.59 91
8.23 175 .264 2.44 90 .301
8.08 180 2.13 .310
7.92 172 .253 1.83 .307
7.77 161 1.52 .324
7.62 155 .267 1.22 .336
7.47 153 .91 .330



MAGMA FIELD SITE - June 7, 1983

Top Borehole	 Top Borehole
Depth
(m)

Resistivity
(ohm-m)

Neutron
(count ratio)

Depth
(m)

Resistivity
(ohm-m)

-	 Neutron
(count ratio)

14.94 .270 7.32 146 .248
14.63 .243 7.16 143
14.33 .221 7.01 140 .260
14.02 .255 6.86 149
13.72 .231 6.71 195 .250
13.41 .234 6.55 185
13.11 .244 6.40 192 .247
12.80 .250 6.25 184
12.50 .244 6.10 164 .247
12.19 .244 5.94 158
11.89 .247 5.79 152 .250
11.58 .239 5.64 151
11.28 183 .247 5.49 151 .254
11.13 194 5.33 154
10.97 175 .246 5.18 151 .251
10.82 165 5.03 150
10.67 165 .240 4.88 141 .250
10.52 165 4.72 152
10.36 164 .254 4.57 160 .255
10.21 161 4.42 158
10.06 154 .278 4.27 153 .260
9.91 195 4.11 152
9.75 263 .253 3.96 139 .268
9.60 250 3.81 140
9.45 263 .276 3.66 134 .289
9.30 277 3.51 127
9.14 269 .256 3.35 127 .290
8.99 267 3.20 117
8.84 249 .255 3.05 93 .272
8.69 244 2.90 93
8.53 254 .250 2.74 90 .282
8.38 236 2.59 89
8.23 158 .258 2.44 84 .290
8.08 164 2.13 .299
7.92 148 .248 1.83 .298
7.77 143 1.52 .311
7.62 141 .248 1.22 .324
7.47 142 .91 .311
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MAGMA FIELD SITE - June 28, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity	 -	 Neutron

(ohm-m)	 (count ratio)

14.94 7.32 153
14.63 7.16 155
14.33 7.01 139
14.02 6.86 146
13.72 6.71
13.41 6.55 190
13.11 6.40 196
12.80 6.25 196
12.50 6.10 175
12.19 5.94 169
11.89 5.79 161
11.58 5.64 153
11.28 191 5.49 156
11.13 206 5.33 152
10.97 184 5.18 145
10.82 170 5.03 144
10.67 171 4.88 137
10.52 164 4.72 158
10.36 169 4.57 158
10.21 167 4.42 152
10.06 160 4.27 149
9.91 210 4.11 143
9.75 266 3.96 136
9.60 248 3.81 139
9.45 266 3.66 133
9.30 272 3.51 126
9.14 263 3.35 131
8.99 262 3.20 120
8.84 250 3.05 96
8.69 251 2.90 96
8.53 264 2.74 91
8.38 247 2.59 89
8.23 170 2.44 88
8.08 179 2.13
7.92 164 1.83
7.77 150 1.52
7.62 147 1.22
7.47 150 .91
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MAGMA FIELD SITE - July 20, 1983

Depth
(m)

Top Borehole
Depth
(m)

Top Borehole
Resistivity	 Neutron

(ohm-m)	 (count ratio)
Resistivity

(ohm-m)
-	 Neutron
(count ratio)

14.94 .267 7.32 151
14.63 7.16 150
14.33 .221 7.01 142 .260
14.02 6.86 155
13.72 .231 6.71 200
13.41 6.55 189
13.11 .246 6.40 197 .249
12.80 6.25 190
12.50 .245 6.10 171
12.19 5.94 167
11.89 .247 5.79 160 .249
11.58 5.64 156
11.28 196 .245 5.49 156
11.13 202 5.33 156
10.97 183 5.18 151 .259
10.82 173 5.03 148
10.67 174 .242 4.88 142
10.52 173 4.72 155
10.36 174 4.57 163 .259
10.21 174 4.42 158
10.06 165 .279 4.27 153
9.91 199 4.11 147
9.75 275 3.96 140 .274
9.60 257 3.81 136
9.45 282 .279 3.66 132
9.30 284 3.51 129
9.14 278 3.35 130 .293
8.99 271 3.20 111
8.84 262 .261 3.05 94
8.69 259 2.90 92
8.53 267 2.74 89 .285
8.38 224 2.59 87
8.23 169 .258 2.44 86
8.08 175 2.13 .306
7.92 157 1.83
7.77 151 1.52 .322
7.62 149 .260 1.22
7.47 148 .91 .318



APPENDIX F

RESISTIVITY AND NEUTRON ERROR ANALYSIS

An accurate method to maintain and measure the water content in

a partially saturated crystalline rock was not available; therefore, the

resistivity and neutron probes were not calibrated. A check of the in-

ternal resistance within the ER-2 earth resistivity meter and tripoten-

tial measurements were made to insure consistent resistivity data; and

shield counts were taken with the Nuclear-Chicago neutron probe to

insure consistent neutron data. Furthermore, repeat readings were taken

with both methods at each logging interval. The standard deviations of

the percent difference between the repeat data for each method at each

site are presented in Table F.1.

Table F.1. Standard deviation of the percent error between repeated
readings.

Number of
	

Percent Standard
Location	 Procedure	 Readings

	
Deviation

Santo Nino Resistivity 150 2.7

Santo Nino Neutron 220 1.5

Magma Resistivity 200 2.2

Magma Neutron 206 1.8
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In other words, the value of the following expression:

( 2IReading - Repeat!)
 100Reading + Repeat

for the Santo Nino resistivity data was less than or equal to 2.7, 68

percent of the time.

The sensitivity of the saturation data, calculated in Chapter 5,

to uncertainty in the measured bulk rock resistivity (p e ), the saturated

rock resistivity (p s ) and the saturation exponent (n) is calculated by

taking the total derivative of equation (2.22):

p
e 

= p sS-n
	(2.22)

The total derivative is (Khelil, 1971):

dp
e	 n 

dp s	 nSn-1
- S	 dS + — 1nS dn,

P e
2

P s
2

P s	 P s

or

i(
 dp e)

e	 s

_ _ 
s n (

s

dps) 
+ 

nS n (dS	 nSn	 (
—
dn

)	 1nS.	 (F.1)
e P	 P	 P s	

p	 n
P 	P 

Substituting an equivalent expression for (l/p e ) and dividing through by

Sn , equation (F.1) becomes:

dS	 1 ( dP s) 4. 1 (dPe 	- 1nS(—dn )
S	 n 	 n p

e

(F. 2)

where the sign of the term (dp e /p e ) has been changed to account for

positive and negative error.
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The sensitivity of the fractional saturation (S) in equation

(F.2) to uncertainty in the saturation exponent (n) is plotted in

Figure F.1 and to uncertainty in the measured bulk resistivity (p e ) and

in the saturated bulk resistivity (p s ) is plotted in Figure F.2.

These figures indicate the fractional saturation data is more

sensitive to uncertainty in the measured bulk resistivity (p e ) and the

saturated resistivity (p s ) than to uncertainty in the saturation expo-

nent (n) when the rock is nearly saturated.

The uncertainty in the absolute saturation data calculated in

Chapter 5 (by applying equation (F.2) is ±14 percent (where dp e/p e =

±0.03, dp s/p s = ±0.1, dn/n = ±0.25 and S = 0.8). The values for dp s /p s

and dn/n are estimates. Similarly, assuming n is independent of S and

the resistivity of the saturated rock is known, the relative uncertainty

between the saturation data is ±2 percent.
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Figure F.1. Sensitivity of fractional saturation (S) to uncertainty
in the saturation exponent (n).
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Figure F.2. Sensitivity of fractional saturation (S) to uncertainty
in the saturated bulk resistivity (p s ) and the measured
bulk resistivity (p e ).
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