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SECTION I 

PROJECT OBJECTIVES AND SIGNIFICANT RESULTS 

RESEARCH OBJECTIVES 

Objectives of this research were to adopt rock impedance and dielectric 

parameters as indicators as well as predictors of their geophysical charac- 

teristics, of presence of water, entrapped gases, and rock fractures.    Di- 

lectric relaxation mechanisms were utilized to describe the impedance and 

dielectric characteristics of representative rocks.    Electrical models to 

simulate rock impedance and dielectric dispersion were used to correlate 

rock properties with the model parameters.    Data taken at low frequencies 

«2kHz) yielded information that is pertinent to rock structure and geophysical 

characteristics, while the high-frequency data would contribute a valuable 

input to rock fragmentation by dielectric heath g.    Research covered in this 

report was confined to the low-frequency range and to the development of 

relationships between impedance and dielectric permittivity data on rocks. 

SIGNIFICANT RESULTS 

Rapid measurement and display of the low-frequency impedance parameters 
of basalt,  granite,  and quartzite was accomplished by a novel technique in 

which the rock under investigation was placed in the feedback path of an opera 

tional amplifier,  and an analog/digital computer was used for rapid evolution 

and data display.    The data obtained adhered closely to the theoretically pre- 

dicted circular arc diagram when the equivalent series reactance was plotted 

as a function of the equivalent series resistance at various frequencies from 

0. 05 Hz to 2 kHz.    The photographs in Figures 1-1,   1-2. and 1-3 show the 

actual output for the impedance parameters of basalt, granite-, and quartzite 
rock samples as displayed in the Argand diagram. 
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Figure 1-2. Computer Display of the Impedance Circular Arcs 
iZ^r      f- S*miP}es-    ToP Photograph is for a long 
granite cylinder   4. 41 cm).    Bottom photograph is 
for a thin slice of the granite cylindpr/ -   r        > 
Points (+) represent variation of reactance with 
r^i8^6 at a given freq"ency.    Dotted curves are 
arcs of the computer data-fitted circle in the least 
square sense. asi 
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Figure 1-3, Computer Display of the Impedance Circular Arc 
for a Large Diameter Quartzite Disc Sample. 
Points (+) represent experimental variation of 
reactance with resistance at a given frequency 
Dotted curve is an arc of the computer data-fitted 
circle in the least square sense. 
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A new "bracketing" technique was developed ^-o extract the rock dielectric 

constants from the corrected and normalized impedance parameters.   Details 

of this novel technique are presented in fections IV and VII. 

An electrical model that describes the observed behavior of rock impedance 

data has been developed and is reported in Section VII,   The model permits 

quantitative evaluation and correlation of observed rock impedance data and 

their geophysical characteristics.   The model also elucidates for the first 

time the inherent complications that arise from electrode impedance and rock/ 

electrode double layer polarization effects by defining a polarization param- 

eter, g. 

The highest sensitivity for water detection in rocks was obtained by extrapolating 

the real component of the dielectric constant to the zero frequency limit.    The 

effects of rock pretreatment in water and in sodium hydroxide solutions upon 

their electric and dielectric parameters are covered in Section VI.   Variation 

of the polarization constant, g, for a basalt rock with its sodium (mobile) ion 

content is shown in Figure 1-4.    Lower polarization constants correspond to 

more significant electrode double-layer polarization artifacts, because this 

type of double-layer polarization impedance appears to be in parallel with the 

rock impedance components.   Hence, the presence of larger quantities of 

sodium ions increases the double-layer polarization effects in addition to 

increasing the rock ohmic conductivity. 

Z9506-3007 
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Figure 1-4.   Variation of the Polarization Constant g for Basalt 
?yZCi^h t^e P^entage of Sodium Hydroxide in 
the Pretreating Solution.   Pretreatment Time = 
23 hours. 
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SECTION II 

EXPERIMENTAL TECHNIQUE 

The most common methods of determining the electric and dielectric 

properties of rocks involve bridge, resonance, and heterodyne techniques.   A 

comprehensive description of these and similar techniques is given in 

References 1 and 2. 

During this program a new direct-comparison method was developed that 

involved placing the rock sample in the feedback loop of an operational 

amplifier.    This method has the advantage that data can I e taken at extremely 

low frequencies where conventional methods become too unstable.    Further- 

more, the data were processed by a computer and displayed directly.   In this 

technique, impedance data processing involved time-domain sampling and a 

discrete Fourier transform to the frequency domain. 

EXPERIMENTAL SETUP 

The basic approach to the experimental determination of the rock impedance 

is the use of the rock as a feedback impedance in an operational amplifier. 

Thus, for a known input signal and resistance, the rock impedance can be 

determined from the amplifier output signal.   This technique lends itself to 

convenient, on-line signal analysis through the use of analog-to-digital 

conversion equipment. 

Figure 2-1 illustrates the experimental setup in simplified form.    Basically, 

a sinusoid at known frequency drives the amplifier containing the rock, while 

an in-phase square wave generated simultaneously with the sinusoid is used 

to clearly define the period of the waveform. 
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"GO SIGNAL" 

SAMPLING 
& 

A-Ü 
CONVERSION 

nzäk 
OOP-24 
COMPUTER 

3ZZZ 
PRINIED, VISUAL 
& MAG TAPE 
OUTPUT 

Figure 2-1.   Schematic of Experimental Setup 

The output from the rock amplifier is sampled over some interval consistent 

with the signal frequency and converted to digital form.   At this stage a DDP-24 

computer performs a discrete Fourier transform and computes the equivalent 
series resistance and reactance for the signal. 

Included within the analog circuitry is an amplifier having a known fixed 

(calibration) resistor in its feedback loop.    The signal from this amplifier 

is analyzed simultaneously with the rock signal and provides a reference 
signal of known amplitude and phase. 

Another amplifier is provided just ahead of the calibration amplifier to pro- 

vide a means of easily changing the gain through the calibration branch with- 
out changing the calibration resistor itself. 
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because Z- = 1 megohm and ZR is in megohms. 

0 
0 eo = - iT^77 ei (2-2) 

Ö 

D 
0 
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0 
D 
0 
B 
0 

2-3 

The voltage output, e   (Figure 2-1), from the amplifier having the rock as its 

feedback impedance is given by 

ZR 
eo = " 27" ei '   eo =   -ZRei «-D 

Similarly, the output e ' from the calibration amplifier is given by 

The amplitude of the complex impedance ZR is thus given by 

|Z   |   =    LSLL      —^- (2-3) R !eo'l    U/HH 

where e   and e ' are determined from a Fourier analysis of the output volt- 

ages e   and e '. &        o o 

The Fourier analysis also provides the phase angle 0 between output voltage 

and current.    Thus, the series resistance and reactance are calculated from 

Rs =  '
Z

R' 
cos ^ and  Xs = '

Z
RI 

sin* (2'4^ 

A least-squares circle fit is also automatically made for the R   and X   data s s 
and displayed along with the Rs and X   data on a CRT screen.   In addition, 

all data are permanently stored on magnetic tape for future call back. 
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All computations were performed in the laboratory on a DDP-24 computer, 

which has an 8000-core storage memory bank of 24-bit words.    Because this 

computer is oriented in design for process control, it is ideally suited for 

on-line measurements of the sort described here.   Peripheral equipment 

contained sample and hold circuitry, a multiplexer, and an analog-to-digital 

converter as input channels, and a typewriter and paper tape punch for hard 
copy output. 

The operation of the program is outlined in Figure 2-2.   After the program 

was loaded and started, it awaited a "go" signal from the operator.    Because 

complete freedom was desired in selecting frequency as an independent vari- 

able, it was necessary for the computer to adjust its own sampling rate 

accordingly every time the "go" signal was given.    The excitation period was 

measured by determining the interval between successive positive sloped zero 

crossings, using machine cycles as the "yardstick".  A minimum-measurement 

interval of a few milliseconds, measured to the nearest microsecond increment, 

was set and the number of cycles occurring in it was noted.   With the excita- 

tion frequency and a sampling period "window" determined,  it was possible 

to specify a sampling rate and the weighting coefficients of a discrete Fourier 

transform for harmonic analysis of the data.    The waveforms across the 

Z9506-3007 
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Sinusoidal signals from the function generator of a discrete frequency from 

10 Hz to 1 MHz were used to drive the current electrodes.   In addition, an in- 

phase square wave generated simultaneously with the sinusoid served to clearly 

delineate the period of the waveform so that its frequency could be easily mea- 

sured.   The excitation current, output voltage,  square wave, and "go" signal 

were led directly to the computer for on-line processing, or else stored 

intermediately on FM magnetic tapes for subsequent playback when off-line 

processing becomes necessary.    The results were printed, punched on paper 

tape, and digitally recorded on magnetic tape. 
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LOAD PROGRAM 

—»I i 
AWAIT GO 
SIGNAL 

I 

DETERMINE 
EXCITATION 
FREQUENCY 

i 
COMPUTE SAMPLING 
INTERVAL AND 
DFT WEIGHTS 

i 
E RE 

i 
MEASURE RESPONSE 

PERFORM OFT 
COMPUTE AMPLITUDES 
AND PHASES 

I 
PRINT RESULTS 
 I 

Figure 2-2.    Computer Program - Sequence of Events 

current source and the rock sample were measured simultaneously and stored 

internally.    From these, the d-c first and second harmonic terms were com- 

puted using the above-determined discrete Fourier transform coefficients. 

Having determined the frequency,  resistance and reactance, a circle was 

fitted to the data under the condition of minimum deviation (least square 

calculation).    The center of the circle (Ro. Xo) was found such that the square 
of the deviations, A. was a minimum. 

■ I>i -?)! 
i=l 

(2-5) 

where n is the number of sampling frequencies at which impedance was mea- 
sured, r is the average circle radius, and ^ is given by 
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(Ro - R/ + (Xo - X.)2 

2-6 

1/2 
(2-6) 

This was accomplished via a gradient descent in two-dimensional R0,   X0 

parameter space.    For graphical display, the equivalent series resistances 

and reactances were computed at each of the sampling frequencies. 

Sample Preparation 

With the exception of the application of electrode material and the pretreatment 

experiments in Section VI, all measurements have been made on rocks "as 

received" from the customer. 

The electrodes were applied to the flat surfaces of the cylindrical samples. 

An epoxy-based conductive adhesive- was applied in a ihin coat and allowed 

to dry for at least two days at room temperature. 

The procedures described here for computing rock electric parameters are 

valid for isotropic specimens only.   It was shown by Spinner and Tefft (Ref.  3) 

that rock elastic moduli equations can be applied to a polycrystalline material 

if the individual grains of the material are randomly oriented and distributed, 

and are not larger than one-third of the smallest dimension of the specimen. 

Such a material may be considered to be isotropic on a macroscopic scale, 

even though the individual grains themselves are anisotropic. 

*Eccobond Solder V-91,  Emerson and Cumming, Inc., Dielectric Materials 
Division, Canton, Massachusetts. 
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! Copper leads made from thin sheet stock were laid on top of the electrode- 

material and the rock was clamped tightly between two plates of printed circuit 

board to secure electrical contact with the rock. \j 
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i 

Validation of the Measurement Technique 
i 

To chec. the validity of rock impedance data obtalned ^       cbmputer !tech. 

m,ue   Some results „ere compared with those obtained with traditlal com- 

pensafon techniques „sing a Genera. Radio-.ype 1650 CRL bridge.   Measure- 
ments were performed on a basalt sampled, at a frequency of 1 icHz    With 

hebr.dge technique a series capacitance of 28 pico«rids and a dissipation 
a«or. D   „,0 36 at . kH2 were measured., Transformation from a     Hes   ' 

domain to an ismmpedic system in the parallel domain yields        i 

RsVWHs
2
+[Xa

2 
(2-7) 

The dissipation factor, D.  is defined as 

R 

I ! 

D = 1 X 

uR C R     "     ^r- 
P   P P Äs 

From Equations (2-7) and (2-8) one obtains 

i      i 

(2-8) 

i 

3 p 

! 

(2-9) 

Hence 

C_ = s 

1 +D' 
i      ' 

(2-10) 

From these equations, one calculates a parallel capacitancej C , of 25 pico- 

farads and a parallel resistance. R of 17. 7 megohms. The series param- 

eters computed at 1 kHz would be -5. 72 megohms for the reactance. X     and 
2. 04 megohms for the resistance, R 

s 
! 1 

i   Z9506-3007: 
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Measurements with thedirect comparison on-line computer technique for the 

same basaltic rock sample gave the values Rs = 2. 77. X    = -5.28 megohms 

and 0 = -62.3 degrees, respectively.    The series reactances. -5. 72 and -5.28 

m-gohms obtained with the bridge and the new techniques, respectively, differ 

by about 8 percent.   However, the series resistance 2. 04 megohms measured 

with the bridge deviates by aboyt 26 percent from the value 2. 77 megohms 
measured with the present technique. 

i 

Despite the large deviation in Rs. and considering the lead impedances and 

stray capacitances which were not taken into account, these results nevertheless 

lend credence to the general validity of the new measuring technique.    It is 

generally recognised that bridge balancing methods are difficult at very low 

frequencies, and hence, their data would be susceptible to gross errors at 

these frequencies.   It appears, therefore, that the new direct-comparison 

technique yields reliable data in the low-frequency range. 

On the assumption that rock impedance can be represented by the simple 

parallel RpCp unit measured with the bridge, we constructed a model from 

the nearest available components in the laboratory of 18 megohms for R 

and 25 picofarads for Cp.   A computer run was performed with this R CP unit 

replacing the rock.   This system gave the data in Table 2-1 for the serie^ 
parameters at four frequencies. I 

Table 2-1,    Frequency Variation of the Impedance Parameters 
of the R C   Unit (Rp = 18 megohms.  Cn = 25 
picofarädsT p 

i 

frequency 
(Hz) iy       "s 

(megohms) 
.    -Xs 

(megohms) 

1000   ' 

I'OO 

10 

1 

2.66 

16.22 
i 

17.84 

17. 89 

-0 
(degrees) 

4.60 

4.93 

0.61 

0. 08 

59.9 

16.9 

2.0 

0.2 
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As predicted, the series resistance approaches the model R   value of 18 
p 

megonms as the frequency approaches zero.    The time constant of this unit is 

equal to RpC    =45 milliseconds.    This corresponds to a turnover frequency 

of about 360 Hz.   Around this characteristic frequency, the dispersion in R 

assumes rapidly decreasing values, while the dispersion in X , assumes a flat 

maximum (see Figure 3-2).   Hence, Rg will be subjected to the greatest 

error at frequencies between 100 and 1000 ohms by slight changes in the fre- 

quency of measurement, while Xs will be somewhat insensitive to such changes. 

Frequencies reported in this work are the nominal ones; for example, the 

1000 Hz was actually sampled by the computer as 1007. 33 Hz. 

When the simple RpC   unit was replaced by the basaltic rock sample in the 

feedback of the operational amplifier, the data in Table 2-2 were obtained. 

Table 2-2,    Frequency Variation of Basalt (I) Impedance Parameters 

Frequency 
(Hz) 

Rs 
(megohms) (megohms) 

-0 
(degrees) 

1000 2,77 5,28 62.3 

100 16.99 32.15 62.1 

10 99.88 110,76 48.0 

1 355. 84 197,30 29.0 

As expected, the values obtained at 1 kHz are in good agreement with those 

measured with the bridge method.    The data at the lower frequencies of 100, 

10, and 1 Hz deviated markedly.   Thus, a simple R C   model cannot describe 
P  P 

the impedance behavior of rocks.   More complicated models are therefore 

needed to simulate the electrical behavior of rocks.   One such model is des- 

cribed in Section VII   of this report. 
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SECTION III 

ROCK IMPEDANCE AND ELECTRODE EFFECTS 

Room-temperature measurements were made on several dry samples of 

basalt,  granite, and quartz.    The following results show that impedance data 

on rocks at audiofrequencies adhere to a circular arc, or series of arcs, 

when displayed in the Argand diagram.    Finite rock resistive and reactive 

dispersions were evident at characteristic frequencies, which permitted 
evaluation of rock relaxation time(a). 

IMPEDANCE PARAMETERS OF DRESSER BASALT 

A disc basaltic sample (II) containing SiOg,  Fe304, AlgOg, TiO«, CaO, and 

MgO in the percents=: 48.42,  6.6,  15.23,  1.9,  8.35, and 6. 4,  respectively, 

and measuring 0. 635 cm in length and 6,41 cm   in cross-section was supplied 

to Honeywell by the Thermal Fragmentation Group,  Twin Cities Mining Re - 

search Center, U.S.  Bureau of Mines.    Silver electrodes were painted to the 

circular surfaces of the rock and contact to the electrodes was made with 

copper wires.    Replication of the impedance data at 14 different frequencies 

and at time intervals ranging from several minutes to three weeks,  as well 

as with repeated electrode applications to the cleaned rock surface gave 

fairly reproducible results.    The standard deviation at the high frequency of 

2 kHz was 3. 8 percent of the mean in Rs,  and 2. 6 percent of the mean in X  . 

At the low frequency of 0. 05 Hz, standard deviations of 3. 7 and 8, 1 of the 
mean in R   and X ,  respectively, were calculated. 

5 o s 

Chemical analysis of the rock samples are taken from a recent 
report by Lindroth and Kranze (Reference 4). 
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The reactive component of the meaeured impedance is plotted in Figure 3 -, 
agains. ,„ corresponding resistive component at a series o^ tr,„uencies.    The 
least-squares circle fit to the data „as determined and plotted m .he soUd arc 
of F^ure 3-1.   The experimental points „ere found to deviate from the fitted 

XZ,a sTard deviation ot 2-44 percen, of ,he "tted ««*• **»** of 
V of thU basal, sample.   A rock phase angle ,  ,.   of 29 degrees „as also 
measured for this sample. 

C^TA 
dtHT diSplayed'" a log frequency plot- Fi*™ 3-2 - <*«•*. 

Curves A and B have been dra„n through the series reactance and resistance 
data, respecttvely.   Careful examination of these curves indicates three 
dielectric relaxation peaks.   The main peak appears at a frequency of 21 8 

Hz. „inch corresponds to a turnover frequency. .. of 136. 9 radians per 
second, and to a relaxation time. r. of 7. 3 milliseSs.   A second, „d 

developed relaxation peak appears at a frequency of .. 7 Hz. corresponding to 

a relaxation time of 93. 4 milliseconds.   A third relaxation peak appears to be 

v   r     I T^^ leSS ^ 0- ^ "Z-    ■" '«'--• «» *- Obser- vations, the Rs curve sho»^, M definite dispersion regions. 

tmtt ■I!mPHhasi!J in 'his work was to represen, lhe P™eSs("' "*-»* fo. the „npedance or dielectric circular arc by a single time constant,  rather 
tnan a d.strmutton of time constants.   Sp.itting of the ^ lnt0 , overlapp,   " 

mrcuUr arcs „ill obvious1y yield three characteristic times, each representing 
one of the ctrcular arcs, and hence characterize a given re.axa.ion process. 

The first dispersion, o,, appears at a frequency „hich coincides „ith the 

ftrst and main relation peak in the .eries reactance.   A second dispersion. 
03. occurs at a frequency of 0. 05 Hz,  some„hat displaced from the second 

re axat.npeak     A third dispersion may be anticipated a. frequencies belo„ 
0. 01 Hz.   fa conformity „ith the adopted notations in dielectric dispers .on 

we wiU reserve the symbol o for rock dielectric dispersion in the L-frequency 
range (belo„ 10 kHz).   The Symtol  ß „m be used for aspersions in the 
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50-    10- 5     2 
. ••• • —t. _    1~    0.1- 

m^fiX ^»i^tL 0.01. 

b    18 

(CENTER) 

•    DATA 

 LEAST SQUARES CIRCLE FIT 

Figure 3-1.   Argand Circular-Arc Plot for Dresser Basalt 

Ua) . 

Figure 3-2.    Dispersion of Imnedance Components of Dresser 
Basalt and the I    laxation Time(s) 
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medium frequency range; i.e.,  between 10 kHz and 100 mHz.    The symbol y ' 
will be adopted for dispersions at frequencies beyond 100 mHz.   Each of these 
dispersions may split into more than one subdispersion, such as the a., a0, 

.  .  . etc., of the a-dispersion investigated in this project.   Each of the dis - 
covered dispersions should correspond to a certain relaxation mechanism of 
a substructure or "structcn'' within the rock.   Huggins and Hugglns (Ref. 5) 

recommended the use of local structural groupings as the basic structural 
units.   They used the term "structon" to signify a specific type of atom(8), 
with specific kinds and numbers of close neighbors. I 

IMPEDANCE PARAMETERS OF GRANITE 

A sample of charcoal gray granite from St. Cloud. Minnesota, was suppled 

to Honeywell by personnel from the Thermal Fragmentation Group of the Twin 
Cities Mining Research Center.    The sample analyzed (Ref. 4)   63. 5 percent 
Si02,   15. 6 percent alumina, 4. 1 percent CaO.  3. 6 percent Na20,  3. 6 percent 
K20. 4.2 percent CaO, 2. 7 percent FeO,  1. 8 percent Fe203,  and smaller 
quantities of manganese and titanium. 

The impedance data of granite followed the same pattern as that of basalt, 
except that the semicircul?.r arc was not easy to close at the low -frequency 
side.   Resistive and reactive components for a cylindrical granite sample 

0. 148 cm in length and 3. 67 cm   in cross-sectional area described a segment 
of a circular arc when plotted in an Argand diagram.   Computer extrapolation 
of this arc to its point of intersection with the resistive axis yielded a value 
of 4. 8 y 10   ohm (about 5 gigaohm) for R0.   The preceding basaltic sample 
has an Ro value of 16. 4 megohm,   if a basalt sample of the same dimension of 
granite had been used, its R   value would be o 

Ü 

J 

Q 

Ü 

a 
Q 
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The d-c resistance value, Rof  as determined by extrapolation of the impedance 

vector to zero frequency, is therefore about seven hundred times higher for 

granite than for basalt of similar shape and dimension.   This result is con- 

sistent with the fact that granite contains 30 percent more of the covalently 

coordinated, and hence nonconductive, silica tetrahedra.   Basalt has more 

iron, calcium,  and titanium,  although somewhat less sodium and potassium 
than granite. 

IMPEDANCE PARAMETERS OF QUARTZITE 

Sioux quartzite, with a bulk density of 2. 64 gram cm"3, was used in the 

following experiements.    The source location of this type of quartzite was 

Jaspar,  Minnesota.   Its chemical analysis (Ref. 4) indicated 97. 84 percent 

silica, 0. P7 percent AlgOg,  0. 81 percent CaO,  0. 25 percent FeO, and 0. 27 

percent FegOg.   As with granite, the impedance parameters of quartzite 

w»re very large,  in the gigaohrn range, at low frequencies.   A quartzite disc 

sample of length 0. 61 cm and cross-sectional area 18. 8 cm2 gave an extra- 

polated Ro value of 4. 5 x 10   ohms.   When corrected to the same dimensions 
of granite, this value should be modified to 

/■ 

4  5 x 109     Qt148| | 18. 8 |   _ ,  .      inQ 
4,5 X 10     I 0.61   ) I 3767]   "5-6x 10   ohms 

Hence, the quartz d-c resistance is about 20 percent higher than that of granite, 
and about three orders of magnitude higher than that of basalt.   Thus, 

it appears that the rock's impedance parameters are not only affected by the 

quantity of silica that it contains,  but also by the quantities of volatile oxides 
within the rock. 
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Under given environmental conditions, impedance results changed markedly 
by changes in the rock humidity, despite the reasonable repeatability of 
impedance data obtained with a given rock sample.   In particular, impedance 

measurements on quartzite were found to be extremely sensitive to ambient 
air moisture, which contributed a great deal to d-c drifts.   With basalt and 

granite, the data were not as sensitive to room moisture as quartz, and it was 
possible to study the effect of humidity on their impedance parameters. 

EFFECT OF HUMIDITY ON ROCK IMPEDANCE 

The effect of moisture content has been examined with a basaltic sample (II) 
and the data are shown in Figure 3-3.   Curve A in this figure was obtained with 

the rock sample as received from the customer; no attempt was made to con- 
trol the rock environment.    Curve B in Figure 3-3 was obtained when the 
basalt sample was baked with electrodes attached in a 110oC oven for 19 hours. 
After baking, the sample was immediately placed in an airtight desiccator and 
allowed to cool to room temperature for the following 24 hours.    The resulting 
m*"0.' arements indicated a significant increase in impedance at frequencies up 
to 500 Hz.   Above 500 Hz, the humidity effect on impedance parameters is not 
very pronounced.   While the R   value for the unbaked basalt was 16, 4 megohm, 
the value determined when the rock was baked is about 45 megohm. 

Chemical analysis of Dresser basalt (Ref. 4)   indicated the presence of 0. 14 
percent water in the rock and a loss of ignition (LOI) of 2. 26 percent.    By 
contrast, the granite sample and the quartzite sample contained 0. 11 and 0.08 
percent water, respectively, and showed a loss on ignition of 0. 59 and 0. 32 

percent, respectively.   Upon ignition, not only water is lost, but some of the 
volatile oxides such as Na20 and KgO which are not bound in the silicate struc- 
ture may also sublime.   When these volatile oxides are attached to the nonvola- 

tile silica tetrahedron, they are in the form of a solid solution of alkali silicate. 
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2     4    6     8    10    12   14   16    18   20   22   24    26   28   30   32    34   36   38 
Rs (megß] 

A - Rock at ambient room environment 

B - Drv baked rock in desiccator 

Figure 3-3.    Effect of Moisture on the Impedance Semicircle 
of Basalt (II) 

and the alkali will thereby be prevented from sublimation.   A free alkali 

metal oxide unit in the rock will show a higher LOI ; will also be easily 

leachable with water,  and thus will contribute significantly to the rock con- 

ductivity.   Thus, the alkali content of a rock as shown by chemical analysis 

will not be the decisive factor in determining the rock conductivity; rather, 

the mode by which the alkali oxide enters the rock structure appears to play 

the predominant role.   Because of its higher LOI, Dresser basaK appears to 

have more of the mobile sodium and potassium ions, which contributes 

greatly to its higher conductivity relative to granite and quartzite. 

ELECTRODE EFFECTS IN IMPEDANCE MEASUREMENT 

Measurement of electrical impedance by conventional, two-electrode techniques 

involves passage of a working current through the sample.   At frequencies 

below 1 kHz, passage of current in the electrode-th-ough-sample junction 

produces an interfacial phenomenon, which manifc sts itself as an additional 
frequency dependent electrode polarization impedance (Ref. 6). 
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The magnitude of electrode polarization impedance is generally inversely 

proportional to frequency or some power of frequency.   Warburg electro- 

chemical law (Ref.  7) is a special case in which this power is 0. 5,    In the 

four-electrode configuration, the current through the measuring electrodes 

can be minimized when they are properly designed with sufficiently large 

output impedance, and hence the electrode polarization artifacts can be 
minimized. 

Shedlovsky (Ref. 8) attempted to eliminate electrode polarization by selecting 

different pairs of electrodes at different separations.   Assuming constant 

polarization effects at each electrode, difference measurements can be made 

to determine the true sample impedance.   At very low frequencies where 

electrode polarizations are severe,  Shedlovsky's method may require finding 

differences of large numbers with resultant loss of accuracy. 

ELECTRODE IMPEDANCE IN CYLINDRICAL ROCKS 

Thin slices were cut from a long cylindrical rock sample.    The same electrode 

material was applied to both sides of the rock sample (with the longer length 

d, and for the thinner rock sample whose length was d').    The total impedance 
measured with either rock sample is 

m e (3-1) 

where Zm   is the measured impedance,  Z   is the true impedance of the rock, 

and Ze   is the electrode impedance.    For the long example. 

z-t{i] (3-2) 
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and for the thin sample, 

z. =;   (I) 
where I is the rock impedivity and A   is the electrode area.   Impedivity C is 

the vector summation of resistivity  p and specific reactance X,   thus 

(3-4) 
C   = P +]\ 

By separating the real from the imaginary variables, identical relationships 

to those derived for Ze  will result for electrode resistance Re   and reactance 

X .   Substituting from Equation (3-2) and (3-3) into (3-1). one obtains for the 
e 

long sample 

Zm ■«HI+«. 
and for the thin sample 

therefore. 

Z
m-

Z
e       *      i <3-7> 

Z»     - Z       d'     H 

m       e 

ß  is the ratio of the lengths of the two rock samples.   Solving Equation where 
(3-7) for Z , one obtains: e 

^Z,m-Zm (3-8) 
Z. e (ß- 1) 
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Separating Equation (3-8) into its real and imaginary parts gives 

and 

X 

m       m 
n -1)— (3-9) 

ßx*   -x m       m 
e   "        (3-1) (3-10) 

A thin slice of height 0. 152 cm was cut from a basalt cylinder.    The length of 

the remaining long cylinder was 4. 08 cm.    Hence,  ß = 26. 8.    Circular silver 

paste electrodes, each of area 3. 75 cm2, were fastened to each side of the 

two cylinders.   The impedance data measured on these two rock specimens 

are shown in columns 2,  3. 4, and 5 of Table 3-1.    Re and X    calculated 

from these data with the aid of Equations (3-9) and (3-10) are given in columns 
6 and 7 of Table 3-1. 

By subtracting the data in columns 6 and 7 point by point from the corresponding 

measured impedance data, and multiplying each resulting number into (A/d). 

the basaltic specific resistance, p, and reactance, x. were calculated and 
recorded in columns 12 and 13 of Table 3-1. 

A check on the validity of this technique was made by cutting a third section 

of the basalt sample with length 0. 150 cm.    Repeated measurements on this 

third sample gave data which agreed closely with those just reported.   The 

specific impedance data for this third sample were calculated and found to be 

within a 1-percent er or from those recorded in Table 3-1.   This agree- 

ment supports the technique of correcting for the electrode-impedance arti- 

facts and lends credence to the validity of our impedance measurements. 
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In nearly all the measurement in this repprt each rock sample was cut into 
two unequal lengths and the ratio ß of the two lengths was accurately deter- 
mined.   The computer program was modified to automatically correct for 
electrodes by Equations (3-9) and (3-10) before the final data of p   and X were 

displayed. 

In a similar manner, the electrode corrections fpr granite were applied and 

the data in Table 3-2 were obtained.   The plots of the specific reactance X 

against the specific resistance p   at a series of frequencies for basalt, 
granite, and quartzite are shown in Figure 3-4.   The impedivity of each of, 
these three rocks expressed in (ohms x meter) is thus determined at fre • 

quencies between 1 and 2000 Hz. i        i 

! 
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^(MEGOHM-METER) 

Figure 3-4.    Specific Impedance Parameters for:   (A) Basalt- 
(B) Granite; and (C) Quartzite 
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SECTION IV 

TRANSFORMATION OF COMPLEX IMPEDANCE DATA 
TO COMPLEX PERMITTIVITY DATA 

An important phase of this research has been concerned with the development 

of techniques for the extraction of the real and imaginary parts of faß complex 

permittivity, f*,  from their impedance counterparts, namely the löjiginary 

and real parts of the electric impedance, Z. 

The admittance vector, Y,  is defined as 

Y = G + juC (4-1) 

where G is the conductance, y is the angular frequency, and C   is the parallel 

capacitance of the medium.    Hence, admittance is conceptually related to 

parallel circuit components.    In terms of this vector,  one can define the 

admittivity, y, of the medium by 

Admittivity, therefore,  relates the current density vector, I, to the scalar 

potential difference,  E.    If the medium is simulated by a simple parallel RpCp 

combination, then the parallel resistance,  R , would be inversely related to 

the rock conductance, G, and per unit volume to the rock conductivity, a. 

The parallel capacitance, C , is similarly related to the dielectric permittivity 

(its real component e ').    In this report the dielectric constant, K.   of the rock 

is defined as the ratio of its dielectric permittivity, c, to the dielectric per- 

mittivity of free space, er. 
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By contrast, the impedance vector. Z    is related to fh» b 
0„ . „ ' ••  l8 related to the series res stance    R 
and series reactance. »     of the medium; thus. s' 

Z = Rs + jxs 
(4-3) 

Ohm's law may be written in terms of an impedivity vector, fj thus. 

i* • ? = E 
(4-4) 

ImneH ? " '.    JX' P bemg ^ r0ck ^«^tivity. and y its specific reactance 
Impedance is. therefore,  defined as that vector whose dnt      J   reactance- 

current vector y.elds the potential difference   a lea la ' ^ ^ 
Equations (4-1) and 14.11   anH ir'erence' a 9c^r quantity.    Comparing 
vector of adm   t .' rememberin* th»t impedance is the inverse 

ÄÄÄ^ "^^ ^^ "^ R
8 

and Xs - -s- 

SÄ^ e. valent circuit 

:; =• rrr i- •■■•• ^^-^^ri^- 
circular .r   i^th   A        .! P'r.me.er, c.„ eUgantly display a £:;.::::" r^r: AT X- "plo,ted - •f—2 R

S' 

- Ar(!and ^a. Thi8.. e:,::^ r:^ r:;: ^rui,r -,n 

In the transformation of comni«» i™* J 

-.... sy8tem (D^ ^itsr^rtrrrdai'for 
Equation (4-3). 0r for the  sy8t*™ *s given by 
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Assuming that the rock system can be represented by the simple RpCp unit, 

one can use Equation (A4) in Appendix A and (4-3) to obtain 

Z-      Rp      +]     Xp 

• <Rs + x2
B) 

:.    z= |z|2 [Gp^^Cp] <4-5) 

For normalization purposes, one must use spc  .fie quantities for the rock 
system.   This is achieved by multiplying both sides of Equation (4-5) into A/d, 
where A is the area of tve electrodes attached to the rock and d is their 
distance apart.   This will transform impedance to impedivity §; thus. 

i = i?i2^p(i)+^p(i)] 

.        = |5|2 Ca + jue'] 

= ju,|?|2[-jK"er + X'cr] <4-6) 

= 3U)|?|2ert*"-jX"] 
f 

Here I    is the permittivity of free space f8. 85 x 10"12 farad per meter), and 
the rock conductivity a defines (Ref. 9) the imaginary part of the dielectric 

permittivity, e", according to 

."-MX-G (4"7) 
<y = we     = U)ä   e 
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Using the complex dielectric permittivity, €*, 

€* «e' -je" 

and complex dielectric constant, K*, as 

V» ■ K ' . / .w   // 
j" 

* 

M 

(4-8) 

(4-9) 

Equation (4-6) becomes 

■JM i?|2e« 

Equation   4-10) gives the relation between the impedivity vector and the diel 
trie permittivity vector.    Using the vectorial notation 

ec- 

?  -  III eJ* (4-10) 

Into Equation (4-10) one obtains 

e* 

jw I? 1" 
j e 

hl|| 

je 

. j3 eJe 
(4-11) 

»If 

Equation (4-11) signifies that the permittivity vector can be obtained from the 

impedivity vector by rotating the latter through (3n/2) and dividing through 

u|?|   .   These operations are diagramatically illustrated in Figure 4-1. 
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o—WW^ HI—o 

B 
-xe (X) 

\ (Z OR ARGAND DIAGRAM) 

\ \ 

(e* DIAGRAM) 

g 1.   ^-Tj^^^^on of parallel circuit with frequency inde- 
pendent parameters to isoimpedic series circuit gTves a 
semicircle in the Argand diagram g 

diViP^tfnam t0 8~™ rotation of impedance vector to give dielectric permittivity vector. g 
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The conversion of impedivity data to complex permittivity data in a real system 

will be described in Section VII where a workable model for dielectric relaxation 
will be developed. 
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SECTION V 

RESISTIVITY AND DIELECTRIC CONSTANT OF ROCKS 

The principles presented in Section I.V and implemented in Section VII to include 

real systems, were used to compute values for the dielectric constant of two 

basaltic rock samples and one quartzite rock from the experimentally mea- 

sured impedance parameters. 

Basaltic sample (III) was obtained in the form of a cylinder with diameter 2.17 

cm.    Thin slices that measured 0, 30 and 0. 61 cm in length were cut from this 

sample.    The ratio A/d for the thinner slice was 0. 1232 meter and for the 

thicker slice 0.0618 meter.    The electrode impedances were calculated with 

the aid of Equations (3-9) and (3-10) for the two slices.    The electrode impe- 

dances were subtracted point by point from the corresponding measured 

impedance values.   The resulting data were then multiplied into (A/d) to give 

the specific resistance and reactance of basalt.    Photostatic copies of the 

computer output for the two basaltic slices are shown in Tables 5-1 and 5-2. 

Dielectric permittivity at each frequency was calculated by the procedure 

described in Section VII. The Cole-Cole plots resulting from these data are 

shown in Figures 5-1 and 5-3 for the 0. 30- and 0. 61-cm slices of basalt, 

respectively.   These figures can be considered to be in satisfactory agreement 

within experimental error.    The dielectric dispersion curves for basalt are 

shown in Figures 5-2 and 5-4 for the 0. 30- and 0. 61-cm slices of basalt.   The 

relaxation times calculated from either the maximum in the loss factor, e", 

or the inflection point in the e' curve were found to be 16. 6 and 13. 4 milli- 

seconds for the two basalt slices.    Since '.he experimental measurements on 

both slices were completely independent of each other, the derived values of 

relaxation time are considered to be in reasonable agreement. 
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Table 5-1.   Impedance and Dielectric Data on Basalt (III). 
0. 30 cm slice 

ENTER   NS.AOO 

119.12117 

PUT  SSWI  UP  PM  fLECTROOE  C0«»BCTI0M 

Kk-l   7/2/7» 

PRO 
$.199 
$.lit 
1.211 

f.bfl 
I.Ill 
1.112 
2.«12 

<>.f22 
6.119 

1«.IS2 
2«.«72 
if.«9» 

iH.i«1» 
2ii.m 

1119.17'. 
1519.'. 5«. 
2«25.7I) 

M 
9)1.flS« 
«•3J.«'»9I 
J76.I9J6 
517.59*6 
227.#<•«.<• 
267.17»} 
2)6.Sli) 
1)1. 

.219 
19.2991 
66.2697 
11.1296 
21.1719 
1I.7MI 
7.1612 
).01)S 

l.)96f 
l.IS".* 
l.lhti 
».9159 

XS 
-22.«.131 
•197.6169 
-210.2611 
-27i.5l«.2 
-22<».fll6 
• 2)).<i711 
•219.7)7) 

• 169.7m 
•12l.6<tl7 
-99.1))« 
-67.22)« 
-■ll.7«9) 
-2).1229 
-17.J957 
-II.#66« 

-).7)6) 
-2.2127 
-1.561« 
-1.1)97 

AOD«  «.12)17 

RAO0 
U«..67)2 
)).))97 
".6.'•219 
)7.9»)9 
27.96)1 
)2.9«91 
29.1)«) 

lt.t$lH 
U.997« 
9,162) 
).«»)9 
).<«)7» 
l.)199 
«.9696 
«. 

2«7 
«.172« 
«.l<t22 
«.1291 
«.111) 

PHASF AM) AMPLITUDE CMRCCTCD 

XAOO 
-1).«776 
•21». )■!«<» 
-26. J9«'. 
-)).9"t)7 
-27.5915 
-)1.<>66<) 
-2).9)6} 

•2«.9«7<i 
-l'».iS9't 
•12.2129 
-9.2799 
-5.1)72 
•2.9M« 
-2.1>i26 

•1.2)99 
-«.•.627 
-«.2762 
-«.192) 
-«.!'»«'• 

-7.%9 
-2'..5) 
-29.62 
-<»1.«6 
-06.61 
-»).72 
-■tl.7« 

-09.)% 
-5).09 
-56.20 
-)9.)0 
-)6.«6 
-65.15 
-67.91 

-71.262 
-69.6« 
•62.7» 
-56.11 
-51.51 

Z 
9)9.« 
076.« 
0)).) 
012.9 
Ml.9 
)69.6 
)16.7 

227.2 
1)«.« 
119.2 
71.1 
5«.2 
29.0 
19.7 

U.62 
0.1 
2.) 
Li 
1.0 

RS,Xt CIRCLE PIT RESULTS- 

R«>  1IJI.9I66 

MODEL PARAMETERS 

CIRCLE CENTER 
RADIUS 
PIT 

RINP» 

Rl 
RP 
CP 

111.19)1 
6)9.072) 

).07)2 

)7«.7)9« 

-1.6««) 

1)0).0«7)/FRQ 
1IJ9.5I72 

l.nilEIJ 

CP«  «.l)««)2E-«0 

TAU«  16.6«0)0MSEC E««1771.1))7 EINP«  10,77077 

PRO EPP 
-I.16I1I6E 1 0  -I.S5120IE « 
-I,1657I1E 1 0 .«.l(660«E « 
-|,1637I3E t 0 .«.120702C « 
-«.157102E 1 0 -«.17I909E « 
-I.152152E I 0 .«.217102E « • 
-«.10790IE fl 0 -«.207)1)E « 
-«•100297C | 0  -«.272I00E « 
-«.1)«)21E 1 0  -«.)516«0E ( 
-«.112952F 1 0 -«.022121E « 
-I.1I161IE 1 0  -«.00I0I0E « 
-«.960««7E 1 )  -«.0597I5E « 
-I.662553E t )  .«.0)2«69E « 
-I.393I16E 1 )  -I.32I979E « 

1««!6«0 •«.299I25E 1 ) -«,26176)1 « 
211.302 •«.199027E 1 )  -I.19I3I6E « 
6«).009 -«.99090IC 1 2  -«,1«706IE « 
1119.17- .|.697-i22E 1 2  -«.II7935E « 
1)«9.0)0 -«.51I329E I 2  -«.602930E « 
212).71) -«.0I1067E 1 1  -«.502I93E « 

m 
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Table 5-2.   Impedance and Dielectric Data on Basalt (III) 
0. fil cm slice. 

HORC 
DONE 

CNTE*  Nt.AOO 
Itl.filll 

PUT  SSMl^ FOR  ELECTRODE .ORRECTION 

K2< 1   7/2/71 AOD« « .«6116 PHASE  AND AMPLITUDE CORRECTED 

F«Q RS XS RAOO XAOD PHI z l.l«l 10ff.iS72 -192.51«! .1166 -11.1765 -11.719« 16S«.IS62 l.lll ilf.I*)S) -29i.f«lf .9116 -1I.3I7J -2S.1S9« 696.3999 tMi SSI.916) -561.$«69 .1961 -21.7761 -S6.6996 667.«226 f.tll SSI.7(9* -••11.9792 .9666 -25.5516 -17.7161 676,niO 
«.III ••S9.I779 -Im.«.!?« .212« -21.2S69 -37.9I2S 551.1571 
1.IIS s*i.*;*"» •SSI.••179 .S6I6 -36.1666 -6S.S262 776.2733 I.HI SII.<iSIi -••IS.SIM 6951 -26.1912 -SI.I6S6 529.1151 ••.in lU.lf«! -297.IIS* 6S6I -11.6169 -SI.1617 55«.$$«2 
6.II« lSf.7<i2! -221.6171 «ISl -16.11.21 -tf.267S 263.6226 
7.«»» 9f.791S -172.ISIf 616S -11.6171 -62.29«6 19$.2262 

11.1» If.••771 -ISl.lf«« 9717 -9.S9S7 -62.«9(6 171.9«$2 
If. IM S*.$«92 -11.61(1 5711 -S.67fl -SI.S66I 113.9116 if.in If.StlH -66.5151. »719 -2.1661 -66.1591 $«.6771 

iff.iff 1<..1226 -5$.6155 I7SS -2.2167 -61.6127 31.3766 
Iff.SIS S.IIIS -19.9MI7 S691 -I.2SS2 -7S.S6SI 2«.»157 
HJ.".'.I 2.'•719 -7.575« 1S29 -«.6561 -71.67SS 7.7713 

Iff«.170 2.fS72 -6,616« 126f -«.27S« -6S.2SI2 6.1616 
ISI2.2II 1.9SI7 -5.«55« lift -f.HV -S7.2667 3.6119 
IfIS.7ll 1.I2S9 -2.1629 •, 1129 -f.nas -.9.5692 2.I1S3 

RI,XS  CIRCLE FIT  RESULTS. CIRCLE  CENTER 
RADIUS 
FIT 

I 
i 

1 

I17.IS66 
971.676$ 

S.62fS 

SII.916I 

Rf«     USf.iSi7                      RINPi       -li.3679 

MODEL  PARAMETERS  -       Rl   « 6«16.S66VFRO 
RP  « 1667.««66 
CP  •  f .ISUE-16 

CM  f.ilSf79E •fs 

TAU«     lI.MfOINIEC tl«1696.9S77 EINF«     I6.I6SI2 

PM FPP 
-«,1<IO«29E   «•• -I.SSS1SIE « 
-i.mifiic ik -f.|6SfSIE  f 
-f.lllllfE «•• -f.lIil*6E  f 
-f.lSISIIE  «•• -«.I5I669E   « 
-«.l29$t6E   «L •f.ll6(itE  f 
-f.l2iSlSE  «•• -f.2f721fE  f. 
-f.llS6S9E  «•• -f.2l61ISE  «! 
-f.lflS91E «•• -(.SIlSflE  «! 
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J ia__u 
0    0.1   0.2   0.i   0.4  as   0.6  0.7   0.«  0.9    1.0    1.1   U   U    l.<   1.5   u   1.?   1.« 

K'i 10'3 

Figure 5-1.   Cole-Cole Plot of Dresser Basalt Data on 
0. 30-cm Slice 

I 10 

fMOWNCY, Mj 
100 imr 

Figure 5-2.   Dielectric Constant of Dresser Basalt as a Function of 
Frequency [(a) Real Part of Dielectric Constant    K'- 
(b) Imaginary Part. )<."].   Data on the 0. 30-cm Slice- 
Relaxation Time, T ■ 1C, 6 msec. 
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0     0.1   0.2   0.3   0.4   0.5   0.6   0.7   0.8   0.9   1.0    l.l    1.2   1.3    1.4   1.5 

k/x lO"3 

Figure 5-3,    Cole-Cole Plot of Dresser Basalt Data on 
0. 61-cm Slice 

0.1 10 100 

FRCQUtNCY, HJ 

1000 

Fieure 5-4.    Dielectric Constant of Dresser Basalt as a Function of 
Frequency [(a) Real Part of Dielectric Constant, >c ; 
(b) Imaginary Part, *."].    Data on the 0. 61-cm Slice; 
Relaxation Time, T = 13.4 msec. 
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Table 5-3 summarizes the impedivity and d.'eleotric permittivity data on the 
two basalt slices.   The d-c resistivity of basait, ,     is estimated M 1.17 * »• 
and 1. 00 x 10   ohmmeter for the thin and thick slices, respectively    These 
resistivity data appear to be internally consistent with each other and are in 
agreement with the va^e 1.26 x 108 ohmmeter reported in Parlthomenko 
Ref.  10) monograph for dry basalt.    The agreement is surprising in view of 

the anttcipated differences between the Dresser basalt and Parkhomenko's 
most probably Hussian basalt (origin not given).   Table 5-3 also shows that 
the «ro frequency dielectric constant of basalt is 1.77 x 103 and 1  50 x 103 

for the thin and thick slices.   The internal agreement in this case is also 

acceptable.    Parkhomenko (Ref.   .0) reports that at low frequencies of 102 to 
■0   Hz the dielectric constant may assume very large values do3 to I05). 

Keller (Ref.  11) observed that the product of the dielectric permittivity at low 
frequency. ,,,  into the resistivity at low frequency. „„,  is nearly a constant 

charactertstic of a particular type of rock.    For rhyoUte and basalt   the 
average value of poc0 is 0. 63 sec with the range of 19 values from 0. 25 to 

26 sec.   Average values of this product varied from 1. 4 x lo"3 for basic 

igneous rocks such as gabbro and chromite to 10. 8 for the hematite ore from 

Minnesota, which contains appreciable quantities of electronically conducting 
matertals.   The data in Table 5-3 also show that the products p   *',   and     ' 

P. V, are equal to the relaxation time for both the thin and thi^k "samples of 

Similar experiments to th-se performed on basalt were run on a cylindrical 

or:4
,e6r;^,Th:,2-22rdiam,er- ^^^^ ^^^rMO 

Tab e w    T P        0atPat dEta 0n this samPle "• shown in 
Table 5-4.   From the present data, one can calculate the d-c resistivitv of 
quartzite. po. fr0m the observed value Ro of 31737.9 megohm   thuT 

Oo ' ««A)" 3- " » 0-041 x lo'O . l,Ml 109 ohm.meter 
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The relaxation time of this quartzite sample is also calculated to be 60. 3 t 

milliseconds.   The real component of the dielectric constant at infinite fre- 

quency,  K^,  is determined as 5. 29.   Also, the real component of the quartzite 

dielectric constant at the time of zero frequency,  ü' , is found tobe 3. 95 x 103. 

Table 5-3.   Electric and Dielectric Parameters of Presser Basalt (III) 

Parameter 0.30 cm Slice    0. 61 cm Slice 

dc resistivity,  p0, ohm nieter 

infinite frequency   resistivity, 
p^, ohm meter 

model parallel resistance,  Rp, 
ohm/(meter)3 

model capacitance,  C ,' farad 

relaxation time,  T ,  second 

zero frequency dielectric 
constant, K o 

infinite frequency dielectric 
constant,   K 

maximum dielectric constant, 

max 
. i 

p    K      e  ,  second o      0,   r , 

p     K'   e    second 00      or 

1.27 x 10 
i 

1.06 x lO* 

0.89 x 10 

1.3 x 10" 

16.6 x 10 

1.77 x 10" 

14.8     i 

4.6 x 102 

8 

14 

1.00 x 108 

-3 

16.4 x 10 

16.6 x 10 

-3 

-3 

1.01 x 10 

6.87 x 10 
1 

6.8 x 10' 

13.4 x 10 

1. 50 x 10' 

14.8 

i 

4.2 x 102 

14 

-3 

13.1 x 10"3 

13.2 x' 10"3 
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Table 6-4.   Impedance and Dielectric Data on Quartzite (II) 
u, »o cm Slice 

JNTER  NS.AOD 
P,'T   SSH1   ^  ™   "«CTROnF   CO^rcT.O. 

MJ 18/26/71 

FRQ 
1.MI 
2.»*t 

6.017 
».$26 

,11.It» 
21.153 
01.161 

,   60.168 
1   79.»f2 

99.8*1 
211.811» 
Sf<).2|2 
998.185 

1506.591 
2022.059 
«5J7.59'» 

I 

M 
906.0527 
858.»356 
'•73.6096 
329."»869 
299.3<t96 
285.U«.! 
29'».?329 
137.3826 
26.0835 

-'•3.7361 
-32.5157 
-1O.8709 

-2.19886 
0.6537 
1.7666 
2.0117 
1.2796 

W.XS  CIRCLE  FIT.RESULTS- 

XS 
-'•305.7520 
-3565.0869 
-1959.'»707 
-1296.3813 
-10H6.7861 
-«25.8511 
-513.618<» 
-395.539'» 
-291.0387 
-229.9036 
-103.0712 
-75,1.577 
-2<..6906 
-11.111.6 
-7.0809 

,-5.2798 
'-'•.3307 

M"  31737.8828 
HOOEU  PARAMETERS  - 

CP*  0.I89275E-05 

AOn=     0.pi«(J62 

RAOr> 
36.80J9 
3"..853". 
19.2380 
13.3838 
12.1596 
11.5838 
11.9517 
5.5805 
1.0595 

-1.7766 
-;1.3208 
-0.60I.1 
-0.121«» 
0.|.'26S 
0.0717 
0.I,S17 
0.0519 

PMASF   ANH  AMPLITUOF   rorj-iFrTrn 

-170T8996 
-1'»'».8138 
-79.5937 
-52.6590 
-'•2.5205 
-33.5't6l 
-20.8632 
-16.l<668 -ii.mo 
-9.3'.03 
-7,'»36'» 
-3.ft651 
-1.0031 
-0.O515 
-0.2(170 
-0.211.5 
-0.1759 

CIRCLF r.r.UTff. 
RADIUS 
FIT 

RINF=  , 1.2.1.551 
«1 .=2683'»3.750/FRO 
«F - 31695."»258 
CP ■ 0.9060E-05 

PHI 
-78.1225 
-76.1.732 
-76.'.177 
-75.7'.53 
-70.01.65 
-70.95^9 
-60.1976 
-70.8516 
-8'..C85It 

-100.776G 
-100.0787 
-101.1502 
-96.9^75 
-80.f,i.(Ii( 

-7'!.Tj68 
-69.11.70 
-75.«"»«.I 

=15890.1699   1622.5833 
=15930.5625 

0.6057 

'»'.00.01.98 
3060.P882 
2',15.89'.8 
1337.5072 
1088.71.78 
873.701'. 
591.9265 
018.7188 
292.JI151 
23"..000(1 
185.936'. 
7e.9C91 
2'<.fi7'.R 
11.133S 
7.'979 
5.f 5IM 
0.5158 

L 

T*U= ! 60.30515MÄEC E0=3951.3I'.9'» 

FRQ 
1.001 
2.001» 
0.030 
6;017 
I.#26 
10.108 
20.153 
00.161 
60.168 
79.872 
9M00 

201.880 
510.202 
998.185 
1506.591 
2022.059 
2537.590 

»»KKKXXI.XXK   STOP   K»x»xaxxxK« 

EP 
0.281805E 01» 
0.223135E 01» 
0.1I5919:E 0'» 
0.125205 fit 
0.103396E fit 
0.88I.615E 03 
0.516610E 03 
0.29107BE 03 
0.2056OI»F,03 
0.i608me 03 
0.132528F 03 
0.721628F 02 
0.339802E 02 
0.20'»895E 02 
0.156443F 02 
0.1315.78E 02 
'.116530E 02 

EPP 
0.127285E fit 
0-172910F 01. 
0.166165F 0). 
0.138837F 01. 
0.115927E 01» 
0.989096F 03 
0.5572'.0F 03 
0.301209E 03 
0.208085F 03 
0.16025OF 0| 
0.130O02E 03 
0.677588E 02 
0.288S82E 02 
0.152'.95F 02 
0.103800E 02 
0.788'.17E 01 
0.637630E 01. 

EINFs 5.28559 

ü 
i 

I 
n L 
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SECTION VI 

EFFECT OF WATER AND SODIUM HYDROXIDE PRETREATMENT 
ON ROCK ELECTRIC AND DIELECTRIC PARAMETERS 

The presence of underground water ahead   of excavation can be detected in 

principal by electrical resistivity probes.   A major emphasis of Honeywell's 

rock impedance research is to determine the impedance or dielectric param- 

eter that exhibits the largest change in value by the presence of small quantities 

of entrapped water. To define these parameters, basaltic rock samples were 

subjected to planned water treatments.    Tneir impedance and dielectric 

parameters were measured before ard after these pretreatments,  so that 

each sample acted as its own control standard. 

Previous workers (Refs.   12 and 15) have shown that the resistivity of a rock 

completely saturated with saline is determined by the rock porosity to a 

first approximation.   However, the pore spaces in a rock may not always be 

saturated with aqueous electrolytes.   In oil reservoirs, for example,  oil may 

partially replace water in the pore spaces.   The presence of oil, natural gas, 

or air in the pore structure of a rock may increase the resistivity signifi- 

cantly over what it would be in a complet ly water-saturated rock. 

Rock resistivity is greatly affected by the quantity of water present.   Letting 

p be the bulk resistivity of the rock, p    the resistivity of water as it actually 

exists in the pore space of the rock, and 0 the rock porosity , then 

P   ■   Pw/0n (6-1) 

This relationship is commonly known as Archies' law (Ref.   12).   The expo- 

nent n is an empirically derived parameter characteristic of the texture of 

the rock.   Its value varies from about 1.3 in loosely packed granular material 

to about 2.2 in well-cemented granular rocks (Refs.   13 and 14). 
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Pirson (Ref.  15) modified Archies' relationship by introducing a second 

empirical parameter,  m, which multiplies the porosity term; thus, 

p/p     -   m 0"n (6-2) 

The value of m varies from 0.6 to 1. 3 in marine sedimentary rocks, and 

appears to be related to the texture of the rock.    For rocks with less than 

4 percent porosity,  including dense igneous rocks and metamorphosed sedi- 

mentary rocks, m ■ 1.4 and n « 1.6.    These expressions apply only when i 

rock is completely saturated with water.   Keller   (Ref.  16) observed that the 

resistivity of a rock increases proportionately to the inverse square of the 

fraction, S, of the pore space filled with water, provided the water which 

remains coats the grains uniformly.   Accordingly, Archies' relatirinship 

becomes 
I 

p   -   o     e"ns"2 (6-3) K w 

Scott et al. (Ref.  17) used this relationship in the lorm 

a   -   or   en Sm (6-4) 

where a is the rock conductivity, a    is the conductivity of the pore fluid at 

the same frequency, and the constants m and n are approximately equal to 2. 

The product of the fractional saturation of the rock,  S,  into the fractional 

porosity, 0,  siould yield the fractional water content of the rock. w.   Under 

these conditions, Archies' law becomes 

a  *• a    x w2 (6-5) 
W 

It should also be remembered that a    is approximately proportional to the 

salinity  of the pore fluid. 
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WATER TREATMENT OF BASALT 

To investigate the effect of rock water content on its electric properties, a 
series of experiments were performed with three slices of basalt.   The slices 
were cut from the one long cylinder of basalt (III),  hence they possessed the 

same diameter of 2.18 cm, but were of different lengths.   Slices Kj, K2,  and 
K4 were of lengths 0.956, 0.605, and 0.304 cm, respectively.   The rock 

samples were pretreated simultaneously in distilled water for periods of 23 
and 77 hours.   After each soak, the rocks were dried in an 80CC oven for two 

hours, then cooled in a dessicator before the impedance circular arcs were 
determined. 

D. 
Ö 

Typical results on samples K,, Kg, and K4 before and after the water pre- 
ll treatment are shown in Tables 6-1 to 6-9.   These results show that R 

decreased,  after soaking the sample in water for 23 hours, to about one third 
of its value before soaking.   Further soaking to 77 hours increased R 

slightly, but it still remained smaller than the baseline value before water 

pretreatment.   Typical values of Ro for sample Kj before water pretreatment. 
after 23 hours, and after 77 hours of pretreatment were 1031. 328, and 447 
megohms, respectively.   This same trend can be noticed in the results 

U obtained with the rest of the basaltic rock samples. 

By contrast, the dielectric constant at zero frequency, Ko,  increased monoton- 
ally  with increase in water soak time.   Typical values of K   were 1770, 
60200, and 146000 before water soak, after 23 hours,  and a^ter 77 hours of 
water pretreatment,   respectively.   The infinite frequency parameters R^ 

and K^ did not change significantly with the water pretreatments.   Furthermore, 
the impedance arc plots were very close and actually tangenial to each other 
down to a frequency  of 300 Hz.   Below that frequency, the arcs began to 

separate from each other following each water soak.   Typical data on sample 
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Table 6-1.   Computer Output for Electric and Dielectric Data of 
Untreated Basalt (Sampl.  K ) 

l   'IL.      ■...._„ rm k>ai ur tu»  ILiCTRUM CMUCTIUti 
M/.Ki«U 

a-i i/i/n «w» MNM PHA»   «NO «MPI.ITUDC COHIECTEO 

MM tf ■ HMD XAOD PHI z ZAOO 
i.iti ■it*.-in ■llli.lii» )•.>•.!, -bl.tbl} -«1.51.59 ibsr.br] 1             58.2-1'' 

58.5254 itmß >H.HI<. -Hii.iSki ... i-.l -».um •>7.l]l<t JdS./HJ 
-.mil. >•*.•;» -»».ili» 11. '1.. ■ti.»n •biwast ifi.ilJ 1             23.113} 
b.uli i«>.iiii -.l..),l) •.»lit -li.lt» -kl.lllb ■»ib.liii* f             18.251. 
• ••••i .>)..)!. -Mi.-. ,. b.lll«! -U.lbll -ti.IIU M.1H 1            lb.b3ltf 

Iv.iil« ui.ki«; -i'^.iili -.'<,.. -K.m; •t>.r»; itb.Hl 11.0152 
4».itV« M«H»t -1>«.4/«« l.iJIt -l...»!- -n.öSJl Wb.975 (.■111 
■•«.14« »»./.••> -.....■ i.;ii> -'.lit -bt.llll 1(9.bib '               -.2953 •»>!«• . ■ ---, -/J.>»JI l.l>«> -.-.••»/ -ti.HIll 79.291. >              3,1133 
/«.•/i. O.l/D« -i.!..-.! 11 »...t. -2.b«l« -b1.2*l* M.«)l 3.7116 

IW.JVi ....1/v -».'•bill • ••t» -1.2111 -««.«113 («.III 2.31141 ....-) /.•»>•• •11.««I« «.StfVi -i.iu; -/5.M5« J2.l')l 1.23bb 
«»«.«/b ■  . '.- -1>.... , ..i>). •a.bl« -71.HW lt.121 a.6391 
k«it«l|r *.>«»> -11.«u ..HI) -■..»Hll -;>./;•.» ii.m; a.b626 »*..<). faVM« "..  - JL. «.im -•.i»; -;>i./);) 9.1121] 1.3333 !■»>.•••» .. ..11 ->...«> 1 a.nib •ll.Jklt -i/.llil 7.«711 f.2926 iw..... . .vlt -«.'••lit •.i«i; -•.i;s» -ILbbm 5.2111 a.2fii 

MttMi i.tlH •I.IUI »..i.. •••UM -Sl.llli J.935 a.i59a 

•>.A>   LIHCLt   MT   HLbi/LI»-     CIKU'CdlTta   •   l«J»,).»j     bit.6173 
•MllUk   •   1913.323b 
Pit • «.26t7 

ftp*     Ibbb.bWb HIKP«             8.71bl 

iMMti.   PANAMbTLNk   -        HI ■  lala8.81«t/PHu 
HP a l.vl.      '-, 

•«< • p.lbMU   11 g»«-C'l 

w t miiii- «« 
t««»   DaatMMM «••la«aba.lt7 «INP*     7*.««Mt 

tm «P IPP 
».HI ».bwbyilb «.il>b«ab «3 
t.fml «.^b««//l • .i>>bi«i: >3 
b.bl« «.»Hill. ..l«88lbt   «i 
• ••la .......-i «.81891««   «3 • .••> .   .. ...i. «.8U98bi   «» 

IP.PI« p.Itlb7al a.Kaabbt ai 
«P.Pb« p.llytblt «.Uta»! «1 
bv.lib P./8«ilbb . -     ...l.L    «b 
b^.lb« ...'..... • .3»l«tt  «• 
7a.«78 «.•»uaii •.«lllaa« .- 

1pp.Ipl •.«•7817« •.laatt«! «b 
iw.UI ... 1.,>U • .aiibtu •« 
b»8.k7b ....... 1L ......I.L a« 
•pa.bt« .. ......L «.•aaltx ai 
•M.IM «./•balbL •.711986« ai 

Ippt.bii ........1 •.Itla7at ai 
ma.at« ...«51/.1 ...in    t II 
8PI8.S8P •.bli/7lt •.lblt7bE   •] 

llbb/F-«l# 

«■..Ab  CINCkt   PIT   «I.WLI. C1HCU   C«l<rt«   ■   1977.8M6     733.b393 
HAiilub   ■   81bb./9bt 
PIT          • a.896b 

■-         >»l8.b71| • ll<P«            I.lbl7 

.  -       HI   > 
•P ■ 

8bb»».8bal/P-n| 
iabt.iai» 

P P-l/8 Hl                       «P CP 
p.avta l.«P«l      .>.. "" -aibi.ibii -a.67l7l-tb 
a.ppb« «./•lb      !••> ••«b -ibbr.biai -a.iitat-a« 
b.blbb «.»»a«    8 

.  •.  .    i 
... •at7     -9P7.«88I 

a».'    •bb7.al3t 
-a.bl63E-t. 
-a.396b«-l« ».•ila l.i 

a.ppp« • .»lb      1 
•.lilt     1 

... «ta»    -I31.17al 
•tta    -«17.1781 

-a.373ie-ab 
-t.3627i-tb If.alt« 18b 

Xp.pbbi •.8818 b«« b77a     -a6b.b917 -t.l977i-al 

bp.lia« •.ii7a ■.»i b»»b      -lb..5.5 ••.2b(9i 
bp.itaa •.laaa )1  1 lit«   -llt.bl«] -a.aa3«C' 
7|.«788 • .Ulf .11 18P8     -lp«.1111 -a.latat-a' 

l««.l««v •••tt« 2/1 9U7       -.....-l -•.11291-t« 
<PP.II<7 .../.. 213 52«;      -«i.itl« -l.ltpbt-tb 
«pa.l7bb • .P»tt 1-. >p«t     -ai.ttai -•.17l2I-«b 
MMM '  ... 12 1 t»t7       -11.717« -•.167««-pb 
■M«UM ...>>) M • IM       -ILtblb -a.ib73c-ab 

I««!.«««« •.«Ill i«. bapa.      -t.bbla -a. u/lL-a- 
ma.ai7b «.«817 i.l alia        -«.Ilia -t.l«67t-ab 
8«8t.>8«« «.«881 9.1 «IM         -b.llbl -P.17ltl-|b 

Ü 

Ü 
0 
0 
0 
u 
D 
■I 

u 
Ü 

Q 

i 

**********      »Tg,,      *********>.. 
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Table 6-2, 

6-5 

Computer Output for Electric and Dielectric Data of 
Untreated Basalt (Sample K2) 

»bll.tfbU'* 

».»■JV 

».«Hl 

tm.iii 

liU.iaB 

HUT   >»H1   UP   FUK  ELECTkUbe  CUKRECTION 

HS 

iii.IWi 
»ja.«77» 

JlK.lilü 

»»./SU 

lt.lau 

i.tll'j 

i.UiJt 
l.liil 
l.iiii 

n 

-iyu.p'tip 
-ibtt.itfby 

-30I.117P 
-ssa.'ii./s 

-2»7.aisi 

-172,ll3il|l 
-151,9111p 

-to^lät 
-3S.lit>3S 
-ia.ai.17 
-7,373» 
-t^ltp 
-3,P3>P 
-i.lli'j 

AUO'     ».PUB'. 

MM 
llb.blub 
3».am« 

32.9<(l|lt 
i/.2»2t 
33.3'lfeli 
la,6931 
il.kjtl» 
a.Hasi 
s.üm 

t,a7ii7 
3,37pa 
1,271a 
It,«733 
P.io'jl 
P,is2a 
n.uoa 
».12»» 
p,ii2a 

PMASe   AND  AMPLITUDE  CORRECTED 

XAOD PM1 Z ZAOD 
•1»,1(765 -11.713« 163«.8362 88.6828 
■1(1,31172 -25.159« 696.3999 63,«656 
■22,7761 -36.6996 667.«226 6«.«119 
■25,5316 -37.716« 676,«886 61,6856 
■2i,2i6a -J7.9J23 551.«571 36.SUJ 
■3*.16<i6 -65.5262 776.J733 67,8811 
■26,ia«2 -53.«636 529.8838 32.768« 
■i8.<ii6a -SB.1687 35«.55«2 21.678« 
■l'i.HJrf -6«.2675 263.6226 16.29«« 
'l<,6l7i -62,29«6 193.2262 12.«728 
-9,3937 -62.«9«6 171.9«52 1«.63«6 
-5,67*« -51.3668 l«3.ail6 6,6259 
-2.«661 -66.«591 5«.6771 3,1339 
-2,21(67 -68.6127 38.3766 2.3732, 
-1,2332 -73.3631 2«.8157 1.2872 
-«.6561 -71.6755 7,7783 «.6811 
-«.273« -65.23«2 6,8616 «,3(«6 
-H.ia77 -57.2667 3.6«8a «,2232 
-«.1325 -69.5692 2.8153 «,1761 

D 
Q 

D 
0 
0 
D 
I 
I 
[ 

KD.Xa   CIKCLE   FIT  KEbULTi- 

KP*     165p.031,7 K 

MUUEL   PAHAIIETERa   -       Kl   : 
«P  I 

KMü   a   v,lv2t,(iE   11   UHM-CM 

CPB  p.t,tf^i,7aE-p5 

TAU=      U.lpaH^MbbC 

EP 
-t*. 166P098 if* 
-p.llwVUt WH 
-P.1302ipb pH 
-P,13^522E «6 
-p,lia3ubE v* 
-p,12>,515b «t 
-P.11565ab pH 
-p.lpUalb «<• 
-P,al7/36E P3 
-*.*11il\,L  ,i 
-p.'a>iiapE «3 
-P.pp3«67b p3 
-P.J5H357E »13 
-p.^üiHtyb p3 
-«.173366b •> 
-p.615a75E «2 
-p.55pa2Sb P2, 
•p.illilUK »i 
-P,ipl567b  tii 

CIRCLE   CENTER   ■     «17.1366     512.3168 
HAUIU6   ■     378.6765 
FIT = 5.62«3 

NF=        -Ib.367a 

6pl6.5b66/FKU 
lüi»7.pp6(, 

FKK 
p.paa 
p.apl 
P.Hpi 
P,b|,2 
P.6P1 
1.PP5 
2.PPP 
H.P2i 
U.plp 
/.'jaa 

IP.P^V, 
2p.PH« 

lpp,2pp 
2P«,535 
6P3,66« 

i«pa,i76 
1512.20P 
2p25.7a3 

bii:lHa6.9377 

EHP 
-P.55313PE v2. 
-P.i>65p3«b P2, 
-P.UUtibHE P3 
-p,15«bbaE P3 
-p,l«HbbbE P3 
-V.2V/21PC »3 
-w.2b6;il3E p3 
-p.jbl5*l«E P3 
-p.3abbl6E P3 
-P.H1366UE P3 
-P.H2p736b P3 
-p.6pb«p5E i)3 
-P.1P2116E «3 
-p.2H3Ja«E P3 
-».1726«3e PJ 
-«.a2631«E P2 
-U.b7««a>IE «2 
-p.52'J5b,E bi 
-P.H61b23E   u2 

EIriF=     16.86382. 

' utr. ä#ii Fuh CtVTFMfi 

CIRCLE   FIT   KEbULTb-     CIKCLE   CCNTER   ■   2.163.1523   1666.8I«5 
RADIUS   ■   2568.6163 
FIT = 1.3796 

KP«     Hl6».7bp7 KltlFs        -22.6565 

HUUbL   PAKäIIETL« :*   -       Kl b     5H39.H727/FK« 
KP «     6171,21/8 

F F-l/2. Rl XP CP 
p.paaa 3.1b3p 13336,531« -»6i.b,1373 -1I.1836E-P3 
p.2ppb 2.2327 Htf3a,2366 -6p26,bl52 -p.l371E-«3 
p,Hw22 1.57b« 37bP.7bb7 -2733,7113 -«,1613E-P3 
P.bpl7 1.2«al 3326,3672 -2333,1323 -P.1136E-II] 
P,epP« l.U/H 25b5.p3p6 -1BH5.6833 -Il.lp77t-P3 
l.PPH> p.aa7a 232H,Ha66 -1615,1167 -«.3«l«E-il6 
2,PP66 P,7«36 165P.P16H -1«SH,5|11P -«.7S15E-86 
6,p22a p,6a«6 Ipa3.b33« -650.3332 -a.b«22E-ll6 
b,pl«3 p.6p7a ab5.52b6 -5«2.3«96 -11.5271E-«6 
7.a9«7 P.353b bap.b63b -3a3.6baa -P.5ll57E-«6 

lp.p2bl P.315« bpl.5«pl -366.6632 -«.6b«aE-ll6 
2p,pH»l P.2233 3H7.5172 -223.ba«3 -«.3569E-«6 
bp.bab2 p.ua« 171.6776 -115.«65« -«.23«2E-«6 

lpp.2pw6 p.paaa 113.3362 -«5.«875 -«.l«69E-«6 
2PP.53H7 P.p7pb b2.52pj -65.3655 -«.U^E-fH 
bb3.HHbH P.pHil/ J2.vb62 -76.b   «1 -«.]5]2E-«5 

ippa.i7H3 P.P316 27.32bb -l«3.b«3« -«.1516E-P5 
1512.2«7b P.P257 2b,5571 -162,1638 -«.76«3E-«6 
2p25./a27 P.P222 25,3122 -183.11(33 -«.6155E-«6 

MMHtWHHIMHI  äTUH  ««««««MMKHH 
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Table 6-3,   Computer Output for Electric and Dielectric Data of 

Untreated Basalt (Sample K4) 

BUDE  COIMECTION 

AUW     K.lalW PHASE  AND WLITUM  COMICTM LI 

KAOD                         XAOO                   PHI z >i,in                                    •') 

'JJ-JJJ;- ■jj-fjjj   ■'•',•,' •»••"•• 5»?»MI 51.JII7         -2l|,]>i«i.         -ll.iitr 1.76.(Hi II  tl<2 

J7.IH59         -J1.94J7         -61.«617 MI   9l" J« ll'l 
».Ml         -27.55IS         .«•..till III  Mil M  IUI 
».llil         -I1.6((6         -Xi.JU} lil.Ull M  JilJ 
as.iJD»      -is.iiti      -61.715» mm! milii 
}».6»16         .2K.M76         -61  J"» H» till iJ'SJf 
l|l.tll7l         -16.IS96        -SI.6171 III ttll .Mill 
•.16JJ         -12.2129         -56.2611 til Uli li'llll 

J.6576            -I.1S72,       -56.1617 lf.l>ll I  iBi 
i.iU9    -2.I6M   .«,i,ii 1;;;}} ••}«* 
«.»696           -2.1626        -67.9167 II  7719 J  iljl 
».62*7             -1.2J9I          -71.2626 II   1197 !*iin 

!•};!!       *!•""      -".'»" 2.»Jai ItlMi          B~ 

tUTL«   Ui.AuU PUT  6&H1   UP fuH  ELECT 
»««.12117 

».6-1 7/2/71 

FKU HS XS 
».»9» lii.ltlSo -122.6111 
».IS» 6JJ.»6»« -197.616* lüm i/6.»926 -216.2611 
».661 3»7.>9»6 -275.i«62 «»Ml 227.»666 -226.(116 
».»»1 267.176] -255.6711 
l.»»2 216.»»6} -21».7)73 
2.»12 1S1.»219 -169.7666 

• 'J.2»9» -12».6617 
«.»»9 »•.2617 -99.15»» 

U.»)2. 61.1296 -67.22]« 
2».»72 2«.»71» -61.7111» 
6».>96 l».7»il -23.1221 

l»».ut.6 /.»6»2 -1/.3V»7 MiiJNi i.61SJ -1».»66» 
6»>.*66 l.>96> -3.7363 

1»»9.176 1.1566 -2.2627 
li»9.6]6 l.»6»5 -l.»»l» 
2»2».763 •.9»]9 -1.1397 i.uii    -1.1616   -»i.»I»»       i:;;^ I.1711 

K6,A»  ClKCtt   PIT ME6ULT»-     CUCLL   CtNIEH   .     »11.1951     ilt   HU 
«AOIUS  «     631.6723 
PIT 

"»■     1»3>I.V»II6 KINP> -».ü»»5 

HUUtt PAKAMtTtK» -   U •  li65.6»73/FKg 
W •  1»39.5»72 

J,«t752 

»1IU   =   v. 126991:   11   UMM-CM 

TAU=    16.6,636H6EC E»=1771.1357 EINP.    16.77677 

PKW EP EPP 
».»»» -il.liidlloE   Ii6 -».»51266E   »2 
»•15» -».105761E   »6 -v.liibb6»E   »5 
».2lll -».ll,37»3E   «6 -II.126762E   »3 
•.6»3 -».157162E   »6 -».17»96»E   »3 
».6»1 -».1S2152E   >6 -».217162E  »1 
».«»1 -».I67S61E  »6 -».267313E  »3 
l.»»2 -,.1662S7E   «6 -».272166E   »3 
'••12 ->,.13»321E  »6 -|..352tll6E  »3 
».»22 -ii.ll2952e  V6 -».622121E  »3 
tt.ftll -».1»16UE   «6 -».66t6a6E   »3 

1».»S2 -».■i>6«»7t  »3 -».6597«SE  »3 
2».v72 -i(.ub2553E   v3 -».632»b»E   »3 
«».«■jb -».3a3«16E  <3 -».32»979E  »3 

>»••»; -».2gbl25t   ,S -,.2bl7b3E   »3 

JJrfi! ■,,1»!*|IH •' •»•>»»»•• »3 
b»3.66. -,.i,K696»t   112 -».1»766»E   »3 

1».».176 -».697622E   »2 -».»»7935E   »2 
IS»».636 -li.51»329t   M -».662936E   »2 
2»25.7»3 -I).611,b7t   «2 -;;5-.2895E   1,2 

' 

UET.   I..II  FU«  Wl=6/P""l< 

Hi.Xi  CIKCLE   FIT   HEbULTS-     CIRCLE   JENTER   =   1655.3JI6   1||9.3773 
KAUIUS   =   1966.t66|l 
FIT I 1.2161 

«»=     3319.Ibb» RINFs -».61193 

MUUEL  PAK^IETERb   -       Kl   >     6223.b66S/FR« 
RP  -     3327.6553 
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6.,,»» ».6H7» /»3.2791 -351.6971  -».7536E-»6 

1».»52) ».315* S»1.3963 -26».2769   -»,659<E-»6 
2».»723 »,2232 292.999» -16».12»!   -».»]»3E-»6 
b».i,962 ,.129» 13».b»39 -69.7721  -».3796e-l6 

l»<.bii3b ».»997 »7.916» -6i.62i5   -».32l7E-»6 
2H.3623 ».l/7»6 66.2342 -31.2719   -ll.252IE-»6 
6,3.6664 ,.,6»7 16.6172 -26.5M9   -». l»7)E-»6 

l>f!'KÜ '•*lX'' »l''»W -29.5»66  -».S365E-II5 
15,9.4361 ,.,257 11.3673 -37,»633   -».27«5E-»5 
2»25./«27 ».»222 l».»5a3 -69.711»  -1.1»I»E-|I» 
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Table 6-4.   Computer Output for Electric and Dielectric Data of 
Basalt Sample Kj Following 23-Hour Water Soak 

fnütSSf*       M  ""'  U'  '""  •"""»«  CO.«CT.ÜN 

11 in»iii 

ItWt 
l>MI 

U.Hi 

iD'.lSli 
«Hi.II«« 
•■«.•ll 

••>y.w« 

M 
il't.'ifli 
tiv.lli, 
i-l.')4»J 
ll».k7«i, 
l«i.ll««t 
«1.197« 
S».>ISJ 
Jl.ia«« 
<J.«2>i 

'J.«JJ>, 
>.i2<a 
>.««?> 
i.>7IJ 

■ 
«•.971t 

-S».7S7« 
-Ui.lilUK 
-I«;.JII;» 
-I»li.5liSl 
-11)7.92» 
-»«.»71(1 
-Sli.b7«l 
-«•.«39J 
-4».»129 
-ii.ms 
-■.1«S1 
-•.•219 
-«.li»! 
-).3«S« 

«Mi     ».1IJ911, PHASE   Ar,l> AMPLITUM   COHKECTED 

«AOU 
1>.9«17 
11.1.217 
9.«7S1 
•.«99b 
S.ÜKU 
3.9791 
2.13«» 
l.JllS^ 
«.9171 
«.3199 
«.2(«9 
«.1369 
«.1212 
«.ll«i 
«.1«21 

«A00 
1.9171 

•2.3««1 
-«.91it 
-9.'76« 
-9.7399 
-«.2263 
-9.3231 
-2.219« 
-1.1969 
-1.1213 
-«.6111 
-«.3191 
-«.299« 
-«.1711 
-«.191« 

►MI 
9.9«23 

-11.319« 
-27.«963 
-«1.6316 
-«9.699« 
-•9,7'l32. 
-97.29«» 
-99.9«96 
-6«.2«11 
-71.1291 
-71.111« 
-66.7611 
-61.7«i« 
-16.1U9 
-12.«917 

219.6617 
1«2.71I9 
272.6161 
222.««91 
2««.i«29 
1«1.«J5J 
1«(.I7«« 
69.7«7« 
99.1««« 
1«.«!12 
16.«««7 
•.I6«l 
7.1116 
9."«1 
«.^«17 

U.Uli 
11.199« 
11.6757 
1.619« 
i.«2«l 
9.9112 
1.91«! 
2.97«7 
2.117« 
1.1919 
«.6««« 
«.1671 
«.2191 
(.2ltf69 
«.1661 

«>,«•  CUCU   FIT  MMH.fl.     CUCLE   CENTER   .      199.2299 
«AUlUt   •      l«6.611i 

».«•11 

K<»        J»1./7»S 

rtUÜEL  KAKAMtTEKi 

M1IU   •  «.Haut   U  ÜWl-CM 

PIT 

• ■A'ti-- I.MM 

Kl  •  ^•5u7.1159/FI<g 
»»   ■        291.«99« 

TAU"        «.7«ll«H>tC 

FKM 
1.PK9 
'.«29 
«.>32 
t.tln 

1«.«7> 
2k>.2U4 
«».«•U 
• ■1.779 

1>P.7IIS 
2P2.196 

•Ip.all 
lwp«.17« 
192P.911 
2>2>.92p 

EP 
|I.192^7PL p« 
•.■«•«b9E «« 
P.1««61«E p« 
P.12723«E p« 
P.121bb9t p« 
p.9'J(i««lk p3 
».'«P919E Pi 
P.«'J9»«PE P3 
P.«11»22E P3 
P.2P99«]E pl 
P.lb71p»t pl 
P.Ip9u99e Pl 
P.97btflbE «Jl« 
«.•«71291 P2 
P.7219b2E   P2 

UbT.   b.u Puk  Kl«li/P«IIN 

Ka.X»   ClKtLL   PIT  PtiULTb- 

EP*1976,p9p29 

IPP 
«.«•7199E M 
•.9b«9«6E «2 
P.Ub»«2E «1 
».192177E «3 
«.«2221«E «3 
P.bb2»2«t p3 
P.']1««9E «1 
P.il72blE «3 
•.«9»««7E «3 
«.2S2b91E   «3 
p.upoat p3 
p.bbbVillE «2 
P.>««227E «2 
•.]blb»2E «2 
•.27269PE P2 

EINP«     «9.3322« 

CIRCLE CENTER 
RAU!US 
PIT 

 UM    111».«!«» 

9b9.««ll 
62«.9992 «.«««« 

296.6362 

MODEL  PARAMETERS   -       Rl 

f 
l.ppib 
2.p2«b 
«.P319 
•.Pl>9 

lp.p7«u 
2p.2b7S 
«p.«a>b 
«». '/S9 

1PP.7P«« 
2p2.19b« 
«p9.«««2 
•Ip.alp^ 

IV.J.1/-.J 
192P.«12b 
2p29.>2pp 

P-l/2 
«.«977 
P.7P2P 
«.««•p 
P.1919 
«.1191 
P.2221 
P.1972 
«.1113 
P.p99b 
P.P7p3 
P.p««b 
P.P391 
p.pll« 
P.P29b 
P.P221 

17693.162S/FRQ 
1139.6699 

Rl CP 
173».ll«) -lb««.l««s -il.9b5«E-«« 
21b«.9«19 -l««b.U«7 -«.7238E.«« 

-7«l.»b«/- -«.96«»E-«« 
-««■..9IH7 -».««22E-«» 
-1«1.«««7 -«.«117E-«« 
-2«<.((b«S -«.12««E-»« 
-191.9791 -•.29»7E-«« 
-91. lib« -».2199«-«« 
-7S.b««9 -».2«IIC-«« 
-«1.1712 
-21.39«« 
-11.621» 
-11.7b»« 

191p.9762 
««6.«92« 
•bb.«9«2 
««b.l»J9 
l«^.b2«3 
219.«772 
l««.9b«l 
12«.9««6 
bl.«l«« 
2b.39«7 
1«.»2«2 
11.9229 
».9999 

«= P.9»15bfc p« us p.77»pbE pu upiiuiiinmu.,.: aTUP nSimuSauM 

-«.1»>«E-«« 
-«.1679E-«« 
-•.1««1'E-«« 

-. -«.ll«llE-«« 
-9.7«23 -«.1«79E-«« 
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Table 6-5.   Computer Output for Electric and Dielectric Data of 
Basalt Sample K2 Following 23-Hour Water Soak 

IMT   MM   UC  fUK   UtCIKODt   CUKRtcriüN LItTLH   l*k,rtwU HuT MHI 
>//.>l>lM 

n inttin 

fMM K» 
I.MII i«».>viv 
'.ny i.J.Jl-J,' 
•>..il il>.i.,. 
• .nii Uu. aao-- 

l»,ti^\t »i.Ui« 
in.lj» ■>J.* ill 
■*.... J- J1./»)« 
a«.j.t 1».>«JJ 

M.tal IS.iJ»! ..!.»/. u.l/li^ 
"••i.i/u J.»ll»< ••>.<»! /.HJ^I 

l>l</.]iii . . .1.'/ 
lili.i.« l./i« 
inti.iU I./'ikl 

Xk 

-at.'»a, 
-lil.**** 
•ill.HM 
-»ii.jt»; 

••I.MM 
-H./m 

-U.bHlb 
-If.itiiti 
-».HI« 
-'*. >0«b 

Mil»    ,.in,im 

MM 
1/..H1, 

1H.11«J 
'.1111 
It,7117 

I. MM 
I.UU 
1.I9«« 
(.(Ml 
liMM 
I.IIM 
I.1IM 
I.IMI 
• •WMi 
>.iiii; 

fNASt   «■  »MPLlTUDt  CO«««CTtD 

XAUD PHI i 
■7.Jl)i7 -2J.«55( lll.><)2l 
•7 ■»'•IS -29.3blil 2bl.9S9S 
■7.i>7« -"17.71U 17I.72SI. 
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•l.".«7l -ll.tlHI I<l.l92b 
•■..Uti -u.cm 9>.>l*9 
•J.1J71 -il.ll» (S.IHSI 
2.27211 -62.1I6S »l.S'.Jl 
l.S'.lp -d.IS?! K.llil 
1.1S2» -7ll.27tS 10.IICI 
H.tlH« •71.1111 1I.I1S6 
11.1291 -iJ.<i92l I.IS21 
\t.ll»i ■M.IMI '*.IS27 
ll.UllI -S9.CJU ).«.■■]/ 
«. 1 )■.! -u.y>ti 2.IKS 

Hi,*.   tIKCLt   FIT  «t»ULTi-     (.UCLC   tthTLR   •     219.2«2i      IH«M 

HUi^tL   PAMMitrtMh   • 

«•to = »»SIMM It* 

TAu«     McMMMMI 

l.Vtri 

I.Ml 
<*.it^7 
u, ►.. 

1|..>HU 

i«.l/l> 

M*IM 
iii>.)>i 
'>i.>/i. 
'•»<.J7ü 
Ml.lll 

im.nt 
ifii.iU 

■I.MIIMI 
-n.iNSII'tyb 
-«.>>7iin 
'It.tlwill. 
•p.lfllvll 
-w. 1 js. 1. K 
-f.HiJHSbL 
-V.  JJWJOL 

-il.St/iiC^t 

-f.'WwSUL 
-^..J/^üUL 

-«.ItllHit 

HAUlUk 
PIT 

• •U.ilJS/FKg 
••i'i.tjKS 

Lt« = ^jSll«.iSj 

LHP 
-I'.btlklb^bt   v. 
-v. JUJt.a-.i j.. 

•I.MkMM us 
-■..iHtiStltfi ^5 
-t.. IbVill/E (IJ 

-M.itiui.at its 
-«.lll>99i>C Its 
-p.«ti77lJü£ 1)1« 
-Il.77'»a3/E im 

•I.UIMM »l1* 
-w.>-..iodi im 
-P.il90ü2E M1* 
-P.\ tji )IL t* 
-P.itsisxe •« 
-•■UJ.'JJL »<• 

Jll.b/Sl 
«.Pllli 

tl-.F--    sa.jjuii 

ZAOD 
19. 111;'. 
It.1996 
ll.il9<i 
9.79JI 
(.69lt 
9.111« 
<>.I7II 
2.Stil 
I.1S9) 
1.2217 
1.6717 
•.llil 
I.IMI 
1.2121 
I.17II2 

u 
u 

a 
D 

ütT. («,•« fm KI=W/^"''II 

K:I,A>    LlsCLL    FIT   KLjuLfj- ClKCLE CtllTEM 
RAÜlUk 
FIT 

U7S.1211 
7]S.ISt9 

P.9S7S 

MoUtL   PAK^MtrtKi 

1.PW>1 

•.«211 
iK.KIIi^ 
2I..1/7U 
ty.tjlu 
o«.l«>) 

Ivn.SbiS 
2iil.il/2H 
Hyi.S/ut 
J»I.JWJ 

I>l>/.i2u2 
l>U.2a7l. 
MM.Ifli 

11 
HP 

P-l/2. 
».till 
»./»is 
1I.H9113 
v.i>il 

«.31SS 
v.222b 
V.lS/b 
«.HIS 
P.P99/ 
P.P/PS 

b.biSl 
■.bilS 
I.MM 
P.b221 

l,<b«!l.'.bb2/FKg 
1J1.S.'.U7J 

■I 
JlSl.USb 
Ul/./;,) 

llbl.Sb'b 
b9a.«9SU 
III.IMI 
JS7.2bH9 
2S2.b1sl 

Ul.HM 
1     'J.MÖJ/ 

1P7.719« 
/s.2;«s 
Sl.lbbS 
Sb.2H2i 

M   l.illlll   «H   Hi   «.>S3S9L   bb 
RMIIrillHiiMi   aTuH   HHMMMMBia 

XP 
'U2t>.iiiiai 

-«'•t.7229 
-SSt.S3b7 
-ISK.JbSl 
-279.b2ifa 

-17J.SJt5 
-IbS.'iblu 
-bb.o'.ii, 

-SI.SHIS 
-2».2J52 
-1S.2J||1( 
-7.9m 
-b.3773 
-H.HtS 
■i.icli 

CP 
-p.1199E-«3 
-|I.932SE-|I>> 

-».tnHlbE-llH 
-«.StbliE-IIH 

-«.HSHSE-bi 

-J.JJbSE-il'. 
-b. J»7)t-I)'. 
-«.JUPJE-»-. 
-P.2S9bE-«lt 
-P^H/QE-IIH 

-».2'l71IE-b'< 
-1I.2399E-1IH 
-P.2S3SE-II1I 
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-l.llUt I.IIM 
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KAU 1 US *      Ul.l.wJ 
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"      unu 
»»•/.UJS/FHg 
).■». 1^. 

EINF.     U.JJSjj 
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Computer Output for Electric and Dielectric Data of 
Basalt Sample Kj Following 72-Hour Water Soak 

tNUU   Hi,AMU PUT   y..ui   UP  PUK   E1.ECTH00E  COHMCTION 

U ■i/17/ii n MM 

Lull 
Lull 

'.HD 

ijfN.bv* 
'Kl.tll 

M 

111. 1»W 

Jll.l«/J 

il.UJi 
lo.7»7J 

S.2777 
i*<*i»<ty 
J.]!>•<• 

X» 
-11)1.7279 
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-SIIS.1S7II 
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-71.117* 
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-».SIBb 
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l.2il(7 
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'.Uli 
Il.l2lb 

f.tfU 

PMASt   AND AMPUITUOI   CMMCTED 
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-1.2912 
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'1.17*9 
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-•.b2ll9ibE «5 
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u 
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»   -         Kl 
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t0t1«5» >.222a ««9.5)«; -22a.)aa5 -i) )«59E-|I« 
«•.225) ».15/7 )^«.lb|i2 -i«).«7sa -a 2758E-a« 
••.v«52 • .HI« 197.9)5« -a/.•2)a -a 226IE-*« 

Ivti.bti)« •.•997 la7.b9)l -b9.1iU) -a 127IE-II« 
2vl.bl29 •.•/«« 1*7.•2aa -«••••«9 -a 197)E-I« 
«•).22ä2 •••«JH 5>..i«a'j -It,Ml •1 175IIE-il« 
at>7.»'J9« «.•)5l 25.>l5a -U.V/I'J •1, 15.I7E-If« 

lFti/.)2u2 
1515.151« 

«.11)15 la.'Jäa« -ii.2sia ■1 i«a«E-a« 
•.•25b ll.b7«2 -9.21)« •il. i i«iiE-a« 

iuU.iUu iJ.t.221 a.2117 -a.2597 -a. '.«77E-a5 

U-   ».»//«/E   »4   11=   ti./alS7L   •• 
MmMHHMM   jjj^p   ii;i;iiia„;;a«„u 
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Table 6-8.   Computer Output for Electric and Dielectric Data of 
Basalt Sample K2 Following 72-Hour Water Soak 

tllTLH   Itt.AUU r-ul     JJ..1    UP   FUU   LLILIKUDL    LU^HttMi 

Ik/    I/1//M    /'   IW AuUs      «.Dbllll PHASE   AND   AMPLITUUE   CORAECTFO 

pau M n KAOD XAOO PHI                          Z                    ZAOD 

1.*^^ a» j.^s;4 •Mi.tttI ss.rub • 2<t, ;4'ji 1191                (|CI.]7K(            «l.llll 

I*#ll 1*1.tt** -ISIi.WliV ii.'tri1* -2^.1119 1111                <lll,t7l6            21.tm 

■••pHi iv'i.lii'i -IM .MM »•ttll -1J.HSIS Uli                5)11.5737             JD.w; 

».PHI 111.lilt -UB.d'Wl -11.Hi1* 1295             219.1179          11.9991 

Ip.piu -u>.li>ia -111.1)911 »117             119.Uli           11.(977 

IVtlll •«r.Hti ]29'<              111.1911              7.Htl 

Hlf./Xt -ui.SWl 9017                79.1112              t.lttZ 

ip./?> -■.I.;WJ 19<<7                '.5.9IB!              2.|l||l 

Ipp.ipi •H.MM 2797                37.HO«              2.9119 

<«1.«IH -ip.pmii 179*               11.197»             1.3118 

H.l.Ji) -ip.vim 121«               11.1971            1.7172 

:l .i.,i ->.MS» 1229                  i.2911             1.1167 

!«••.••« -'•.»/'«» 91(1                 9.2101            9.1221 

IIM.IM -j.iiji 12*2                    1.7112               1.2122 

i»i>.;»> -i.iSJi *22*                   1.11«)              1.1162 

Hk.A»   CIHCLt   FIT   KL.ULli-     CIKLLL   CENTCI)   -     bill.1979     261.169* 
«Jlji   <     097.716« 
PIT • II.19I9 

HU*      12p7.*«p/ 

HUUEL   PAKAllETbKli   - Kl   '      ,Bll .•ix.btll-'i 
KP   -      12117.2*0) 

•1HU   a   N.7*07U   IP   ÜIV1-CI1 

*.--■   P.'WIPKL' p* 

T/U>     IV.llilO'lbEC MrtlMUt.H 

MM EP £PP 

1.PP2 p.22702«t rio P.7VS171E  PS 

2.»11 tt.uimt H p.9112*96   P9 

•♦.p*! ».Hunt ... Il.lillll79b  |I6 
P.pHl P.11119SE .u p.91ol0|IE   PJ 

l«a«l* ».ipiom Wk P.OitO/IE   pi 

ip.u; p.o^pylpt M^ P.KOlPllE   PS 
»P.2S« P.*>PP«1E Pi P.'<)S270E   ti 

HP./7k P.2119126 «i P.276997E   ti 

lpp.>pi p.2**lilE P^ P.2*|I919E   PS 
2»1,<><* t.ifmit. Pi P.10II0S2E  a 

Hpl.«a »./U^J/L pt ».•IHliii.   po 
t,l.nt p.>»»o»pt ^1 p.iOVlllllE   p* 

ippi.^a* p.*7*il9E P1* P.*0>1P9E   p* 

UW.i«« P.191SP7E ri*. P.)*7)]2E   II* 

2P29.7») p.2>60»aE |* ll.2aill2IC   ll* 

EINE'     19.221111 

UtT.    O.ll   TUK   Hls(i/F"«N 

Ki.Al   ClKCl-t   FIT   PtiULTi- CIHCLE CENTER 
KAUIUS 
FIT 

111.61112 
)7».Pi.lJ 

1.1*71 

HP'        UOP.P2** K^UF» -l!i"j!.»i_ 

IIUUbL  PAHAIIETEUO   - 

l.pplv 
I.fill -.,-./ 
•.P*I2 

IP.piui 
2M.1iu i 
*p.2i7u 
•P./7SS 

1PP.SP2S 
2pl.PPH2 
*pl.92ii 
«P7.PW* 

lppS.*P** 
1112.2070 
2P2S.7II27 

HP 

F-l/2 
P.V4VP 
p./pil 
P.497* 
p.lSiu 
p.Ill) 
p.2220 
P,1S7O 

p.1111 
P.P497 
P.P/P) 
P.p*j0 

P.PiSl 
P.Olli 
P.P2S7 
p.0222 

J«*ll.9'.SI/FKg 
UO0.0I2S 

HI 
19i0.7Uo 
1211.9211 

7o7.pbPl 
100.90]) 
01S./1P2 
207.2000 
101.2010 
121.0177 
Ipl.OOOl 
02.11' 2 
)2,9210 
IS.1000 

ii.irti 
0.0)*l> 
1.99)1 

HP 
•90P.02P1 
-00».00*9 
-«22.07SS 
-27«.0119 
-211.706« 
-10b.*ii72 
-91.0005 
-S0.01S6 
-*b.9*P2 
-27.»119 
-15.7029 
-9.6075 
-O.liO« 
-b.7675 
-b.b»a2 

CP 
-«.lb21E-«l 
-».122»e-»l 
-».951»E-»* 
-».7H»E-»0 
-p.ba29E-«0 
-».5196E-»* 
-It.OlllE-»* 
-».1621E-»* 
-«.1170E-00 
-«.2919E-»* 
-II.2S12E-0O 
-1I.2016E-»* 
-».1»9*E-II* 
-».liilE-»* 
-».lia9E-«0 

*B   v.20p*l£   p*   14% 
iiKWU)t)(Htip»t:   iTuP   ■ 
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Table 6-9.   Computer Output for Electric and Dielectric Data of 
Basalt Sample K4 Following 72-Hour Water Soak 

StaUtf***        "^   ""'   "'  '""   E'-ECT"ÜUI   COBRtCTIUN U 

MMUmfTM *>0.     i.liil, PHAH  AND AHPUTUOt  CO.MCTED j| 

(.MI   i%*.riM  .1«:,^     JUS}   : ;       :"•'        "'.jm    U.MI 

».<»l W.JiJJ ■»tUui > iSl i,l., '!S-5?i5 «M.IMI IM296 
JJ:!;:    »   ::;:i      :        -:       : :-      --J    ii:;j?S ri 
J:»!    iSS   :i;:£       1    i:       : : --     IM 
3C%     i:,j;;    .i:iU;     S;jH!    :«•««}   -»f.ijjj      u.isb!      iHi 

,••'.•»»       I.*IM      -i..;j"      Situ     iS-J! „J    *!;•!!!! 5''"'       «■"" iju.«ii        unit       -i ji/C        ! i«i!        vJ5,3?     "IMH' ».JIS»        (.)9i.i 

BBSS     ..«,.     ...^     J:!i:i    :j:j;2l   :;!:^?       j:»8j     {:;«| 
«i.Ai   CIRCLt   fll   KEbULTi-     CIKCLt   CENTt«   .     211.1,11*     lti.HH 

RM01U&   -     21*7,12 19 
PIT I D.DUl 

K»»      Mt««W« UNN ».in? 

NUUEL   PARAlltTtRS   -        U ■     •.»«2. bl J J/f «u 
M  *       '*,»o.b2i.7 

KMU  .  *.5S»J«t   I« UHM-Cll 

CP"  ».5a777,t-K» 

TAU.     29.5„3JHStC W1WXW.W                        IMT.     ».MIM 

P«U                    tP EPP 
UW»        «.ll)/>-L   »u ».293I29E  VS 
2.»22        il.9«alalE   Pi lt.>9ll«9kE   Hi 

«.«»1       P.II1VSS7E  »i *.*<»«|| rfj 
ip.p««     p.si,ia2i>t ps p.vimpE «s 
2«.17»       p.J9J*l,*t   -i B.msiilE  «S 
■•»^Sll        p.2t>S»«*E   p» P.2ii7lt21iE   ili 
•».775       ».17HP7E   Pi ».Ui2l,iE ili 

Wf.(M       P.l'.«77lE  Pi P.HJ97U  Pi 
2pl.«13       P.»J7527t   il t.lUl'Ut   PH 
t»2.i7li        ».iao/lt   «4 p.i7i«i2E   M 
•P7.PS»       ».MUrM  P» p.>iJtü2E  t* 

iHU.tti        ..JiuJlKE   i- p.i,1992E   il« 
li2p.»lj        ,.23JSl,2E   tH P.22KP7E   J- 
'til.til        P.19P9PPE   p* PWaitmatE   lit 

UET.   l.fN  Fuk   IMt/PMM 

«k,X»   CIRCLE   PIT  RESULTS-     CIRCLE   CENTER   »     19l..2i27        9J.1I.22 
RAUIUS   i     21S.2S6II 
PIT = t.ilit 

RP*        iöö.l-j- >>.llt>p 

«WEL PARAMETERS -   Rl.  SIS-, la Ji/PRQ 
RP "  Ja7.am 

, F         f-l/2       HI XP      CP 
l.PPl.»     3.^961,  12i».slJ2 -578.7*21 -ll,27JlE-a3 
2.P22B    p.7*32  aia.a5b9 •IU.r*»l -2 2a*lE-al 
».Pisa       ;.*in    »«.««I -MI n*i -J M'«-« 
».»»ai.        ».3iu     jia.iiu -isa.a^H -a.uisE-as 

fMfJ               P.2226        ion.9179 -a'..7ü39   -i.Ml.t-tt 

•».77ii            P.U13          /2.957a -31.aa37  -a.^JJaE-»« 
lap.aa.i         a.»,,»        „i.^u .M.K« -f MUlTK 

a,7.a999         a.p3ii        11.3239 -•..»721, •S.UUM« 
UM.ftM           a.a314            ,.4798 -».,83*  .1 lUU^S 
528.912,             ,.,25,             5.882, .,.'",,   J lUtt^t! 

2»>7.PJ7l            a.,221             3.537, -2.Ha",   -iiilHSE-IIJ 
M   a.l51b7E   ,>*   N=   ».JMibL   it 
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Kl are given in Table 6-10.    The significant conclusion indicated by these  l 

results is that the highest sensitivity for water detection in rocks can only 

be achieved by data extrapolation to the static or zero,frequency dielectric 

constant. ' 

Table 6-10.    Effect of Water Pretreatment on Stelected Electric 
and Dielectric Parameters of Basalt 

^^^    Soak Time 
^«vCHours) ^ 

Parameteri^"^^ 

0 
(Baseline) 2,3 

i 

77 

R ,  megohm 

T,  millisecond 

e    e   = K 
or        o 

e    e   = K ^00        J«                 00 

1,031.0 

16.6 

1,770.0' 

14.8 

328.0 

24.4 

60200.0 

68. 2 

44 7!. 0 

29.6    ' 

146000.0 

60.7 

1 

! 

The highest selectivity for water detection is obtained by choosing the real , 

component of the dielectric constant at the. limit of zero frequency from among 

the impedance and the dielectric parameters. i 

The variations of the impedivity vectors for three basalt samples with fre- 

quency are shown in Figure 6-1.   After the three rocks were soaked for 23 

hours in distilled water,  their impedivity variation with frequency are shown 

by the curves in Figure 6-2.    Figure 6-3 gives the sapie relationships for .the 

rocks following a 77-hour soak period. 

Here again, the impedivity vectors are the most separated at l'ow frequencies, 

and approach each other as the frequency increases. , 
! 

! 

The variation of rock impedivity at 1 Hz with the duration of water pretreat- 

ment is shown in Table 6-11 and Figure 6-4 for the three basalt rocks. 

■ 
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500       1000 

Figure 6-1.    Variation of Impedivity with Frequency for an Untreated 
Basalt Sample 

1      I    2 10 20 '■   '  U > 1 I 
50 100        200 500 1000 

Figure 6-2.    Variation of Impedivity with Frequency for Basalt 
, Samples Following a 2 3-hour Water Soak 
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BASALT 
>2        ( 77 HR SOAK INH,0 

B       2.0 

■ 
2      10 

o.i _ 
i 

-»—' i i J 11 1 1 i   —i i—i * ■ ■ ■ 
50 100        200 500        JUOO 

Figure 6-3.    Variation of Inpedivity with Frequency for Basalt 
Samples Following a 77-hour Water Soak 

30 40 50 

DURATION OF WATER SOAKING (HOURS) 

60 70 80 90 

Figure 6-4.    Variation of Rock Impedivity with the Duration Time 
of Water Treatment for Three Samples of Basalt 
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Generally speaking,  the impedance versus tim,w.f ^     ut      ^ H    ,*nc-e versus time-öf-soaking decreases initially. *m throu^ a mi„,mum.  and ,ncrea8es again with ^^ ^ y 

^av,or ,s expUinable by .he aSSump.i„n that the firsl port,ons of water ^ 
■ fruse thr      , the rock poI.es leach the atttnm ^^ and tha. 

anc, thus dt.      ase the rock impedance     Further ^^^^^^ P onS. 

he po-e, w,,, begin „ ^ach out .he absolved a.RaH iona.  .hUs reaul.ing   „ 
an increase in rock impedance. g 

TaMe 6-H.    Efre« or waje. Sc.ki„g on ^pedivuy of 

Time of Soaking 
(hours) 

Impedivity at 1 Hz. megohm x cm 

K 1 Kf 

0 

23 

77 

58 

11 

50 

48 

19 

41 

39 

27 

32 

PRETREATMENT OF BASALT IN SODIUM HYDROXIDE 

To further investigate thp *>ffo^to ~r 
tivitv     Hi environmental conditions on rock impedi- 

:::i::™:::f :r:: r.rd on basa"that ~ ^ -~ uyuroxiae.    The three samoles K      K      o^^ t-      r 
basalt were soaked for 23 hours in 1    S        nm l      2' 4 0f 

hydroxide in water     rJZ    H ^"^ SOlUti0nS of Sodiu- j       .Mwi  in waier.    rhe impedance data r.f fhQO« 
mm .hose obumed wh.le aoakine .1 .    C,<Per,mentS We''-' S™"P^ 

(zero pereen. NaOH) fjrV.h me r0     SampleS '" ^^ "^ P NaOH) for 23 hours.   Computer output data of these exoeri 
ments are given in Tables 6-12 to (i-2n     v       . o'tnese expen- 

■mpedit.vity vector w,th frecuen y as   "reluu"";"      T  ^^ " 

are shown in K.gures 6-5. ^  and 6^    ^ e a 1™ ir'^'«»' 
various NaOH concen.ra.iona seem to overlap a„d be: T ^ f0r 

a. frequences greater than ,00 Hz. * """^"'^ 
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Table 6-12,    Computer Output for Electric and Dielectric Data of 
Basalt Sample Kj Pretre^ted in 1% NaOH for 23 Hours 

ENTtH   N*,AÜU PUT   SbUl   UP FOR   ELEC'ROVC CORRECTION 
KÜJ.llJJlü 

Kl S/27/71   1PC AUD> It.Hilt PHASE AND AMPLITUDE CORRECTED 

F»g H M RAOD XAOO PHI 2 ZAOD 
i.m -••'.»'.)» ili.Hitt -1.I3H« 1.1216 111.7151 251.1651 9.1172 
2.iti la.SBib 171.»732 2.6121 6.1111 61.6111 117.1115 7.5511 
i.n» US.Sbll a9.3<l11 S.32i>3 3.1917 55.5111 161.6919 6.5711 
»OX« Wf.lW t.iW >.<tlil ».1951 1.1591 11I.I1M 5.1911 

iit.di» 13   .'»'.9 -i.i.»W 5.1311 -1.9125 -6.1521 151.1517 5.1616 
21.161 4».'■211 -11.Wi 3.»512 -1.6621 -25.3112 117.1117 1.1972 
ID.IJS bi..»»!)» -53.16*1 2.3119 -2.1111 -39.2125 11.1591 9.2911 
»».25/ 31.!»» -<<>.»a39 1,1571 -1.755J -51.1517 51.1562 2.1171 

lli».llll 2li.7*36 'MM 1.11*92 -1.5523 ■-li.nv, 17.1159 1.1756 
2»1.»72 13.l"»9 1.5119 -1.II7I 21.1159 1.1296 
■»»2.170 b.Wl^S -15.»297 *.!5>1 -1.511* -66.7191 16.5551 1.6111 
»43.»72 s.»iia -•. 121)2 «.1192 •1.5111 -61.1791 l.«73( 1.5511 

mi».'»* 3.>lb2 -li.'H39 ».13;; -1.2559 -61.5551 7.5761 1.2111 
ISU.zo« 2.IS«» -t.11»6 ».1157 -l.im -56.1117 5.5119 1.2179 
Uii.l»i 2.ll2><< -3.3321 II.U29 -1.1315 -51.757' 1.2111 1.1662 

M(M   C1KCLE PIT  KESU1.TS- CIRCLE   CENTER 
«RADIUS 
FIT 

•      11.3631 
>     12)1.1)221 
■      I7.1»ll 

•9.1127 

K»<       121.»7»                      K.NF=       -39.1>i91 

MUUtL  PARAMETERS   -       Rl   < 2»7»S.«S16/FR(i 
RP  ■ 161.ll2<t<4 

HHO   •   ».1772liE   »9   OHM-CH 

CP=   II.115551E-15 

TAU=       1.3iai7MSEC Ei!'  -25.71297 EINF3        1.25951 

FKU 
1.»»» 
2.115 
1.121 
».»1» 

ll.»2» 
2».Ill 
11.225 
11.257 

111.311 
211.172 
112.571 
»13.572 

1115.Ill 
1512.211 
2125.71) 

EP 
-1.211197E 12 
-1.239177E 12 
-1.232161E 12. 
-l,2227t9E »2 
-1.2191UE 12 
-1.211959E ill 
-l.llb63»E 12 
-».lb3156E 12 
-II.151935E 12 
-».125S16E »2 
-».932172E 11 
-•.6H5715E »1 
-».513255E 11 
-•.321915E 11 
-».2I»5171E 11 

EPP 
-1.119215E 1 
-1.159931E 1 
-1.211921E 1 
-1.275611E 
-1.29I975E 
-l.J'llSIE 
-1.165112C 
-1.511I96E 
-1.561659E 
-J),627121E 
-1.6S359»E 
•l.b1123IE 
-1.629291E 
-■.59<7UE 
-1.571111E 

OET.   i,U  FUR R1=G/F""N 

RS.XS   CIRCLE  FIT RESULTS- CIRCLE CENTER 
RADIUS 
FIT 

259.2516 
219.2111 

1.9331 

MUUtL   PARAMETERS   - 

F 
».>999 
2.1151 
1.1196 
1.1177 

11.1211 
21.1613 
11.2253 
»1.256» 

111.3119 
211.1721 
112.5761 
»13.5715 

1115.1111 
1512.2a76 
2125.7127 

RP 

F-l/2 
1.1111 
1.71b2 
1.19»» 
1.3531 
l.sisa 
1.2227 
1.1577 
1.111b 
1.1991 
1.1715 
1.1191 
1.1352 
1.1315 
».1257 
1.1222 

17711.2191/FR(. 
521.1161 

Rl 
3931.3721 
2393.3916 
1166.5711 
916.6271 
77a.ia9i 
165.7562 
322.»9D7 
221.»252 
115.5672 
119.9156 
56.9735 
25.1117 
11.9517 
12.1261 
».1116 

XP 
-i7ia.56aa 
-1121.1117 
-717.5761 
-111.6911 
-511.1517 
-211.3275 
-152.5a59 
-(1.1117 
-7!.2116 
-12.9211 
-21.5256 
-11.6111 
-12.8553 
-ll.a965 
-11.1712 

CP 
-1.9262E-11 
-i.7iaiE-ii 
-1.5   1IE-11 
-l.ii7le-li 
-1.117SE-11 
-1.9221E-11 
-1.2593E-11 
-1.2212E-11 
-1.2I19E-I1 
-1.iaii(-ii 
-1.16121-11 
-H319E-11 
-1.1231C-11 
-1.9659E-15 
-1.7719E-15 

••  1.181b9E 11  N-  1.77>11E  11 
HKUMHMUltlEKM   STUP   HHKNM1IKKUUH 
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Table 6-13.    Computer Output for Electric and Dielectric Data of 

Basalt Sample K2 Pretreated in 1% NaOH for 23 Hours U 

"iT »m ur PM lucnaot CMucngN 

» tnim IK wo»    <.lkll< 

■I 

•■") 

• .Ml 

l«.lll 
««.lit 
M.llt 

1>«.«I 
itl.tll 
*«I.>I> 

Wi.tm 
»M.IN 

'•Il.i/l 

PHAJl   MO AMPIITUO«   COUECTID 
tl 

lll.ttli 
11«.Illl 
IU.;»II 
ll.Utl 
.i.n« 
M.ltll 
II.<><••• 
.1.11«! !•.)))•. 
Mill 
».<l»t 

l.llll 
l.llll 
i.ailt 
i.lltl 

a 
i.(in 

-if.in« 
-II.IIU 
-•l.ll»! 
-••.III. 
-»».illl 
-»«.till 
-ii.ilti 
-IMIlt 
-17.(Ill 
-«.•I» 

-I. Ill* 
-♦.1117 
-l.llll 

'.(lit 
7.»Ill 
7. »It 
i.7tli 
l.llll 
1.7111 
1.177« 
l.llll 
i.«m 
l.»in 
«.mi 

1.11*7 
1.1*17 
«.lilt 
«.Uli 

«.Hit 
-(.tilt 
-1.117« 
•3.7t*l 
-l.llll 
-i.mi 
-I.II*I 
-i.tiii 
-1.1117 
-1.III7 
-•.t»tl 

-«.1117 
-«.Itll 
-«.1111 
-«.Uli 

*n 
i.itu 

-».in« 
-i*.t**i 
-11.17*1 
-II.Uli 
•II.tit* 
-*t.lMI 
-II.«17« 
•11.7111 
-»».HIJ 
•II.Mtl 

-It.1711 
-11.1171 
->7.1t*t 
-»I.»«71 

I 
111.1111 
111.1*11 
lll.*l*l 
I«l.l*t7 
It.tlM 
»l.l*tl 
it.iiir 
la.lill 
11.1117 
11.1*11 
ll.ttll 
1.1 »It 

•.••71 
l.»ltj 
1.111« 

l.tllt 
7.mi 
7.ll»f 

• i.XI   CIKLI   FIT  UtUklf     ClICLI   CCHTU   « 
UBIUI  • 
'II s 

tl.llll       l«.|«tt 
t«.»«tl 

1.711» 

•'■       111.171» 

l«ll«L  r/UUMTMl 

KIN" 1.»«>I 

«i • iiti/.»»»^/»« 
«' •       ill.17«* 

««u • «.7|»l7t la um-cn 

u-> «.latw»^* 

t»ua      ».itiitntic 

i.itu 
■ 

Mil 
«.17*1 

■■a 
m 
m 

u 

U*l»ll. 711*1 IINfa     tl.ltitl 

. ,,., 

'•M 
i.n« 
i.n« 
*.«ii 
•.«li 

iii.a>« 
ii.ui 
-i.in 
••.in 

i«i.»«i 
m.»ii 
•«1.17* 
••7.aaa 

l«aa.i7» 
mi.air 
I<ll.l7> 

a.>ii»iit »» 
• .»»mi /• 
< iisaaat •* 
a.i7t*««i a* 
I.I»»I«II •» 
a.milK •* 
a.utallE «* 
a.utiiif «* 
•.i«ii*ll a» 
l.»ltllli «I 
a.»iiia«c «i 
1.1*11711 •) 
l.lllllll al 
l.>.:»l«I «i 
t-lllitit «1 

lit'.    t,H   fuk   «l.|./f"«S 

Kk.» CIMCLE air aikuLTk- 

«pp 
«.1*11*11 »1 
•.:ilt7ii «i 
• »iiiiu «i 
«.7ltlli(  «1 
l.llll«» «1 
•.II«I7»I  I» 
«.l»ll«ll  «» 
a.u.ain a. 
•.1«1«*IC «* 
•.*II»III u 
«.iti»«ii ai 
•.II*II»( II 
•■itlilii al 
«.I1HI1I I] 
«.•mill «i 

CLt CtNTU  • »I» 1»1» 
•WIUI   • «17 llll 
PIT          • • »177 

0 
0 
: 

in.mi 

«•■ •71.»/»a 

tTTTfr 

a.taa; 
i.aUl 
».«111 
•.«II* !«.«*•» 

II.1117 
••.117* 
••.llll 

i.a.-au 
111.»HI 
»•1.17»» 
•17.an» 

l<B».17«] 
llla.ai*! 
iall.1711 

P-l/i 
l.llla 
.7111 
•.»••) 
• .mi 
• .mi 
».tut 
•.117* 
• .HI» 
I.IIW 
•.«7»« 
•.•»•I 
l.aiii 
a.an» 
I.n» 
a.am 

«I 
'•11.1117 

»»/.•111 
1117.lit« 
•11.7111 
>l7.l7«t 
1II.I7IS 
II«.7111 
111.177« 
II«.Ill» 
/«.»ik; 
»1.1*11 
l».ll«7 
tl.7111 
I.7II1 
•.!»«• 

XP 
'11*7.llll 
III.llll 
-lll.ttll 
-111.«til 
-III.lilt 
-171, Itll 
-111.«»» 
-t».n7i 
•i».»in 
-».in« 
-ii.ttii 
-11.1171 
-•.111» -r.7m 
•l.llll 

*• a.imit a» «■ p.l/nii aa 

CP 
-». n>7E-aj 

■I.IIIII-«» 
-I.;«IM-I« 
-•.»ini-l« 
•«.Itlll-«* 
•«.**«ii-«* 
-«.itni-i» 
-«.1«7«I-«» 
•«.mil-«» 
-«.mil-«» 
-•.inn-«» 
-«. inn-«» 
-«.I7III-«* 
-«.llllt-«« 
•1. »••••I» 
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Table 6-14. 
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Computer Output for Electric and Dielectric Data of 
Basalt Sample K4 Pretreated in 1% NaOH for 23 Hours 

ENTEH  N*,AUD 
»1.12117 

PUT   biHl   UP FOR   ELECTRODe  CORRECTION 

n tmm ipc A0D>     8.12317 PHASE AND AMPLITUDE CORRECTJB 

Fug RS «S                       RAO0 XAOD PHI z ZAOD i.imi llli.b592 -58.8375            11.6152 -7.1115 -26 1657 132,1922 16.2691 2.1119 91.J137 -57.3817            11.6283 -7.8512 -31 2771 11«.3131 13*596« ^•IfSI 7l(.7b51 -51.9217              8.7162 -6,3952 -36 2781 87.7781 18.8186 ilajfi? 11.651(3 -13.7291             5.9932 -5.3161 -11 9192 65.1289 l.«579 
7.2131 

IK.lii» 12.1939 -18.6198              5.2311 -5.8161 -1] 7327 Sl.l«59 2ir.i(«8 29.35112 -38.2513              3.6151 -3.7261 -15 1696 12.1195 5.1915 
3*6779 

"♦K.lbl U. 1101 -23.7116             2.2351 -2.9289 -52 5111 29.1681 D|<.31S 9.1K75 -16.7169             1.1517 -2.1676 -68 731« 19.2132 2.5782 111 I*.1* 112 
2111.Ill] 
1*2.S76 

(1.1113 
].llli77 
2.((3ai( 

-11.5816             8.9991 
-8.9159             1.1761 
-5.8963             1,2511 

-1.7961 
-1.M82. 
-«.6277 

-61 
-66 
-61 

9235 
5539 
2*13 

16.6161 
9.7117 
5.1198 

2.«555 
1.197« 
«.6761 
«*57«3 
8.5813 

D|19.iS3 
Iiii2.a9i 

1.2989 
1.11119 

-2.7117             8.1688 
-2,1599              8,1156 

-8.3318 
-«,2673 

-61 
-61 

1H9 
1215 

3.8868 
2.1789 1512.211(1 11.9578 -1,5339              8,1118 -8.1889 -5« «232 1.8881 $.2227 2|I29.52K 11.9962 -1.8897              8.1227 -8.1312 -17 5697 1.1761 8.1818 

MMU   CIRCLE FIT  RE6ULTS- IIRCLE   CENTER   =        96.7238 
RADIUS  i     118.1367 
FIT          •           1.1339 

53.1681 

«»=        l9}.)>It                         RINFs            D,(52li 

MUUtL   PARAMETtKS   -        »I   -     ifHIIS. 9922/FBU 
RP   s 193,2688 

KHU   =   >l.2}lllSb   U  OHM-CM 

W fattDtMNHl 
TAU=     U.5ti137MSEC E8=S131351,59                       CINFc     61,35768 

FRU EP EPP 
i.m II.11162HE   (16 8,1«1965E  85 
2.1119 |I.1|I1795E   (16 U.JS-.bjt 85 
».Ml |I.918>67E   ti 8.331II77E   85 
«.ill/ >I.763991E  ii 8.387891E  85 

K.Mi II.718U7C   >I5 ll,391336E  85 
M.IM 1I.513193E  |I5 8,378689E  85 
Iv.ltil 1I.392319E  »5 8,3178396  85 
HH.iii |(.269956E  (15 8,23S255E  85 

1KII.<I|I2 ((.2379II1E  (IS 8,211811E  85 
Ht.«t> II.156716E  (15 1I,116958E  85 
■Ntl.ifk 1I.1II1652E 115 8.971338E  81 
»»9.153 l(.61892jlE   (11 8,62«681E   81 

1(112.1191 .I.568963E   111 8,S11368E 81 
1S12.211(1 V.131981E   81 8,119661E  81 
Ittt.M 8.356116E   81 8,31686Be   81 

UET.   U,ll   FUR Rl=li/F«»N 

Ri.XS   CIRCLE   F iT  RESULTS-     CIRCLE   CENTER   =     212.8772 121.8311 
RADIUS   ■     271,9851 
FIT         =         8,5591 

R(l=        1115.11197 R1IIF ■         -1,1953 

MOUEL   PARAMETERS   -        Rl   r     I(151.»lt77/FRQ 
RP  = 187,1158 

F F-l/2 Rl                     XP              CP 
I.MH 8.9982.    1917 (881     -911,2679  -8,1718E ■83 t.tllt 8.7838      1162 >1S1     -583,8918  -8,1358E ■83 
t.titit 8.1981        711 7511    -366,3519 -8,187IE ■13 *,tw 8.3532       156 »781     -227,8551  -»,I711E «1 111.112111 8.3158       319 7318     -193,5511  -8.82881: ■81 

it.itii 8.2231        211 9586     -119.6719  -I.6621E 81 
m.ibm, 8.15711       168 1621       -72.2838  -8.5189E 81 
a«.>15] 8.1111      181 3181       -12.1112   -8,1657E H 

lUK.IVlü 8.8998         86 1976       -35.5226  -I.1163E. H 
21(1.11129 8.8781        17 6977      -21.5789 -8.3836E •1 
11(2.5711 8.819«          23 3962        -12.2381   -8.32336- 111 
10I9.J525 8.8351         18 5631          -7.9871   -8.21626- 81 

11(12,1(911 8.8311            8 3119         -:.2369 -I.2171E. 81 
1512.2a7ti 8.8257            5 6183         -0.9755  -8.1S89E- 81 
2|l29.52l>V 8.8221             1 1389         -6.727«  -8.U60E-81 
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Table 6-15. Computer Output for Electric and Dielectric Data of 
Basalt Sample K1 Pretreated in 5% NaOH for 23 Hours 

ENTER   N&.AOD PUT  HH   UP   FOR   ELECTRODE  CORRECTION 

Kl   »m/71   5PC 

-  I.HI 

t.»ii 
».».IV 

it.til 
2». US 

"     WaMI 
»».as?' 

it».*»! 
Ul.itli 
»DJ. 57li 
«IIS.»«4 

'    RS 
-157,19}« 
-US.HIliil 
-itl.Wi 
22.2221) 
}l>.79]ii 
5a.52bS 
ii./UU 

■    3I1.75'«> 
}i.um 
H.51(35 

7.91(115 

3.3592 
2.«229 

XI 
U2.3<(lb 
125,<(922 
12li.'.«5J 
»«.1223 
7}.13i(S 
2i.9iab 
.-'(.2177 

-211.5961, 
-22.SD1I, 
-19.1(9116 
-13.1213 
-'.6il(M 
-6.2931 
-■(.«5«« 
-3.1213 

ADD.     |,«3916 PHASI AND AMPLITUDE  CORRECTED 

RAOO 
-6.1557 

«.»7|I2 
1.41(01 
2.2919 
2.1«16 
1.517S 
1.2212 
«.61(78 
«.3m 
«.1675 

«.1437 
«.1315 
>M1«5 

XAOO 
4.«»77 
4.9143 
4,7112 
),45«9 
2.1639 
1.1325 

-«.1652 
-«.««66 
-«.8812 
-«.7633 
-«.5138 
-«.297« 

-«.2464 
-«.1589 
-«.1222 

PHI 
146,9445 
132.«335 
119.«Ill 
75,1519 
63,2913 
26.2964 
-4,3297 

-27,9117 
-3S,639,3 
-49,6791 
-58.7979 
-61.6283 

-59.7629 
-5«.SS16 
-47.8771 

RS.XS   CIRCiE   FIT  RESULTS- 

2 
U7.573J. 
161.9295 
127.4297 
91.1113 
81.8681 
65.2812 
55.1714 
43.8911 
31.(331 
25.565« 
15.341« 
8.7214 

7.2845 
5.3616 
4.3114 

K«=      1716.2319 

MuUtL   PARAMETERS 

CIRCLE CENTER  .    «73.9I71   l«9«,968l 
RADIUS   =   137«,3«42 
FIT = 2,4599 

1"F= 31,5823 

5S38.2773/FR0 
1684,6497 . . 

I1.672««E   1«   UHM-CM 

CP=   |l,469i7«E-«5 

TAU=     12.i)J616l1SEC 

ZAOD 
7,3454 
6.6153 
4.1911 
3.9119 
3.216« 
3.9564 
2.1)79 
1.7111 
1.1115 
1,1111 
I.III! 
«.3419 

«.2153 
»,2«63 
«.164« 

.'1 

6 
ij 

:i 
Ü 

0 
a 

FKU 
1,««4 
2,«»9 
4,,121 
"   «i» 

2u.lb9 

«>.2}7 
l«i.4«2 
2)11.6U 
'OI2.57Ü 
»«5.«»9 

1««7.326 
1515.151 
Uit.it» 

EP 
«.929929E «3 
».«54565E «3 
«.765252E «3 
«.605638E ti 

».Itliilit «3 
».5277a3£ «3 
«.429323E «3 
«.341631E «3 
u.ilüUBt «3 
«.246486E «3 
|I.1916«5E »3 
|I.149«9«E «3 
«.137641E «3 
«.119295E «3 
«.1I17933E   «3 

E>l-ll«l,««794 

EPP 
«.14a«l3E «3 
«,169344E «3 
«,ia6274E «3 
«,196123E «3 

«,1979751: «3 
«,19553«E «] 
«,1«4923E «3 
«.16755IE «3 
«.16«91«E «3 
«.13aS59E «3 
«.I15B27E «3 
«.943166!^ «2 
«.a794«IE «2 
.769376E «2 
«.696751E   «2 

EINF=    21,74922 

UET.   b.K   FUR   lilsU/FitliN 
J 

RS.Xi   CIRCLE   FIT  REiULTS-     CIRCLE   CENTER   = 
89,7714 35.8734 

RADIUS = 95,9456 "•"" 
"T I' 1,1J76 

■»n ITST^Tlr 

IkJUtL  PARAMETERS   -       R 
R 

F F-l/2 
l.ll*« >l.99»i 
2.MI7 «.7«5U 
4.«212. «,49o; 
».«295 11,3529 

1«.»422 «,3156 
2«.1694 «.2227 
4«.2253 «.1577 
««.256« «.1116 

1««.4«16 ll.«99« 
2«1.1,129 
4«2.5764 l'.«49a 
«115,>«9« 

1««7,3262 «.«315 
1515,1514 «.«256 
2«29.52«« «.«221 

Rl   ■   16416.9453/FHQ 
177.9736 

Rl XP CP 

K=   »,4«223E   «4   N=   «.73464E   «« ■wwtWlHl STüp nSUäimBm 

iii't.Un   -1195.5615  -«.i326E-«3 
2)39.«452     -86«.5«85   -SUllll.S' 

-586.446»   -«.6749E-«4 
-379.»4J1   -B.5218E-«4 
-327,52«J   -«.^ISäE-nl, 
-212.9669   -«.37«5E-«4 
-133.6835   -«.296«E-«4 
-81.2527   -«.2441E-«4 
-67.595«   -«.2345E-«4 
-38.3949   -«.2«5tE-«4 
-21.5471  -«.1835E-«4 
-12.««24   -«.1647E-84 
-9.9496  -«,158aE-«4 
-7,4479   -«,141«E-«4 
-5.9746   -«.13I3E-«4 

15«3.1«24 
J75.35«5 
»24,uy«(, 
473.«91» 
3««.5551 
2«3.5284 
176.5287 
1«9.5««} 
62.618» 
3«.59«5 
23.4178 
13,3512 
9,««77 

u 
.1 

1 
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Computer Output for Electric and Dielectric Data of 
Basalt Sample K2 Pretreated in 5% NaOH for 23 Hours 

ENTEK   Nb.AuU PUT  iSWl   UP   FUK   ELECTKOOE  CÜRBECT10N 

Kl   'i/ii/ll   5PC 

PgU 

2.1117 
t.Hi'J 

U.tfi. 
it.Ill 

'm.-iii 

m.iti 

»ui.iiua 
itil.iii, 
nn.ttt 

-5».075» 57,51117 
-^ü.yfcibi 63.1«87 

•i.ifil 5'i.6287 
35.87*2 31.8358 
^V.itiVZ 23,9611 
'ti.ajib 2,6133 

3i.91117 -11,8715 
23.7951 -17.168* 
19.l>2|ll -16,9979 
l*.»i\1 -13,3597 5.«ma -8,632» 
2.7789 -'',9539 
2,4226 -■t.885'1 
2.1869 -2.6*22 
1.8<l2il -2.1(6(1) 

t.Hl»i> PHASE 

RAOD XAOD 
-3.6285 3,5565 
-1.6639 3,9(26 
II.571S 3,3782 
2.22*6 1,9687 
i.V)il i,*ai8 
2,6736 «,1616 

2,22(2 -(,73*1 
1,*715 -1,»617 
1.2133 -1,(512 
1,62(3 -«.8262 
«,3(99 -»,533« 
«,1718 -«,3«6* 
(,1*98 -(.2526 
(,1352. -(.163* 
«,1139 -»,127* 

PHASE  AND AMPLITUDE   CORRECTED 

PHI 
135,58*1 
113.«991 
8«,*«3S 
»LSI«? 
3».7565 
3.*593 

-18.2987 
-35.8131 
-»».9»71 
-5S,1»21 
-59,8695 
-6«,71*7 
-59,3365 
-5»,3196 
-*8,2»71 

82,1599 
(.8.6(5» 

55,*»5» 
*8,»381 
'^  «579 
u  ,3136 

37,8135 
29,3*33 
25,9592 
16.7(66 
9,9111 
5.68«! 
*,7*97 
3.'.208 
3.7637 

ZAOD 
S.«8«8 
*.3*25 

3.*363 
2.97»7 
3,8977 
3,6785 

3.338* 
1,S1*S 
1,6«53 
l.»331 
»,6173 
».3513 
»,3937 
»,3131 
»,17»9 

RS,XS   CIRCLE  FIT  RESULTS-     CIRCLE   CENTER = 292,*»*6     3»1692» 
RADIUS ■ *(7,356» 
FIT = *,728« 

*»*       566,1212 RINFs 18,688( 

MUDtL   PARAMETERS   -       Rl   = 
RP   = 

KHU   =  >I,35«»9E   IB   ÜHM-CH 

CP=  Il,831733t-)I5 

TAU=        6.77o22MStC 

56!j5.1*«*/FRq 
5*7.*i32 

FKy 
1.11(3 
2.1II7 
*.>/29 
%,M 

1».II Ii2 
28.129 
*(.225 
811,257 

1(11,7(5 
2(1,3*2 
*Ul,928 
8(5,(('J 

1(87,326 
1512,288 
2«18,3*9 

EP 
(,5t)5852C (3 
li,531279E (3 
(,*87812E (3 
(.*35*13E «3 
ll.*173*SE (3 
(.356(67E (3 
«.29*257E (3 
(.236368E 113 
1I.21885U (3 
1I,171212E (3 
1I,132973E (3 
ll,l(3339E »3 
(,95*363E (2 
ll,B291*SE (2 
11,7528286   (2, 

l»a 662,5*l^>5 

EPP 
11.7(58286 (2 
(.867885E (2 
11.1V2378E (3 
«,I15129E (3 
(,1181**E (3 
«.123*7*E (3 
(.121*26E (3 
(,112613E (3 
»■1«85*8E (3 
«.938731E (2 
II.777892E (2 
«.6221(«E (2 
«.575296E «2 
«.*961(9E (2 
ll,***619E (2, 

EINF:    21,87(85 

»,H   FUK   Rl=|,/F««N 

RS.Xb   CIRCLE   FIT  REbULTS- 

R»=        2il4,l.),66 

MUliEL  PARAHtTtRb   - 

CIRCLE CENTER = 
RADIUS i 
FIT = 

1*8,3(77 
159,882* 

1,3765 

62.1715 

1.(1127 
2.«173 
*.«293 
d.B.ll 

l(,l>l'2i, 
2il,1288 
*(,2253 
8K.2568 

1((.7(*4 
21.1.3*23 
(1.9293 
8(5.((9( 

l((7,32li2 
1512.2876 
2(18.3*86 

1«=   1I.29328E   11*   N=   lJ.;3*6vE   uu 
»UUItlllCIMUUIt    iTu^    ICllllHMKXKJtM!! 

Rl   =   11225.91(2/FRU 
RP   =        29*.5987 

XH 
-98(.71*1 
-671,1392 
-*39.7712 
-279.*6*3 
-2*(.322« 
-152.(536 
-9*.1823 
-55.8*6( 
-*6.*138 
-26.85*1 

-15.(*85  • 
-8.2768 
-6.7862 
-*.8815 
-3.76*9 

(.9986 2(29.2983 
(.711*1 1877.2(17 
(.*982 1(65.82*7 
(,352b t»*2.1(9( 
(,3162 539.8(2* 
(,2229 313.6195 
(,1577 2(6.6(*9 
(,1116 139.6*87 
(.(996 12(.7985 
(.li7(* 76.*(19 

(.(*98 **.S3(* 
8.11352 22.9938 
(.(315 17.711« 
8.(257 1(.9527 
(.11222 7.1653 

-u.ibiat-ns 
-(.117bE-(3 
-ll.8982E-(* 
-ll.7(79E-(* 
-(,6621E-(* 
-(.52((E-(* 
-»,*2»1E-»* 
-».35S1E-«* 
-(.3*»5E-«* 
-«.29**E-(* 
ll.2631E-(* 
-(.2389E-(* 
-».232aE-»* 
-(.2156E-»* 
-«.2(95E-«* 
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Table 6-17.    Computer Output for Electric and Dielectric Data of 
Basalt Sample K4 Pretreated in 5% NaOH for 23 Hours 

tNTLK   NbtAUÜ PUT   SüMl   UP FUK  ELECTROUE CORRECTION 
>ll«.12]17 

Kl S/Jll/71   SPC AUOs 11.12317 PHA6E ANC AMPLITUDE CORRECTED 

FKM M xs RAOD XAOD PHI ZAOO uiui -u.iau'j 2i,11777 -1.3779 3.1871 113.3871 28.1923 3,1721 
■i.tli II.'«II92 21.Hill «.7891 3.»597 75.5183 25.6516 3.1599 
t.tii ^W.&ltlV 17.bill} 2.53119 2.1679 1».5859 27.»561 3.3325 
a.«ill il/.'.u-J i.tlll» 3.3828 ».7119 11.9332 28.»7»9 3.1575 

l».»I« 27.SS21 2.135« 3.3936 i.utt 5.»521 27.6598 5.1069 
H.nr il.Jo»» -5.392(1            S.lUtfl           -».6611 12.1819 21.9196 3.073» 
tt.m lU-Jllbl -9.93111 2.2518 -1.2232 -28.1811 2».8265 2.5652 H.iiu U.2b2i -111.3699 1.3872 -1.2773 -12.6109 lS.!t93 1,885b 

ItH.tHl* a.Mti -9.69711 1.1159 1.1911 -16.112» 13.3819 1.6182 
2H.»it •..»'.»'. -7.1521 ».5962 ».S8»9 -55.9119 8.6361 1.0637 
Iti.ifb 2.iUU'J -1.1766 D.Jlla» -».5511 -60.8136 5.1278 0.6316 
mt.n} I.OtM -2.5151 ».1719 -».3135 -6».8551 2.9115 0.3590 

ittl.llit 1.259<< -J.K973 ».1551 -».2583 -59.»199 2.1163 0.3013 
IMS. 151 1.12211 -1.35611 ».1383 -».167» 58.3769 1,7686 0.2168 
Ufitin ll. 91111 -i.tmi ».1168 -».1318 -18.1675 1.1296 0.1761 

HtM   CIRCLE FIT   RESUUTS- CIRCLE CENTER 
RADIUS 
FIT 

*       U.6»66 
- 17.82»5 
- 19.1951 

9.9»S8 

MN          !••♦«#*                         RINFi          -1.21171 

MUUEL   PAKAHETERS   -        Kl   = 711(9. 57m/FR« 
KP   = 29.6275 

u 
D 
0 
Q 

0 

».31310E   fei9   OHM-CM 

CPs   ».115»7|>E-»1 

TAU=        ».llnUMStC 

na 
1,»»7 
2,»12 
1.P25 
8.1136 

1».»11 
2».137 
1».29» 
80,386 

1»».6»1 
281.881 
1»2.576 
8»9.353 

1»11.»3» 
1515.151 
2»33,272. 

EP 
-»,873521E »2 
-».862195E »2 
-».815712E »2 
-».828661E »2 
-».818223E ill 
-».768158E »2 
-»,7»8391E »2 
-»,627611E »2 
-».596619E »3 
-»,18732»E »2 
-».366619E »2 
-•.215302E »2 
-».2»9»72e »2 

'».11791»E »2 
-».1»7931E   »2 

UET.   litU   FUR   K1=WF>"<N 

hi.Xi   CIRCLE   FIT   RE5ULT5- 

E»= -89.12865 

EPP 
-».2»1368E » 
-».31»251E » 
-».167185E » 
-».691610E 0 
-l).7862»9E » 
-».113713E » 
-».158313E » 
-».208285E » 
-».221095E » 
-».261091E » 
-».278393E » 
-».26»175E » 
-».218915E t 

-».323268E »2 
-»,2»2369E »2 

IRCLE CENTER 
RA0IU6 
FIT 

EINF:      11,8»^7» 

158.6180 
173.7291 

».5196 

 m lU-Jtkj-L-  !UJ4t,= JUUIlt«.  

MUUEL   PARAMETERS Rl   =     71»8.2»51/FRg 
RP =       317.1515 

F 
l.»»73 
2.»122 
1.»218 
8.»36» 

1>.»112 
2».1)69 
1».29»1 
8».3859 

1»».6»)6 
2»1.8112 
1»2,5761 
869.3525 

1811.8295 
1515,1511 
2»53,372» 

F-l/2 
K.9961 
».7»i» 
0.1985 

».3538 
0.3155 

».2228 
».1575 
0.1115 
«.0997 
•.»7»3 
0.11198 
».0)51 
».»311 
».0256 
0.0221 

Rl 
1596.2)19 
11)1.0651 
687.1»)» 

118.7105 
159.5662 

217.9)98 
112.2257 
92.1638 
79,2181 
16,8057 
21,9922 
11,5311 
8,7587 
5.»»19 
5,6858 

XP 
-715.8191 
-178,89)8 
-]»6.6371 

-192.»291   - 
-161.6852 

-182.5693   • 
-b2.)217 

-36.9969  ■ 
-3».7579 
-17.6121 
-10.0818 
-5.8776 
-1.9381 
-3.8578 
-).)679 

CP 
-0,22»7E-») 
-0.1652E-0) 
-0.1290E-0) 
0.1031E-03 
-0.9622E-01 
0.7721E-01 
-».6)39f-»1 
0,5352E-01 
-0,5111E-01 
-».1169E-01 
-0.59216-01 
-0.))16E-01 
-».)188E-01 
-0.272)E-01 
-0.2)21E-»1 

bs   0.21591E   »1   Ns   ».778796   »» 
lIUUKtlHKHMMM    ^TUP    XMXKHUIIllUi:» 
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Computer Output for Electric and Dielectric Data of 
Basalt Sample Kj Pretreated in 10% NaOH for 23 Hours 

ENTEK   NS.AOD 
411*.«391(1 

PUT SSW1  UP FOR  ELECTRODe CORRECTION 

Kl  9mm   UPC ROD'     «.IJ9It PHASE AND ANPLITUDE CORRECTED 

Fkg 
i.HHf 
l.»H 

«.Ulli 
l».»S» 
211.15] 
It.JiU 
»t.iil 

U».I>»1. 
■iti.lib 

»»6.'»3 
imis.'ia't 

31129.52« 

M 
59.'•«52. 
11.59111 
tO.IJliJ 
5li.5bt« 
5».22*2 
i«.»*«] 
55.6«6« 
ID.i-.}» 
33.J7S2 
17.«2*5 
».1538 
t.em 
3.«371 
J.22bl 
2.9661 

XS 
li.95«6 

ia.l«95 
21.7561 
16.712« 
13.5717 
«.«1«2 

-15.91JJ 
-25.3615 
-25.««68 
-21.6913 
-11.1121 
-7.8561 
-6.5216 
2.6155 

-3.161)8 

RAOD 
2,3291 
1.629« 
1.8183 
2.2152 
2.21«! 
2.3167 
2.1775 
1.5877 
1.3«69 
«.6667 
1.3193 
».1815 
«.15«3 
«.1263 
«.1162 

XAOD 
«.2722 
«.7«92 
«.852« 
«.6511 
«.5315 
«.«11) 

-«.6232 
-«.9933 
-l.«l«6 
-«.«191 
-«.5526 
-«.3»77 
-«.2555 
«.1«36 

-«.1231 

PHI 
6,6651 

23.5272 
2S.U77 
16,159« 
II.Uli 
1.1378 

-15,9713 
-32.1327 
-37.7168 
-11.8757 
-59.9162 
-59.16M 
-59.512» 
39.3558 

-16.8255 

Z 
59.«199 
15.3693 
il.2762 
»i.MIt 
59.7891 
6«.9113 
57.«383 
17.1215 
12.1172 
17.I7J» 
16.2986 
9.1119 
7.5691 
1.1722 
1.3315 

■  » :v ■• 

2.3155 
1.7767 
2.Uli 
••*ni' 
I.>»II 
t.ftif 
2.2419 
1.172« 
1.6521 

i:RK 
i.iirt 
1.1911 
1.1691 
1.1697 

"  ' 

RS.XS   CIRCLE   FIT  KE5ULTS- 

R«= 59.598« 

HUDEL  PARAMETERS 

CIRCLE CENTER • 
RADIUS = 
FIT a 

RINFs 1.2991 

Rl  -216337.6«75/FRq 
KP  • 55.«986 

51.818 7 
27.5527 

«.«811 

-1.1295 

UHU   ■   «.2326«E   «9   UHH-CM 

CF=  «.7776«lE-«5 

TAU*        «.12«S«MiEC 

FRU 
1.««» 
2.«1« 
1.«18 
8.«26 

1«.«58 
2«.153 
1«.258 
81.357 

1«».1«2 
2«3.156 
1«3.877 
««6.152. 

1««5.1«1 
151«.«27 
3«19.52« 

EP 
«.28682«E »3 
«,3«6«68E «3 
«,2«1595E «3 
«,281721E «3 
«,28«397E «3 
«,27317«E «3 
«.26«97«E «3 
«.239588E «3 
«.23«255E «3 
«.19;i95E «3 
«.11867U «3 
«.1«537S( «3 
«.93295'E «2 
«.738151E «2 
«.626737E  «2 

U- 287.57928 

EPP 
«.761711E «« 
«,151966E «1 
«,3«16]1E «1 
«.597985E «1 
«,717112E «1 
«,lla25«E «2 
«,29«966E «2 
«,55167SE «2 
«,671112E «2 
«.11«9«5E «3 
«.13I871E «3 
«.1««658E «3 
«.a617«lE 13 
«.6189366 «2 
I.177163E «2 

EINFs     21.81576 

UET.   G.N  FUK   R1=S/F""N 

KS.Xi   CIRCLE   FIT RESULTS- CIRCLE CENTER 
RADIUS 
FIT 

75.9631 
88.176« 

1.6198 

12.1923 

«g«       153.1117 

MUUEL   PAKAM6TEK$ Rl   =   1316«.5«59/FRa 
RP  «       151.295« 

2.««97 
1.«177 
«.«257 

1«.«S83 
2«.1532. 
K.2576 
««.2568 

1««.1«16 
2«2.1561 
1«3.«772 
««6.1517 

i««5.iaii 
151«.«369 
3139.52«« 

-1/2 
.9999 
.7«S1 
.1989 
.353« 
.3153 
.2238 
.1576 

«.1116 
«.«99« 
«.«7«3 
«,«197 
«,«352 
«,«315 
ll,«256 
«,«331 

Rl 
3   il,3«7b 
»61.3122 

1«51.19«7 
667.6«63 
583.9377 
358.512« 
217.5273 
169.1396 
115.6837 
9«.71«1 
• 3.«171 
23.8151 
W.917a 
11.5225 
8.3a3« 

XP 
1151,9121 
-838,9255 
-575,8958 
-371.6151 
-322.9716 
-31k 9«11 
-131.5««« 
-13.7593 
-6«.9«32 
-99.898« 
-23.1757 
-ii.«a«6 
-12.1738 
-U.3371 
-9.671« 

CP 
-«.13aiE-«3 
-«.911«E-«1 
-«.69I3E-I1 
-I.5291E-I1 
-«.ia99E-«1 
-l.3715E-«1 
-«.2939E-«1 
-l.2]96E-«1 
-I.23I1E-I1 
-I.1973E-I1 
-«.17(IE-«1 
-«.11«2E-«1 
-«.13«|E-«1 
-l.i«iie-|i 
-«.81I9E-I5 

«•  «.333356  «1  II-   e.lih,/     if 
uuMKHNttitiiit.t   ^T(jf   ;!;;»:.;(;;;i :;,   , 
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Table 6-19. Computer Output for Electrir an* r>-  , 
Baaalt sample K2 ^SÄ W^^JJ^ 

ENU«   NS.AOO 
PUT  HU   UP »N  MMMN   C0BRECT10N 

"   9/21(/7X   UPC 

Fkg 
l.mlll 
2.Hill 

'.Uli 

2M.1>|J 

it*, im 
iH. HI, 
'•»3,2211 
'«7.JI99 

151«.>27 
'tU7.tS7 

AOO=    f.mit 
M 

l>.212« 
1J.2251 
21.2S7S 
li.a/r 
33.911] 
3II.S922 
32.I>11J 
23.292« 
19.Slili9 
1II.328S 

2.S11S3 
2.K79J 
i.9«9a 

xs 
13.<llll 
17.'«362 
19.1SSS 
ii.igna 
U.773|l 

•1.11352 
-i1.96(>l 
-15.1233 
-12.6937 
-a.3981 
-'•.»»IIS 
-3.9931 
-2.7913 
-1.931(1 

PHASE  AND  AMPLITUDE   COIWECTEO 
RAOD 
».38112 
«.8178 
1.311(8 
1.9JI.8 
2.«983 
2.2629 
2.«187 
I. mil 
1.2113 
».6387 
«.32S« 
4.1862 
1.1552 
1.1286 
■.123« 

XAOD 
«.8298 
l.«783 
1.181)8 
«.8837 
«.6862 «.«««<( 

-«.6«76 
-«.9255 
-«.9352 
-«.7851 
-«.5193 
-«.2971 
-«.2ii69 
-«.1726 
-«.1191 

"6/XS   CIKCLE   FIT   KESULT5- 

PHI 
65.16«! 
52.82112 
'•2,«262 
2I>.SS«5 
17.6158 
«.«1«3 

-16.7677 
-32.721.11 
-37.67*9 
-5«.8695 
-57.9635 
-57.93(8 
-57.8589 
-53.3202 
-im. iint7 

2 
I*.7866 
21.asm. 
28.6152 
3lt.39»9 
35.6««ii 
36.5922 
3li.«59i| 
27.6865 
2ll.7li59 
16.36118 
9.9«73 
5.6697 
11.7161 
3.1.886 
2.7727 

««- 36.1.1.»» 

HUOEL   PARAMETtKS 

CIRCLE CENTER 
RADIUS 
FIT 

2AOD 
l.91i)i. 
1.3533 
1.7696 
2.1271 
2.2)15 
2.2829 
2.1162 
1.7121 
1.53.13 
I.«12« 
«.6127 
t.sm 
«.2916 
8.2152 
«.1715 

RINF: 

19.171)7 
17.3571. 

1.61.08 

1.9093 

Rl   "  33088.8125/FHQ 
Rp  = 31..5307 

RMU   =   ».22535E   VJ   UMM-CM 

CP« 0.31i.l,63E-»l. 

TAU=        l.»9235MSEC 

Fky 
l.VVtl 
2.>I2<. 
I.Hill 

8.1133 
'J.fiv 

20.11)5 
1)».290 
80.386 

100.1)02 
202.Ub 
<)03.22b 
807.8^9 

1011.030 
1518.027 
2037.037 

tP 
0.1030081: ul 
0.1))2757t 01) 
0.101208E »1) 

0.983713E 03 
0.9706231. »3 
0.911081)E 03 
0.816773E »3 
0.681.589E 03 
0.635605E 03 
«.,)7i)6«6E 03 
0.3303it0E 03 
0.220820E 03 
0.193625E 03 
«.15i)113E 03 
«.13201I1E   03 

£0 = 101)5.3671)3 

EPP 
0.9358i)l)E 01 
».180500E 02 
».31)11)9SE 02 

0.61I5306E 02 
0.7ai.958t 02 
0.1i)6728E 03 
«.257235E 03 
8.390601)8 03 
0.1)2321)6E 03 
0.1)28390E 03 
0.309787E 03 
0.183730E 03 
0.1520S1.E 03 
«.186S07E 03 
».8177I9E  02 

EINF=     5«.77335 

DET.   ü,u  Fük  K1=Ü/F)1»N 

RS.XS   CIRCLE   FIT  RESULTS- CIRCLE   CENTER   = 
RADIUS   • 

FIT = 

fe- Wtttu mt h,7j.u. 

RP : ^UM"*9 

62.9858 
61).1)233 
i).8657 

HUUEL  PAHAMETERS 

{•Hill 
2.021)5 
'•.0238 
8.0331. 
9.9900 

20.11)3» 
1)0.2901 
80.3859 

10».1)016 
202.1361) 
'•03.2258 
807.899>< 

1011.0295 
1518.0289 
2037.0371 

F-l/2 
».9999 
0.7«28 
0.1)985 
0.3528 
0.3181) 
0.2228 
0.1575 
0.1115 
0.0998 
0.07«3 
0.01)98 
0.0351 
0.031i< 
0.0256 
0.0221 

RI 
»6».«05; 

2263.1558 
1'>B2.1)895 

737.1)973 
651.9906 
338.7012 
202.8832. 
130.2266 
110.1131. 

70.8751 
13.6931) 
28.8172 
22.7199 
11.9810 
10.6717 

•!  0.23139t   01   N=   0.O895JE   J0 

XP 
-670.1590 
-196.1219 
-338.2380 
-220.3851 
-192.0236 
-123.1810 
-77.3613 
-16.8650 
-39.6153 
-23.0775 
-13.0773 
-7.0727 
-5.7318 
-3.9569 
-2.8797 

CP 

-0.2371E-03 
-«.158SE-03 
-0.1169E-03 
-«.8990E-01 
-0.8297E-01 
-0.6398E-01 
-0.5106E-01 
-0.1225E-01 
-0.10»2E-01 
-«.3112E-01 
-«.3«1SE-01 
-0.2785E-01 
-0.2716E-01 
-«.265«E-«1 
-».2713E-01 
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Table 6-20.    Computer Output for Electric and Dielectric Data of 
Basalt Sample K4 Pretreated in 10% NaOH for 23 Hours 

i 

ENTER   Ni.AÜP 
»VI.12317 PUT   tm   UP  FOR   ELECTRODE   CORRECTION 

M   H/2V/71   IKPC 

FRO 
l.Htll 
2.»lb 
*.»J2 
'.»39 

1H.Uli 
I».129 
'•».231 
»».313 

1»».3»3 
2|l.lil3 
'•»2.37l> 
»»7.»99 

1»11.»]» 
152»,913 
2»22.tl39 

RS 
-9.9H73 

7.13bt> 
13.7»39 
13.»»31 
17.3312 
15.2932 
lll.bl.W 
•i.W» 
'•.99»'. 

1.S1J1 
1.292ii 
l.»391 
l.B'.lit. 

xs 
1».622» 
11.2(>a3 
n.939t 
li.7»1'J 
6.31)»] 

-».»«3» 
-lt.7«33 
-7.1J9» 
-7.»1.32 
-3.9232 
-3.9796 
-2.3123 

-1.3612 
-».939» 

AOD=     ».12317 

RAOD 
-1.2252 
II.»'.23 
».»813 
1.6179 
1.9<>61 
2.16»2 
1.1139 
1.3132 
1.1217 
».6117 
».]3»6 
».19»1 
».1392 
ll.Ulil 
».1219 

PHASE AND  AMPLITUDE  CORRECTED 

XAOO PHI 
UlliJ 133.1316 
1-3179 11,2373 
1.17« 39.»631 
l.«J22 32,1263 
».7819 21.1815 

-».»»53 -1.1131 
-».3892 -17.3673 
-».1791 -33.1111 
-».1675 -37.5183 
-».7296 -19.1188 
-|l.19»2 -36.«31 
-».2813 -56.6267 
-».21»1 -36.1578 
-».1677 -52.1181 
-B.1157 -11.199» 

RS,«S CIRCLE FIT RESULTS- CIRCLE CENTER 
.RADIUS 
FIT 

"»=        37.1115 

MODEL   PARAMETERS 

RINF = 6.1»27 

«1  •     2733.7539'FRg 
«P ■ 31.»831 

RHÜ   =   ».16175E   »9  OMH-CM 

CP>   ».2»3112E-»1 

TAU-        1.71713MSEC 

Z 
11.5527 
11.2733 
13.92»» 
16.2319 
17.»327 
17,5383 
16,»257 
12.8313 
11.5578 
7,7152 
1.8«»] 
2.l»19 
2.339» 
1,7217 
1.1»61 

FRu 
l.»»l 
2.»16 
1.»32 
l.»39 

1».»12 
2»,129 
1»,251 
»».515 

1»».S»3 
2»1,61] 
1»2.376 
■»7.^99 

1»11.»]» 
152»,913 
2»22,»59 

EP 
».2»9115E »3 
».2»2122E »3 
»,193723E »3 
•.111118E »3 
».11»177E »3 
».169867E »3 
».138lit6E »] 
».11S829E »3 
».111871E »3 
»,129531E »3 
».117717E »3 
».1»6395E »3 
».l»322le »] 
».97]8»»E »2 
».933395E  »2 

21.9156 
12.»321 
11.1151 

E»=  211.61591 

EPP 
».111887E »2 
».157»11E »2 
».1612»1E »2 
».177153E »2 
».11»S88E »2 
».1877»5E »2 
»■192376E «2 
».191361E »2 
».191111E »2 
».192691E »2 
».18129»E »2 
»■111381E »2 
».178697t »2 
».173216E »2 
».169162E  »2 

E1NF=     11.71333 

ZAOD 
1.7925 
1.3186 
1.7113 
1.9997 
2.»979 
2.16»2 
1,9739 
1.38»3 
1.1236 
»,931» 
»,3912 
»,3135 
»,2881 
»,2121 
».1732, 

UET,   larU  FOR  Kl=ü/f-!'«H 

RS.XS   CIRCLE   FIT  RESULTS- 

153.1»27 

MODEL PARAMETERS 

1,»»1» 
2,»11.2 
1.»3U 
l.»]86 

1».»122 
2».1281 
1».2376 
»•.5153 

1»».5»25 
'»1.6129 
1»2.5761 
■»7.1991 

1»11.»295 
152».9126 
2»22.»391 

CIRCLE   CENTER   ■ 
RADIUS   ■ 
FIT = 

76.9615 
12.261] 

».8112 

3».1»73 

Rl 
RP 

F-l/2 
»,9993 
».7»«] 
»,19»» 
».3327 
»,3156 
«,2229 
»,1576 
».Uli 
».»997 
»,»7»1 
.»198 
».»351 
».»311 
».»236 
».»222 

6763.5859/FRO 
152.8761 

Rl 
1279.7668 
9a),9623 
679,1182 
111.5693 
317.7717 
199.3332 
129.12»! 
13.8157 
72.778» 
11.527» 

23.1113 
12.9189 
9.9692 
5.9»26 
1.1381 

0'  ».1831»E   »1   N=   ».71191E   »» 
""««'"•"««"»   STOP  ««MBWWMMW 

XP 
-57».9118 
-388.»86» 
-256.117) 
-163.1936 
-11».3596 
-87.6288 
-53.9)99 
-)2.3»13 
-26.9»71 
-15.5119 
-8.7177  - 
-1.1618 
-1.B292 
-2.9726 
-2,2127 

CP 
-».2715E-»3 
-».2»)1e-»] 
-».151»-») 
-».121)1-») 
-».112le-»] 
-».9»2)E'-»1 
-».7)29E-»1 
-».611II-«1 
-».5iUI-»1 
-».5»66£-»1 
'».1199E-»1 
-».i»)»e-»i 
-•.]9»7E-»1 
-».]S2«e-«i 
-».J557t-»1 
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Figure 6-5.    Variation of Impedivity with Frequency for the Basalt 
Samples after 23-hour Pretreatment in 1% NaOH 

BASALT 
>5    SOLUTION 

2 OF NAOH 

' 10 2<> 50 100        ?00 500        1000 

Figure 6-6.    Variation of Impedivity with Frequency for Basalt 
Samples Following a 23-hour Pretreatment in 5% NaOH 
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1 BASALT 
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10        , 20 50 100        200 500       HOOO 

((Hz) 

Figure 6-7.    Variation of Impediv'ity with Frequency for 
Basalt Samples Following a 2 3-hour Pre- 
treatment in 10% NaOH 
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Th|e effect of sodium1 hydroxide concentration on the impeditivity at 1 Hz for 

the three basaltic rocks is shown by the data in Table 6-21. 

The plot of impeditivity against the qoncentration,  c, of sodium hydroxide 

in the pretreating solution is shown in Figure 6-8.   Apparently, impeditivity 

decreases exponentially with the electrolyte concentration following an 

equation of the form ■ 

u 
u 

?  • ?oe 
-\c 

Table 6-21. .Effect, of Pretreatment in NaOH for 23 Hours 

1 
Cone, of NaOH 

Impeditivity at 
1 Hz,  Megohm cm 

Ki K2 K4 

0 

i         1       i 

.5 

10 

n.o 
7.0 

7.4 

2.4 

19.0 

9.0 

5.0 

0.9 

27.0 

16.5 

3.5 

1.8 

u 

The plots of log § against c for the three basalt cylindrical rocks are shown 

in Figure 6-9.    The slopes of the lines in thia figure allow a determination 

of the constant \ for each cylindrical rock.    Table 6-22 gives these straight- 

line parameters. 

It is interesting to note from these   limited number of data points that the 

coefficient X decreases linearly with increasing rock length,  providing that the 

rocks are of the same Cross sectipnal area.    The variation of X with d is 
! shown in Figure 6-10 and indicates a significant dependence of the rock 

impeditivity decay constant due to electrolyte impregnation with the length 

o| the rock samples. - 
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4 S 6 7 

PERCENTAGE OF SODIUM HYDROXIDE (C) 

Figure 6-8.   Variation of Impedivity with Sodium Hydroxide 
Concentration in the Pretreating Solution 
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2.5 M 7.S 
PEÄCtNTACt Of SODIUM MYOftOXIOE (C) 

10 

—*■ föWsÄ^Ä^^?^--- 

0.12 

0.08 

0.04 

•*      0.40       O.SO 
Mi       0.70      0.80       0.90       10 

LENGTH OF B4S4LT CrLINOER, CM 

Figure 6-10.    Variation of Parameter \ wi 
ith Pock Thickness 
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Table 6-22.   Exponential Decrease of Impeditivity with 
Electrolyte Concentration 

Length of Rock 
Cylinder, d,  cm §o(megohm)(ei^) \(ml. gm    ) 

0.956 

0.605 

0.304 

11 

19 

27 

0.07 

0. 13 

0. 18 

EFFECT OF WATER SOAKING ON QUARTZ 
ELECTRIC PARAMETERS 

Three quartz (II) disc samples were cut from one cylinder with lengths 0.31, 

0.61, ar.d 0.92 cm and are designated Ml, M2, and M3, respectively.    These 

samples had a cross sectional area over length (A/d) ratio of 0. 122, 0. 061, 

and 0.041 meter, respectively.    The samples were pretrcated in distilled 

water, once for 24 hours and another time for 75 hours.    After each pre- 

treatment, the rock was dried in an 80oC oven for two hours before the 

electrodes were applied and measurements were taken.   Computer output data 

pertaining to the untreated and water-treated quartz are shown in Tables 6-23 
to 6-31. 

The variation of the untreated quartz impeditivity with frequency is shown in 

Figure 6-11.   Following a 24-hour soak, the same quartz samples gave the 

impeditivity frequency relationships shown in Figure 6-12.    When the soaking 

time was prolonged to 75 hours, the quartz impeditivity uianged with fre- 
quency according to the curves of Figure 6-13. 
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Table 6-23.    Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample M, 

UlUH   .O.AUU PUT   i»wl   JK l-X«   KLECTRUUE CUFMECT 
MfclltH 

HI i/H/« «00« t.\2tl 

rm ■ ■ RAUO 
1.1n. l".«.///! ■im.iiii IK.WSl 

I».»!* is].«;«» -»»y.ui« I*.Hit 
**.*\,h hi.»«/* -I2k.9l<<l<l ;.iiii »».... n.i%n -177.»;;» i.nti 
tl.l»» y.»»»» -iii.iss; tl.9U7 

l»».*ii ».hi»* -;«.«i>iii t-biti 
»•».(it I i.!;»". -i*.;!»» ti.mr 

■.-..',' .j/i -U.Sib« «.••77<i 
HMtMl «.KbUS -li.VU t(.<.96J 

PHASE AHO AMPLITUOE COtRECTEO 

XAOO 
.7953 
.3>I9 
.■mi 
.6911 
.2471 
.6S9I 
.2mti 
.IJlt 
.l.'.t» 

PHI 2 ZAOD 
l»52.1|f8 126.1120 
5;9.t932 71.1371 
3J3.1132 "•.71)1 
J;«.9;;; 21.1693 m.im 17.:7U 
71.1911 a.6163 
3'..16*2 ».2723 
17.Mil 2.1262 
l'i.«97 1.7192 

HS.A!,   CIKCLE   FIT  RCiUUTS-     CIRCLE      tl.TE«   a   3<.26.636;        tK,7n<) 

kAOIUS   >   3<>13.<>72i 
PIT > t.ihtlt 

*»-     IMI.mi «INF> 1H.2173 

■ luWtL   '«KAIItTtKi   -        Kl   >^|I}«7«.|I|III/FKU 

MP   ■      >>2<>.ll37y 

HHU   «   #«MMM   11   OHH-C.M 

CP«   <.»«7»i»C-lli 

TAU-      l.7.ti»i»(l>l.C 

FKVI 

in».Hi 
HjUl.tilll 

1..   1 .OÜ 

EP 

».»•'•■llVt 
i«. ii*3if ;^fc 

(•IMMM 
».t>3i<;iiiiE 

.  . ..-1).! 

»3 
► J 

i«3 
P3 

M 

M 
«2 

EPP 
rf.9«;SS7L »3 
ll.i2i;;2E »3 
>i.<ii;;>ide »3 
j.lHl-Jl »13 
».Uj'j't J3 
F.3S2rf31E 112 
^.i/'l-olL ,. 
^.ll>ll6li3E 112 
F.113023E H 

9.11160 

UtT.    te.ll   FUM   Ml:|./F><s<l. 

»»,A>   ClKCLC   FIT   KtiOLTi- 

MUUCL   t'A«A.  LTLKi 

CIRCLE CENTER ■ *■••'(,. u Jo 7 

kAUIUS s l%tl>%m 
PIT • if.g'tj't 

Rlr(Fs 10.2173 

;l  *2i*5li;«.titiil/FRu 

8'<.;;i9 

'-»/l Kl XP CP 
■J.^Jli» 11.311.3-510«.»510  -1J3'J.((0<)8  -J.1532E-|<0 
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Table 6-24.    Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample M0 

LNTLK   itt.AuLi 
fuT   siJI   UP  fun   tLECTRUUE   CUKKtC'lüN 

H2  mtm 

KI.U 

••ll.lul 

n 

".J537 

5..J5. 

AüD.     «.«MI« p„ASE  AU0   ^PL.TUOJ   „,,„,, 

■ 
-us;.UJS» 

-U't.JIIS't 
-js.ni; 

-^^.731.3 

XAUD 

l'•.111,7 
S.33t.9 
l.<)i<<C 
»'.3 JUJ 
► .31)^1. 
t..3<7S 
^.3^19 

XAUD 
-43.2»i)9 
-'•5.7797 
-27.7771 
-11.9230 
-5.371«' 
-2.«859 
-l^ifS 
-1.K52 

PMI 
-83.512C. 
-72.167t 
-79.1299 
-»1.5562 
-86.1259 
-»'•.B2'.3 
-77.56*5 
-7'^.39I5 

1366,'•611 
781.0*5» 
■•61.1217 
197.1596 
95.9316 
'•7.3*5'. 
23.2S1<< 
l«.7*i5 

2AOD 
• 30186 
■•7.9168 
28.2852 
12.1876 

5.8S'>i< 
2.9(17 
1.^281 
1.H76 

M.«   Um*   FIT   MMU*.     CIRCLE   CENTER   .   6167.8789 
KAÜIUS   »   ul53.3<il9 
rlT       ■       J.em 

■H um.MU KiuF-     a.!^ 

NMU PMMMTM  -      Kl  =1231^.562/^ 
Kf  »   122'J3.'.25J 

WIM   =   *. 75538t   ||   üMH-OI 

CP«   l«.6««5»lt-H5 

TAU-     •i.uJ655Mi,EC 

286.3789 

e>'»7*53.J351t 

FKU 
4.976 

iH.f'tll 
•...161 

Ifti.Mtfi. 
2«2.7M3 
'•Ii2.>76 
•■i3.57i 
....... 

EIKF.      12.81089 
EP 

n.Uii'tlL «•. 
► .oiiJj'i/L il3 
»|.371>.3'«E K3 
«.iui^j/L ||3 
v.9il3v86E »i 
«.528352E ►. 
v.J333ll<.E .. 

EPP 
■I.1377<.1E 
».723779E 
>I.37^821E 
J.155naiE 
«.782269E 

>I.2II5722E 
I..1661II3E 

ttT.   {,,{,  PUK   ■.i-o/l "-i. 

W.«   CIKCtt   FIT   KtiULTS-     CIRCLE   CMlIH   .   6167.8789 
I »Llus   s   6153.38*9 

■ tl.8996 

286.5789 

KP» im«.mi K,UF.     n.im 

<K*UEL  PARAHETERi   -        R,   =12312*. 562/FRQ 
W   =   12293.".258 

F F"1/2 »1 XP 

Z9506-3007 



6-34 

Table 6-25. Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample Mo 

L  .IIK   i.k.Auu fuT   HWI   ut»   run   ttECTKOUE   COKHECTlun 

HI    l/lj/U »OU*     4,t*mt PHASE   ANB  AMPLITUDE   COrtatCTEP 

..1. Ll j 

M 

4.1.1/7« 

■ 
-U/l.JSll, 

->'>K.7#JS 

-iu.oj;„ 

-4I>. JS«4 

KAUO 
••.'..U.I 

a.iik«! 

i.uia 

•I.W/l 
•. 4'., J 
...lo^ 

XAOD 
-o5.'Jtl'J$ 
-iS.1575 
-.'1. JOJ'. 

-'j.'tyii 
-'•.SlIS!) 
-».2IW 
•l.»7H5 
-^.»•.4/ 

PMI 
-3S.9950 
-7J.SJ0S 
-79.6115 
-•2.(7>>il 
-«7.Mill 

•7«.«613 

15/7.211.3 
9117.3689 
5|t9.7292. 
23S.0irsi 
112.9911 
SS.lliil 
20.1567 
2I.>l2IG 

2AOD 
61..11605 
36.8573 
22.3291 

9.5'«59 
'..5897 
2.2387 
l.*9<9 
t.tUX 

K>,*>   CIKCLE   FIT  HtiULTi-     CIKCLt   CENTtK   .   878$.55,18     Nt.t»M 

HAblUk   •   87b>i.8<<77 
'IT « il.857'> 

llubLk   PAMAtlLTtKS 

KIUF« 25.8379 

Kl    'UllVUWU/FRU 

HP  »   1751«.«419 

KIKI   •   ,./WUJL    11   OIIII-CI1 

CP»  l>.57<>335t-i.5 

if.bltl •M IC E«<>U839.257 

foH LP tPP 
i».y>i 15)822t •i.l7»b2«E  ft 
211.161 ••..-, • .*»5H52E   tl3 
'••.1196 '•55037t ».'•55b83t  ti3 

iMaMM I999bi6 ■I.1869P2E   (13 
2tll.bl3 1|I9»19L •I.942073L   H 
••■12.5711 Ü36792L P.b79128E   ti . - -.^ ; '•>i2'.2Ut (.MM|4t  02 

iMU.UI 3557271. 0.191.'.38e   02 

IIHF«      15.96235 

UET.    j.  .   FUK   .:l -i,/( ■■•■I. 

MfM   CUCLt   FIT  REigLTS-     CIRCLE   CENTER   »   8785.5508     299.9't39 

RADIUS   '   876>(.8'<77 
'IT « 0.«57<. 

MUUEL   PARAIiETERS 

K1NF=    !5.«}79 

Kl :12o910.218/FKg 
RP « 17519.■•219 

F F-l/a        Rl Xp      Cp 
10.052)     O.315«-«35bo.»000 -1577.8872 -ll UOlE-il't 
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Table 6-2 6,    Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample M,  Following a 24-Hour 
Water Soak 1 

■MM uk.tuu     nj WM jr run (LUT«uit cuuccTiuh 

«Ml»     *...., M*>l   UO »HftlTUOl   CMKCTIO 

&    ^   %    ^   -IS   *&     im  Tim 
:::'ii   i^r   -iS-   'ili!!   JE   S      ::iiii   rill! 

ss i si ii li 11   i if 
SKSS    :::;:;    :::::J:    JAS    äS   :!J:I!:;      iisS    iiS 

lUUIw»  > l..,i. 

«i»« k.lm Hli«r* ».ivy« 

.MML MkMMIMi -      «I  ■      )».!•• U/'KU 
"'•   • l.S.Jl 

•btw   «   v.itti li   M   W'«M-t . 
tf» »■a^—m -»» 
EMf*        ».jll>to.UL(. U lir*M -^.^,w 

fHM LH LfP 
••MM i.tiiHii. Pi 
4.wit. p* i.ilijfc p.itnutt »J 
■*.»>> P« iZ/XiL 0.i044^t -i 
••PM • P»il<4lJi P.lH>atib .J 

v. l/p«IM p**iwtoi pi 
Ip.Ali p< Mtf»%M tf.i«bt.>/L .1 
-♦•.*.*/ P*tM4M> v.i^bUXfc p| ■»•u« p« t>>v»>(. P.JvJHcU .1 

»iw.aM **IM»1M t-. >. ^.»jL »1 
<*l.Wi> P« 11*J>WL »■KiMM pi 
■*#>.4«b pa«*Wtpl pi 
««/••v« i>.»>j>/'*t K.XlU/t pi 

itl*>,*># ».•Wrfbwt. H.tlilHit i.i 
U4»*i»l »./<»>/jt p*iMSVM gi 

UbT.   »«M  PM Ki>to/H<*4t. 

0«A»   WlHkLt.   F|1   ML>ULTk- CUCLk   CfcUTtN p I.P^P;       ».7z|fc 
KAUlub p l.#%tl 
FIT ■ l.tMl 

^.*»iw P« -'»••■» t».i,^i/ 
«••MP *.*i»m »•/IP1 
4.»>li w.j>rft »•Mil 

ip.p^a P.ilM >• vitv 
4p»iU« P.UIp »•Pill 
««•»l/p M.*>U» ■».»,■♦'♦,, 
«>. UPJ •«.ill/ j. JMU> 

if v. «•>*'■* Ptpvn >.ilui 
it'i.bi^i ».w/»-» ^. J0«1 
«plaMM K.W-fJ« i./aas 
WV/.M J J-« P.Pttl i.^idi 

(pp«.k««7 ».*iii f./>b> 
iaia.iai'. n.miM PaMlll 

■   ■»•iMdil •" Its    »..>WH>^b    >IU 
HIMIIIUIIUIII JTUK    i<MitMHH«H MM 

--.... /^ -,...^ aL-,i. 
-!*./«•■. -».i>i3t-W 
-U.BH/h   -i,.lb3'iE-»li 

—«.yjti -«.••v^ttE-vi 

-i.kU'* -k.-j,ut-^j 
•l«|l|| -M.^ibPE-Pi 
-I.^IJJ -I>.1'JH3E-»I3 
-a.77// -»J.^viyE-ni 
-V.'JK!'» >P.IUME^1 
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Table 6-27.    Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample 
Water Soak 

M 2 Following a 24-Hour 

i'.'l"«'.'"^1'       '"'"   '■"■'   "'  fU"  '••«••■I«  CUH«ECTI0« 

*■■     H.lOll« PMA»t   »1,0   AMPLlTUOe  CUOKECIEO 

rtm m ■ ^AUO XAOO 
i»909 d.ti/H ■»•Xt«0 ».U«i -w    .. . Ji 
<a«l| <.*i<t« -►..iii> ...'), -|t.Dl}2 ••.•■•i l«f|*« -V.4»« •I.U/> -«.^lib ••Ml i.wl/« -►.-«i. ».UrfJ -•■   . i -. 

t»tWl* ^.fl»« -•■i/i« «•Uv> -».ku; 
i.imiy -»•MH K.ljj/ -D.^iU 4*Mftt -».i**» »•IMtf •tf.MM 

4*1.Mil 

-»•kBH *.4Til* 
■•M/l -►.>*/u #.«>b« 'It.It SI I 
»»•nt -».-i// K.ti>JJ -*l . l-^Ui 

i><>.i>t ».Hi«« •m.iitl ••«Ml ■#«MM 

»#A* BMtU Ml Mt*wi.rk- CiaCil   Ctl«TLK 

FIT 
■         ».7irfJ 

l.H'J 

«*                4. fit 4 '"•■■              ValM« 

PHI 

•«.UM 
-J.3'H7 
-«.lit) 
-i.tlii 
-t.tlil 

-..'. J. ,: 
-W.UH •.«.»»«/ 
■   Mltl 
■l*./Mf 
-2k.Mil 

"f ■ l.kfM 

•*'H/   «   «.ISJiiL   M   wi«-C/l 

».»•■   PaMftMl -»j 

T**.»         •.t»»»ln»>.l>tC »1 UHPa NS>«M%| 
ftN tp kPf 

l.«M »•««M«/l  »•• ••1U«<»4 vJ 
f*»M ».>«'*1>VL   »■« ».UbVbit H i 
••.^tl ».i/>/i/L   »»» ».iiyutft. riJ 
• tW^l ..i^j-,'--     ... ».iJ^Vilt vl 

U.oltf ••ittffHI  »■' f.j^iUt . I 
itf.MV« »•MMMI vt ■•«M/irM 
■»».ij* **itM#»l   w'< »•«*t#«H rfi 

I»», AM v.'/igibt   »t *>.•■> t>V*iL 
Mi«»kj V*<M^M  «p*» ■«••iitttfyjt Wi ■*■« J.d.g ^.»i^Hi/t    Ht •■•UltM KJ 

im*/ .H* 
*>. 0>««.L   »i M./bfii^L 
». I49*CM   *■*» »•/Otfi'iL _ ■ 

k»i>.i7i w.irfbtf>t   ft f .i.iliib3L t>i 

wtT,    ««,•«   »-vM Kl-u/(-«"l, 

•**,*..  Clrt«u m Kt*gLl»-    tiKLlt CSHfM Uk%M        1 ■#F#I 
KAului s UMtfl 
FIT s i./»5/ 

'tUULL     '-'.,...[. u.^^     . N7ti«i//riiM 

l.pUi »-./«.>»» i/.tiH>i 
•♦.«•«il ••«V^fe li. JU^ 
<*.*>4V> p*i»ii U.fobi 

i*i.*.idV *.ji>a U.aMl 
4p.|.u>*< ¥.il>i j.jü/a 
•••., tyxv 9,IW /.UJB/ 

lm« iMii f.v'ili >.üjui 
ivi.bUj v.*Jf* '•.HU 
*Mlia«>4 V.V* JV i./f-« 
•w J. »ko »..* »1 t.»MC 

ivn/ . J^W« V*|lit| U*|ii| 
i31>. i»l>* ».rtasi 

■   M.rf/at^L Ki U=    M.*llJl it   tf» 
HHIIMÜIWW .Tuf   il.;.;«^;!;;; hUM 

-ii^ill -il.lUJlt-JJ 
-ij.'i^i« -ti.ltl^E-W 
-la.^'.»,'»  -»i.7ji,;t-i)j 

-1.tH*l    -».-»JiL-uJ 
-s.'.'.ii -«.js^e-j) 
-j.^^^'j -«.irjiE-pj 
-2.1ii/ -..US/t-^i 
-l.i'jll -u.l5^t-«J 
-LUoo -n.UJlt-.j 
-W..1U   -»I. lia'.E-pi 

1 2Aon 
3.to» J. in; 
,   .jH.'h Llltii ..."..•! f.1(12 
i.kSJl t.ltlS 
'.»III «.Ul« 
l.iUl «.1JI2 
I.lit« I.Ubl 
2.1III «.111« 
1.1211 1.1121 
l.Mtl •   III} 
I.II7« l.lf.« 
f.im t.Htt 
ii.;ri« t.**n 

[ i 

u 
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Table 6-2 8.    Computer Output for Electric and Dielectric Data of 
Untreated Quartz Sample M„ Following a 24-Hour 
Water Soak 3 gnu 

■'  m '" AOi"    timmi r«*it ANO AMPLiruDl IWWHi 

urn     mZm     *£tu       ^i'u       - &S & 

B      '—    --'"■    -J«!    3:Ä!   :lJ:J5ä;      J:j;?:     j;«« 
«..*. IMMI 'If «nuLt».   tmtut ttdTt^ .     H.IMI       i.mt 

K*«            *...^ / MlM ■•        l*WW 
NMM »•AMA.ICTL*» .      s| 4     l«>>t>.tol/^/»-KU 

V - m.4fH 
■Uiw  • #.<Hirfigk  M yti.-CJi 

w« »,Wt—W -K» 

TAU«      >.>fci,i,w»>t(. 

»■•»M tf LPK 
l*MM »»M«*IH »•» ».■«lt«lfe    .1 
i.ii* »•M»>»»> »*■• «•«%«i|#|    pi 
«.ii«l i*.»U^vL »t «.«••J/Zht   H) 
• .»l/ ».tl/iJJt »■• «•ikulMVi «<• 

U.wii ».«i^i^L • •• tf.W/ltobL   KH 
<»a#M P«4*ff«Mi »** • ..>j>-.vt.    ►- 
«••Ml «.^>k»/«i *"• #*W*HMi rf» •«>»«» ».i/^/i.t • - .-.'  ja.l;     .- 
M««M »•tofMii »* ^.i>3J-.U   H '»».>>> -■.'... J. 1 P> ».•»iV^tL   v] 

•*»4,>llt n.>b/«/4t »i -.■»^luilL     rfj 
•»d.ii* «.«/»/wU «i ».«MUM .i 

lM4*»M «•MM«M »i X.l'iikltyL   . ., 
IMiaMt ».iviia/fc ■« V.liHSwU   .J 

MVa   w.i* PUK ■l«W>"% 

(IWs   l«l,|lliriU 

—«wm-ttuctmT-ntTwrr^-Tnn.» twnw y-yy-^y, BW ' 

K"t        »••.»«1/                         KIXFa i.kiis 

«<• •     it i.im 

'                            f-Ui                      Kl „,,                  ,. 

I'M      L'JÜ! f'"-;*" 'tu.nu-tann-t l.»»«»         ,./,;<    >•»»./«•• -.//.»«HI .,.u„t.. 
-■""■         ..-ü.l    i.a.lu, -tn.ini -J.l^jt-.i 
••»tel          <.i>li    MM.IM« -ULkHI  -..IV.lt-! 

M.HM            ».U«!        *,/.ll/l .„.1,,,   -J (MM., 

''■''"    •• "r  "«•"'/ -».»rM A.V*n&* 
n.«M4           «,lwt       <W.IUt -ij..,ij  -,.»unlit..» 

aa»«i^auaua  Lug     aii^u^„„a44 ".»I'J     V. ^, > 11,-.-■. 

M«MMMi(«HH«H    Luta       MMM«JIM*4M»KM 

xuUHMitituuHK   ^fgj,   MUHHMimiHIfl 

... 
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Table 6-2 9.    Computer Output for Electric and Dielectric Data of 
Quartz Sample Mi Following a 75-Hour Water Soak 

u 
Ü 

AUL>:     «.1111« 'WH AND WtlTUOI CPMtCm : 'AfiV^iB 

/jS,      Om     Jim      ;"?..     -Jß     *SL *        '*» .. 

iMiJ      I*JH?      JSJ!'      '•""     -••*'"     ■'■**>        *'S2      !Ä 
!••'  * *•?!*?.' ■••,"' ».»»11 -J.1B5! -11.(13) 

ENTtK   NS.AUU        PUT   Skul   UP  P0«  ELtCTRUOl   C0««ecT10N 
• >«.Ulli 

t«.*H             ».«■.«»          -l.MIi. f.M*| -».Uli -u  »id 
•«.HI            i.'iiii          -l.5m D.i.171 3.lMf -11 I?«; 
»».»»»              J.J«7           -1.5197 |.<.«M -J    Jl5 .llJlM 

K1.II71              I.)«!«           -1.5114 I.Uti ■i.Utt -A  llll 
»»1.91»              1.IIH5           -1.1119 lluU -iMil liiult 

I»«).»«              I.H959           -».79)) ».15)7 -»»»9 .11 «U i.iu.715     t.7,i,    -t.-ia ,,,,1', :J:JBJ -15:"!;! 

«,«»   CUCCt   PIT  «eSUH»-     CI«CL£   CENT» ■          l.lltt          I.IS»! 
RADIU& *          5.tins 
"T ■          l.»5»I 

' -f -'.r^ 

u 
»UUtl.   PAH/WIT Stli  -       Ml ■ l»S.911b/PRU 

HP ■ l.llb» 

»HU   =   P.bkbJ^t   tit   UMM-CH 

CP« I.MHM ■»1 

TOU*        »./.IJSH1L(. E»>117l.ai)lS EINPi 

P«W tP EPP 
».«•9 ».111»99< »- ».bllSSIE   »1 
l.Pli ».lllbbSC »« a.jiii-ai »i 
».Hit ».lllb»IE »•. ».l»l«17E »1 
• .»II ».i»>ibiE »« ».l»«l»bE  t) 

itf*M4 ......  ■.! »» t.)lll9)E  t) »».»»» ».17»19E ft ».»llbblE  »5 
W.MI ».lillblC a« • .»917IE   »5 
99.9»» ».l»S7b9E »•. ».)}1II»E  ») 

1»1.»71 ».11«9«1I f ».SbltllE  »5 
»»1.919 ».9I.11I7C »i ».)1)»7IB   ») Hi.tn ».7bl»bte <> ».»S»blSE »5 

l»»l.k>» ».b7a5»U «i ».»1)1»IE »5 
1»1>.7II ».)ll7blC • ) ».I11197E  »1 

UCT.   i,u  Pu« »I't/PPPN 

Mtm   CIHCLE   PIT   KEkULTk- CUCLE   CENTER   • i.ant 
RMIlUt   > l.ll»S 
PIT          a i.lid 

«»=           ».»»17 KlUf ■            ».III» 

 aytm UUBLIMU - ü_i  J 
IIP   • i.lit» 

p P-l/1 11                      HP CP 
».99») )lil        -»«.1EI1 -».lt«»I-tl 
l.»l)l »11»        -)».7!1I -».l»l7E-fl 
».»19k !ab9       -»».»51b -».a'jlbe-») 
».»HI »11»       -11.111» -».blbSE-ll M.MH »ill       -If.Sbll -«.laste-») 

»».•9bl bill       -1I.9S»> -».1»»9E-II W.MM 9)»      -a.aaai -».11)7E-»I 
99.9»»1 .a isi»      -a.<9»i -«.19b9e-f) 

l»l.»71» I»ü5         ••*.9a7» -».MIIE-f I 
»»1.9191 »»1»        -l.«Ii9 -».119»E-I> 
•»l.)71i Sl»7       -I.IIS»  - ».1»91E-I) 

l»»).b'>97 2)»»          -I.Stl» -».1»11E*»] 
l>l).7ai7 9119          -».7717 -».1»»9E-«) 

. 

"31 

1.7S»9 

— 
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Computer Output for Electric and Dielectric Data of 
Quartz Sample M2 Following a 75-Hour Water Soak 

ENTEH   HS.AOU 

I.tit 
2. lilt 
*.««•■ 
t.Hi 

U.tll 
>|I.15> 
«ll. 191 
U.iH 
tH.lit 

Ui.iLl 
••11.22t 
Hi.tu xm.t» 

H2*.ilt 

PUT   SSUI   UP  FOR   ELECTRODE   CORRECTION 

RS 
2.;isi 
2.ii2l 
2.tl<« 
2.St29 
t.iUi 
.'.■.,.. 
2.]>;t 
2.1I>I 
2.2111 
l.lttl 
l.iHl 
1.22Sf 
i. is»; 

xs 
-I.lilt 
-«.2111 
-».2193 
-«.23S2 
•i.ttll 
-«.2371 
-«.2IM 
-«.3ss; 
-«.tt«7 
-«.9333 
-«.liSS 
-«.3212 
-«.t719 
-«.2179 

WD>     «.«(lit 

MM 
(.litt 
«.1(33 
1.1(17 
«.1372 
«.1S7( 
«.1929 
t.lti9 
«.13t« 
«.139( 
«.lit« 
«.«9(9 
«.«79« 
<.«7«i 
«.«3t3 

PhAJE  ANO   AMPLITUDE   CORRECTED 

XAOD 
-(.«119 
-(.(133 
-(.(121 
-(.(lt3 
-(.(I2t 
-(.(191 
-9.(179 
-(.(211 
-g.(27( 
-(.(3t( 
-«.«9t( 
-«.«32t 
-«.«219 
-(.«176 

PM1 Z                   7A0D 
-5.96t5 2.719( l.l((l 
-t.(i39 2.(71« M(3I 
-t.9C<9 2.(212 '.1(12 
-9.1913 2.971J '.1379 
-t,«l9i 2.97l( .ISil 
-'   .1(161 2.3(97 .1337 
-».»Ml 2.t(tl .It79 
-9.!'<9I l.tMl .1)3« 

-11.2731 2.23tl .1913 
-I(.25I9 I.MM .1217 
-19.(•9t l.(7l(             | .1(31 
-23.3(1( 1.9922 .(117 
-22.2297 1.2t7t .(7(3 
-11.1112t (.9312 .(971 

Ht.Xt   CIRCLE   FIT   KEtuLTS- CIKCLE CE.'ER • 
RAOl S -" 
FIT a 

l.(t(7 
1.9392 
2.(113 

(.993i 

Rll* 2.1171 

MODEL   PARAMETERS Rl   >        i(1.9(l(/FR0 
R' ■ 2.3t(7 

RXO   >   (.172ME   «I  UHH-CM 

CP-  (.13lt((E-l3 

E(<l(ts.3s(t( FHIF=   271.2(391 

PHg 
l.lll 
2. «It 
t.«(t 
«.«•9 

K.lll» 
2il.l99 
t«.l93 
«(.3(t 
99.9«« 

2<«.2t7 ........ 
tti.m 

l««3.t3« 
1(29.$/( 

(P 
(.lt(t(tE (t 
«.13II19C «t 
(.19i21tE (t 
J.132t76E «t 
•.lS(9t2E <t 
(.lt3<3tE 4- 
(.137«31E «t 
«.12(t«3E «t 
«.122»2IE <t 
«.1««3»(E (t 
«.9t3»l«E il 
«.■«llt9E «3 
(.797(I1E «3 
(.t>It33E  «3 

UCT.   6,N   PUR   N1'&/FRMN 

RS.Xi   CIRCLE   PIT   RESULTS- 

EPP 
«.9792t9E   «i 
«.3tl229E   «2 
«.7i(13«C   «2 
«.l«(lt2C   (3 
(.llltlSE   «3 
«.1(«193E   «3 
«.2(I«J«E   «3 
«.29(»13E  «3 
«.27«7«9E  «3 
«.)«923tE   (! 
J.JltJdE   «3 
«.299I39E   «3 
I.1I9(3«E   i)> 
«.2ti3S(E   «3 

CLE   CENTER   = I.MM 
RADIUS   > 1.9332 
PIT 2.(113 

«.991( 

f.%IM 
HOlliL   PARAMETERS 

P 
l.«l«l 
2.««39 
t.««t2 
«.«<9( 

1(.(1<« 
211.1912 
t«.1929 
(«.1«39 
99.9«(1 ....... 

t(1.22S« 
(PS.PPVt 

lll«l.bt<7 
2P29.32PP 

Rl 
<P 

F-l/2 
«.999« 
«.7(tl 
«.t<l97 
«.393t 
(.3199 
«.222« 
(.1977 
«.1113 
.. ...i 
R.p'pb 
<.»-)• 
►.»332 
P.«319 
«.P221 

i(1.9«l(/FR3 
2.St«7 

• 1 
11.21(6 
U.ltti 
9.1327 
l.tt(( 
(.t3l( 
7.Slt9 
(.3(«t 
t.XStJ 

9.3629 
i.-i-ui 
2.73116 
t.»6(ll 
1.3661 
«.7llt 

XP 
-2(.797t 
-22.1261 
-22.1(i( 
-11.9(99 
-21.7796 
-l(.(223 
-13.(2«» 

-!>!S?S« 
•6.22tl 
-2.72«» 
-1.3»16 
-l.ttt» 
-».»693 

'(.3»»aF-«2 
'«.33»(E-«2 
'«.1793E-«2 
'«.l«31E-(2 
'«.7293E-(3 
(.t929E-(l 
(.3(61E-(3 

ii!ililf!i, 
-«.l»»lE-(3 
-«.1631E.«3 
-«.12t9E-(3 
-J.1J ai.-jj 
-«.9al21E-llt 

t'  «.19917t   «2   u-  •.31379t   »,' 
K^^K«KKx;<;ix   &TUP   NNKHMNNNMMN 

; 
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Table 6-31.    Computer Output for Electric and Dielectric Data of 
Quartz Sample M3 Following a 75-Hour Water Soak 

EOT» m.tuu H T MM 
m.f.'.i 

«) M in 

Mj M 
l.«U m.ii2»» 
i.fll ma.»«si 
t.M< ll.UM 
•.III '•.JIH 

U.ai» k;.«««] 
a«.«» «s.it»; 
■ ....-■ "■•mi 
I«. 121 11.«»2« 
«>.kll> I2.1«9 

»i.<;2 k.«)**! 
l>«3.s;t H. 1 .1. 
•»J.S7a <..«M 

lUM.ki« 2.»U 
iMI.H« 2.11192 

f   T   MM   IP fl«   ELCCTSUUI   CURKtcTIOH 

WD' hMM 
■ «»00 

■w.;j»2 «.«2111 
■2i.;tii k.lkk? 
■it.iii]« l.Ulk 
-ll.kkll 1.1277 
•♦».J»77 2.7*21 
•<^ .0 . I.ltl7 
JJ.29(i. 1.(992 
21.«Ml, (.1111 
llt.iltf ».'•919 
12.tl7l (.27I<| 
-'.«79 «.1711 
-k.lllj <.117] 
-1.191» >.llk9 
-l.kblk •.«•2« 

• CLE   CENTtrt ■       19.1U7 
KA01US a        k2.277i* 
fIT 1.1»99 

'HASE  AND  AMfLITUDt   C0»«ECTeD 

XAOD »HI 
-1.7212 -9.25»2 
-11.9m -ll.UU 
-l.k4I7 -I«.mi 
-l.5»22 ->7.29Ik 
-1.H9I -I*.t919 
-l.k272 -»1.1271 
-1.1121 -1».«96» 
-1.9511 -ii.llll 
-».«111 -59.»(.79 
-1.1129 -H."i912 
-».2991 -M.It7S 
-<.U79 -5>.»k9t 
-».1171 -!2.7«2( 
«.<fc7<i -19.»17« 

2 ZAOD 
IK.Mti ».»167 
l(<i.ilk( *.2S75 
iS.7i><>| l.»a29 
• 1.17» I.*(i9 
79.1727 1.3119 
6».9(75 2.»7»! 
»2.9(17 l.;»27 
27.5115 1.12»» 
21.1121 (.9(11 
1».1992 l.5»)< 
I.»7i9 (.!»«. 
5.(»21 (.2(»l 
».2H( f.1712 

2.tl»J >     .!    - 

" 117.k»»» 

MUUEl.   »*ll«HtIt«i «I   •     791».»2>I/M0 
*'   •        117.(122 

KHU   <   ».»77»7E   (9   UHM-CI1 

cr> (.m>2»' -(» 

l.(l( 
2.(1} 
k.(»k 
1.(1} !(.(!( 

2(.(a> 
»(.121 
l(.12( 
99.k(2 

2(1.(72 
•(2.57k 
•().>72 

l(»).k)( 
2(29.}2( 

w 
(.1992»)E (5 
•.19115}E (} 
(.Ua»92E ») 
(.lk(»llkt (} 
(.111222E (5 
(.1271}9t (5 
(.9(2k(}E il» 
<.7(}915E (» 
(.k27kllE (» 
(.»K117E (» 
ll.2k»k}}E (» 
(.Uklvkfc rfk 
(.1»1((»(   (» 
(.•9i<(ie (i 

E(>I2117(.22» 

EfP 
(.125U1E  (» 
(.2(l>(9»t «» 
ll.»21i77E (» 
«.»912)(E (» 
•.S«77(9E (» 
(.k972((E (» 
ll.'l(«17E (» 
(.»22»»ai (» 
(.57(k«(E (» 
».l»5k}}E (» 
«.2)1I»}E (» 
•.I5}}«9E •» 
(.11229(1 (» 
(.7I7()1E  () 

EIN"   ll).l)i»( 

MT.   I^M  Fu«   ttliW-iBI. 

«».«»   ClUCLE   PIT   «EiULT»- CIHCLE  CENTEK 
■ AIIIUS 
PIT 

)9.i}a7 
(2.277» 

1.1(99 
117.»»«a 

•WOCL   P«IUMETt«s" 

P 
l.((W 
2.(1}1 
».(»»} 
1.(121 

U.flN 
2(.«>a» 
»(.12»» 
■(.1212 
99.>(lk 

2(1,(72» 
»(2.57»» 
•(1.571} 

1(91.k»97 
2(29.520 

»*   (.2»9k»E   (»   N-   (.((27»E   (( 
KKHMKMHHNMII   JXyp   XKNMMMMKHMU 

«1   =      791».»25I/F«1 
«P   •        117.(122 

XP 
-b79.»5(9 
-•5».9»b7 
-2(1.1112 
-ll(.»»99 
-152.l(}] 
-91.1ka» 
-}».271» 
■It.Mtl 
•2».9»12 
-15."51 
-9.((72 
-}.}»!» 
-».511» 
-2.aia» 

p-1/2 Nl 
(.9952 2«k2 .12ak 
(.'«»5 UM (.»(»( -w .k2k» 
(.1511 Ml »(2] 
(.lltl ■•12 »(15 
(.22)1 .57 1((1 
(.1579 loi 192( 
(.1117 ja 5711 
(.1((2 • 1 »](( 
(.(7(5 »1 k(lk 
(.(»99 22 1917 
(.()52 \i 729» 
».(115 • »2(» 
(.(221 J »751 

CP 
-(.212|IE-(1 
-(.1729E-(1 
-(.11(1E-(1 
-(.IKlE-d 
-(.1(»1E-(1 
-(.■»9(E-(» 
-(.71(IE-(» 
-(.t277E-(» 
-(.59)lE-(» 
-(.5(»»E-(» 
-».»l)lC-(» 
-(.lb91E-(» 
-(.]51»E-(» 
-(.27aiE-(» 
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10    20      SO   100   200     500   1000  2000 

IM 

Figure 6-11.    Variation of Impedivity with Frequency for the 
Untreated Quartz Samples 

1.0   2.0      5 0    10    20 ,     50   1O0   200 
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500   1000 

Figure 6-12.    Variation of Impedivity with Frequency for the Quartz 
Following 24-hour Soak ' 
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The electric and dielectric parameters that exhibit the most significant change 

with water treatment are chosen and given in Table 6-32.   It is noted that the 

resistivity at zero frequency (dc resistivity), p  ,  decreases by about three 

orders of magnitude by mere soaking in water.   This explains the frequent 

difficulties experienced in working with quartz where the output was often 

very unstable and exhibited considerable d-c drift, apparently due to slight 

changes in environmental humidity.    The decrease in quartz resistivity with 

duration of soaking time is illustrated by the curves in Figure 6-14.    The d-c 

resistivity of dry quartz was 8.36 x 1010,   7.55 xlO10,  and 7. 13 >   1010 

ohm- cm for the three samples,  with an average of 7. 68 x 1010 ohm- cm. 

The water-treated samples exhibited larger variability in resistivity.    In 

addition,  prolongation of ./ater treatment beyond 24 hours produced little 

variation in PO,  except for the thinnest sample Ml where a   slight increase 

in po occurred at larger soaking times.    This is suggestive of the leaching out 

of the conductive ions by prolonged soaking,  a phenomena which should occur 
more readily with thinner rock samples. 

Figure 6-15 shows the variation of the dielectric constant at the limit of zero 

frequency, Ko,  with soaking time.    For quartz the decrease in dielectric 

constant with soaking time is much smaller than the decrease in resistivity. 

The decrease was nearly linear except for the thinner sample Ml. where K 
o 

appeared to increase with increased soaking time after reaching a minimum 
at about 40 hours. 

The foregoing experiments were planned to illustrate the effects of rock 

water content and alkali (mobile) ion content on the rock electric and dielectric 

properties.    The experiments suggest a choice of certain electric or dielectric 

parameters that respond the most by change in water or alkali content. 

Further experiment should be done with shorter pretreatment times to show 

whether the chosen parameters ran indeed be used to measure the quantity of 

water retained in the rock.    The experiments described in this section are, 

therefore,  illustrative in nature and by no means quantitative.    Developments 
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Figure 6-1 i.    Variation of Quartz Resistivity with the 
Duration of Soaking Time in Water 
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of procedures to measure the water content in rocks, while not the intent of 

th.s research, can nevertheless be improved by choice of the opt.mum electric 

or d.electnc parameter; i.e., the one that exhibits the highest sensitivity 

to the presence of water or sodium ions.   This researcn shows beyond doubt 

that the zero-frequency parameters (dc or those extrapolated from measure- 

ments at low frequencies) are the most sensitive or.es. while the high- 

frequency parameters show little or no variation by presence of water or 
mobile sodium ions. 
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SECTION VII 
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D 
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establishes a circular arc in the complex impedance plane (Argand diagram). 

*■ In this equation, r2 is the impedance at infinite frequency (equal to the resis- 

r» tance then, since any capacitive reactance will vanish and the presence of 

II inductive reactance is not anticipated), R ... is the i     component representing 

a difference between the zero and infinite frequency resistances, T. is a 

MODELS TO SIMULATE THE ELECTRIC 
AND DIELECTRIC ROCK BEHAVIOR 

This section is concerned with the mathematical description of physical models 

selected to describe the experimentally obtained electric and dielectric data on 

rocks. 

Conventional models, such as the one by Debye (Ref.  18) and K. W. Wagner 

et al (Ref.  19), have been able to explain m«iny fundamental characteristics of 

molecular behavior.    They do. however,  fail to explain the dielectric charac- 

teristics of complex systems such as rocks.    For the interpretation of data 

obtained during this study, a mathematical model will be introduced that is 

able to explain many of the rock impedance characteristics.   A method of con- 

verting ♦.he impedance data into the complex permittivity data is also treated 

in detail. 

In principle,  it is always possible to simulate the impedance and dielectric 

behavior of many real systems,  rocks included, by circuits composed of 

frequency-independent parameter components.   An impedance whose frequency 

dependence is given by 
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.th 

cp =^(l-a).    For a rocK ■y«^-. 

■        M  ,1 and (4-1), and with the assumption of an . of zero, we 
From Equations (7-1) and (4  U impedance to: 
can separate the real and imagtnary parts of 

'dmax      2TT fmax 

. (7-3) 
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Ü 
•        „f time   (relaxation time for the ith component 

o      at thp center,  such that 

The ^nee CeuU. -^^f;!,: the rock phase ^ U 
cp^d-a).    For a rock system, the angi 

D 

Ü 

Q 

v   andR   can be shown to describe a semicircle. 
The relationship between Xs and Rs can 

i t nf X versus log U or log f. 

The3e elation, can aiso be T^T*^!«^ .he ^gnUude and 
Thl9 „presentation is of parueuiar va   e  n d J ^ 

frequency of *e maximum vaiue of X (turnove       ^ ^ relaxation.Ulne is 
predicts that the maximum value of X .s Rp/  ■ 
found from the frequency of the maximum. um„. * 

lmpedance data for roc.s have heen ^^t;!^^.^^. 
when displayed in an Argand diagram -* *     ^ 8    never . m 3emi. j 
and the series resistance as abscssa.   The display - J 

circle. but is a part of a circle »hose ^"^^ * defined as half , 
(resistance), and is substantially below .t    ««^ » ^ „^ ., e., 

of the angle, subtended by the ^^^ " ^«o        ts of intersection of 
between the two radii of the c.rcle defining 

the arc with ;he resistive axis. 
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An ideal dielectric dispersion model (Debye Model) is easily simulated by a 

parallel RC unit, and can be shown to give a full semicircular plot upon trans- 

formation to an isoimpedic series RC unit. 

Sinbel (Khalafalla) (Ref.  20) derived various analytical proofs of the semi- 

circular arc in an attempt to describe the relationship of the equivalent 

series reactance to the corresponding resistance.   The derivations were 

based on a parallel-to-series transformation of electrical models with a 

single time-constant.   In the simplest case,  it was shown that the transfor- 

mation from a parallel RC u'-ii (with frequency independent components) to 

an adjustable series RC unit (with the same total impedance) results in a full 

arc plot in the Argand diagram.   The locus of the series reactance, Xg, 

when plotted against the series resistance,  Rs, follows the analytical equation 

of a circle of radius, y R , where R    is the parallel resistance assumed to 

be a constant quantity characteristic of the system, thus 

*l^\-h/'H ,7-4) 

The center of the semicircular plot should then have the coordinates (0,Tj-Rp) 

and hence is located on the real or resistive axis.   This seems to represent 

a very idealized situation.    In real systems the semicircular arc observed 

experimentally is usually translated vertically downwards so that its center 
has the coordinates (n and -m) and accordingly follows an equation of the form 

[X   +ml2+CR   -n]2   -   a2 (7-5) 
S H 

where m, n, and a are constants related to Xp and C , 

An electrical model with a single time constant will be developed to account 

for the experimentally observed electrical data of rocks.   The model will 

also permit a determination of the dielectric data of rocks.   In addition, the 

introduced modlel allows one to select the parameters that are strongly 
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ELECTRICAL ANALOG WITH ONE FREQUENCY 
DEPENDENT RESISTANCE 

J 

influenced by rock conditions, such as the inclusion of water, mobile ions, 

entrapped gases, pores, and cracks; etc. 

Ü 
An electrical model. Figure 7-1,  in which a frequency dependent resistance. 

rt, is shunted across the condenser, C , is capable of describing a circular 

arc in the series domain with a vertically displaced center (Figure 7-2).   A 

condition to be imposed on the resistor, 1^,  is that its value changes inversely 

with the frequency such that rl = f. where g is a constant and f is the fre- 

quency.   The total impedance of this model is given by 

i ♦ J rfcWrrr?+ r'    <7'6> 
r.R   + X    (r, + R  ) 

1   P        P     1        P 

ZP 
»'J^p lr 

Vl + ^P 

From which one obtains 

V1^ (7-7) rjRjX? lr, + iij 
R-   =   ro   + "5—5  2       rf R^ + X' (r. + Rn)' 

1    P        P      ! P 
s 
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j 

1, 
j 

Figure 7-1. Electrical Model That Produces a Circular 
Arc Plot 

R   - r, - 300 OHM 

C   • 1K FARAD 
P 

. isyoo WHERE f |S THE 
1 FREQUENC, 

V        i • 

Figure 7-2. Circular Arc Plot Between Equivalent X 
and ft   of the Model £ 
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and 

JU 3 ' 
i 

1   P        pip' 

Taking the following representative values for the electrical 

(7-8) 

parameters. 

Rp   =   r2    =   300 ohm 

C     =   1 microfarad 

g -   150.000 ohm per second, such that r, = f - 300 ohm at a 

frequency of 500 Hz. one is able to calculate values for 

Rs and Xg at various frequencies.    These calculations 
are given in Table 7-1, 

1 
i | 

Table 7-1.    Equivalent Series Resistance and Reactance 
 for Electrical Model of Figure 7-1 ce 

f 

(Hz) 

0 

10 

100 

300 

500 

700 

1,000 

10.000 

'1 
(ohm) 

X 
,  P | 
(ohm) 

150.000 

15,000 

1.500 

500 

300 

214 

150 

15 

159.000 

15.924 

1,592 

531 

318 

227 

159 

.   16 

R s 
(ohm) 

X 
s 

(ohm) 

599 

•jot 

544 

467 

423 

396 

372 

308 

0.6, 

5.4 

38j 

58. 9 

57. 8 
i 

52. 8 

45. 1 

7. 1 

Ü 

Ü 

■0 

Ü 

u 

0 

D 
i 

D ' 
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The plot of Xs against Rs as shown in Figure 7-2 is found to describe a 

Circular-arc with a depressed center and whose boundary values satisfy the 

limiting values required by the electrical model   of the circuit in Figure 7-1. 

Thus, at infinite frequency, both rl and X   become zero, and the total im- 

pedance of the network e iuals r2; i. e., ;300 ohm.    The first intersection 

point of the circular-arc with the R   axis is also found to be 300 ohm.   At 

zero frequency, the limiting impedance of the network becomes (R   + r ) 
= 600 ohm. P       2 

< 
i   ■ . 

It appears, therefore, that the electrical model of Figure 7-1 gives a realistic 

analog to a system displaying a circular-arc plot in the Argand diagram.    The 

limits of the rock impedance at zero frequency would be given by (r   + R ) 

and, at infinite frequency, by r..   A direct estimation of rn and R   is thus 
■ 2 p 

possible by extrapolating the circular-arc to intersect the real axis.    The 

unusual, resistor in th'is model is r^ =^-, where g is a constant given by 

1 
2TTKC (7-9) 

where K  is a constant related to the phase-angle, and C   is the frequency 

independent rock capacitance which can be taken as a constant. 

i : 

The rock phase-dngle, cp,  would only be dependent on the values of C   and 
P 

rj and,  since these two components are in parallel, then 

Q3   =   tan 
X       =tan    \ KuC   /yl    , 

1(1 =   tan    IjT- 
(7-10) 

and, hence. 

i _i 
K   =   cotancp,  orco   =   cotan    K. (7-11) 

; ! 

I I 
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The —feie, cp   would also be identical with the experimentally measured 

phase-angle between the vertical through the semicircular-arc center and the 

line joining it to either of its intercepts with the real axis.    Thus,  experimen- 

tally determining the rock phase-angle, cp,  in each individual case would 

enable a determination of the constant K required to calculate r,. 

To calculate the turnover-frequency,  one can make use of the fact that it is 

the characteristic frequency which maximizes X .    Upon differentiating 

Equation (7-8) for X    with respect to u,  it is possible to derive (see Appen- 

dix B) that the turnover frequency is  given by 

1 
f =  (7-12) max   y'   1<i' 

2TTR C 
P   P 

-ym? 
Despite its unusualness for being "electrically unrealizable," the suggested 

model of Figure 7-1 provides a mechanism for explaining the observed results; 

i. e., a circular arc with a depressed center in the Argand diagram relating 

Xg to Rg.    Previous literature on electrode polarization had often revealed 

many such unusual electrical components,  similar to r-,  in the model. 

Warburg (Ref.  7) stated that the electrochemical polarization resistance is 
inversely proportional to the square root of frequency; thus 

Rm   =   R+yf (7-13) 

where Rm is the measured resistance,  R is the true electrolytic resistance, 

and g is the polarization resistance at a frequency, f, of 1 Hz.    Fricke 

(Ref. 21) had also proposed a capacitance for cell membranes that changes 

as a power function of frequency. 

Z9506-3007 
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CONVERSION OF IM PEDITIVITY  DATA TO COMPLEX 
PERMITTIVITY IN A HEAL SYSTEM 

This subsection is concerned with a method of transforming the experimentally 

obtained electrical data (A rgand diagram) into complex permittivity (Cole- 

Cole diagram).    The technique used here invokes a single relaxation for both 

the circular arc plots in the A rgand and Cole-Cole diagrams, and will be 

denoted as a "bracketing" technique.    This method relates the boundary points 

fot both the impedance and dielectric circular arcs with one characteristic 

relaxation time.    Previous investigators (Refs,  19, 22, 23, and 24) used 

a distribution of relaxation times to account for dispersion in a real system. 

Unlike our electrical model, a mathematical distribution of time constants 

cannot provide a one-to-one correspondence between rock characteristics 

and their electrical parameters. 

The relaxation time for a dielectric dispersion process following the Maxwell- 

Wagner mechanism is related to the vc'ume resistivity by the following equa- 

tion given m Vera Daniel's monocraph (Ref.  25). 

T    -   H c    0 (7-14) r 

where o   is the volume resistivity defined by 

R   -   •If). or p    =    R|f) (7-15) 

At the two boundary points of iminite and zero frequency,  respectively, the 

application of Equation (7-14) with the provision that the value of f   decreases 

with increasing frequency,  leads to 

T    =   *    0n   --   €ai ■   (4| (7-16) 
»      O ■       O ' Cl / 

Z9506-3007 



7-10 

Also, 

= ^R-(TI (7-17) 
'o**        ■    "   ,A 

This is justified under the assumption of a single relaxation time. 

The dielectric permittivity at infinite and lero frequency can therefore be 

calculated from 

*o hw 
and 

Both R   and R^ can be determined from the experimental impedance circular 

arc as the points of furthest and nearest intersection with the real axis.    The 

relaxation time, T,  can be determined from the experimental impedance data 

by the maximization of X    with log f.    The maximum reactance appears at a s 
frequency,  f       , such that ^        J'    max 

wmaxT   =   ^ orT   = D  =-2nT  (7-3) 

max max 

The relaxation time can also be estimated in terms of the model parameters. 
A detailed derivation (given in Appendix B) leads to 

T   =  (R0 - RJ Cp Vl + cotan2 co (7-20) 

where cp  is the rock phase angle derived from the impedance diagram as 
follows: 
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-1    fRo I R"1 (7-21) cp    =   sin       j^    2r       J 

where r is the radius of the circle whose arc represents the Argand diagram. 

The Cole-Cole parameter (Ref. 24). a,  is related to the phase .ngle. *.  as 

follows: 

«   n 1 (7-22) 

I. H» ideal case of a Debye dielectric. , =-| and . • 0.   In general. . Is a 

fraction,  usually close to 0. 5. 

The capacitance. C. needed in Equation (7-20) tor calculating the relaxation 

time can be obtaineS from the ünpedance data combining Equations (7-7) and 

(7-8) leads to the result: 

•*w (7-23) 

"P 
u (R    - RJ2 ♦ X ■i 

^      i«* of r   as a function of frequency shows a sharp decrease 

2000 Hz.    The average value of this plateau is considered to represent Cp. 

The capacitance C    can also he determined from Equation (7-20) by using^he 

Lt  indeDendentPvalue of relaxation time. T. from Equation (7-3). and R0. 
model-independent vaiu determined by 
R     and u from the experimental data.    It was notea max 

" f v   (7-3) was in close agreement with that determined the maximization of Xg (7-J) was in ciu»     B 

from the model equations (7-20). 

Using the phenon-enologioal equations of the convex ^«—'* 
given by Cole and Cole (Ret. 22) and in V. Daniel monograph (Ret. 25) as 
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€    =   €    + ■ :  =   c ' - Je " 
1 + (JUT) 

(7-24) 

Equation (7-24) is separable into its real and imaginary parts using the 
identity: 

J!-ü' r • • • (7-25) 

U 

U 
to give 

and 

// 

O o» sinh ll-o) s 
cosh (l-o) s+ cos 

i ^o ■ ocos m 
cosh (l-o) s+ sin l^-l 

where s  is given by 

(7-26) 

(7-27) Ü 

Ü 

l0ge  (UT) (7-28) 

The plot off' (u)(or K" = c "/cr) as a function ofc'djMor K' . f'/f   ) as 

calculated from Equations (7-26) and (7-27) gives the Cole-Cole diagram. 

The necessary operational steps in accordance with the foregoing equations 

were, therefore,  added to the computer algorithm to extract the dielectric 

permittivity data from the specific impedance parameters.    Provision for 

erecting the measured impedance parameters for electrode effects was 

also included in the program.   Note that the calculations of dielectric param- 

eters according to this procedure can be made independently of any assumed 

model.   All the needed quantities Ro. R^.   a,,d T  are obtained experimentally. 
The proposed model in this section can, however, be used to calculate T 

according to Equation (7-20). 

u 

D 
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EVALUATION OF THE MODEL PARAMETER, 
r.,  FOR BASALT 

The model transformation equations from the parallel to the series domain 

were used to solve for r. of Figure 7-1 (with no condition imposed on its 

frequency dependence).   At each frequency,  r^ was calculated from the mea- 

sured values of Xe! and R   at that frequency, s s 

Combining Equations (7-7) and (7-8), one obtains 

R
s-

r2        XP (rl + V 
Xs '       rl Rp 

(r^/Rp) 
(7-29) 

XsX
P   "   (Rs-r2)(rl//Rp) 

<Rs-r2)(rlV 
(r1 + Rp) 

(7-30) 

and    X 
(R9 - r8) (r^Rp) 

"Xs(r1 + Rp) 

Substituting the value of X    from (7-30) into (7-8), one obtains 

ri R«xa <RC " r9) 
1      p     S       S i 

s   <ri + v x2s + <Rs-r2)2 

(7-31) 

Hence, 

rlRp(Rs-r2)   =   (rl + Rp)x2s+(Rs-r2)2 (7-32) 
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Solving (7-32) for r^, one obtains 

_ Rn[Xs2 + (Rs-r2>2] 

V'W-xf-tRs-V 
(7-33) 

u 
ij 

Ü 
One can also calculate X   at all frequencies by combining Equations (7-31) 
and (7-30), thus 

V 
Xs2 + (Rs " r2)2 1 

0 

and hence 

-X, 

(j 

^. 

X2s + (R8 " r2)2 
(7-23) 

Equations (7-23) and (7-33) were used to calculate r, and C   for all the rocks 1 P 
studied in the pretreatment experiments of Section VI.   An equation of the form 

g/f" (7-34) 

was assumed for each of the basalt samples.   At each frequency,  f, the 
resistance r, was calculated from the X„ and R   values measured at that i s s 
frequency.   A least-squares fit using Equation (7-34) was performed on 
these data points.   Table 7-2 presents a summary of the values of g and n 
computed for each basalt sample in the dry state and after being subjected 
for various pretreatment conditions. 

u 
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Table 7-2.   Basalt Parameters of the Equation r^ = g/fn 

"^ Sample -> 
Basalt RockT^*^-^.^ 

StateT 

Kl 
 1  

«2 K4 

B n 1 n g n 

Basalt (dry) 

Following 23 hour 
soak in water 

Following 77 hour 
soak in water 

Following treatment 
in 1% NaOH 

Following treatment 
in 5% NaOH 

Following treatment 
in 10% NaOH 

3626 

5016 

4775 

4817 

4022 

3222 

0.474 

0.778 

0.782 

0.778 

0. 735 

0. 734 

2375 

2331 

2404 

3333 

2933 

2344 

0.634 

0, 554 

0. 745 

0. 772 

0.735 

0.670 

2048 

201« 

1517 

2422 

2159 

1831 

0.704 

0.635 

0,741 

0.794 

0. 779 

0.745 

Average n 0.713 0.685 0. 733 

Standard deviation 
in n 

0. 109 0.075 0.052 

Examination of the r- values in Equation (7-34) for the obtained data shows a 

systematic variation in the value of g with both the basaltic rock sample and 

its pretreatment history.    Except for dry basalt, the constant n appears to be 

independent of the rock size or the presence of water or mobile sodium ions. 

For basalt, an average n value of (0. 71 ±0. 08) may be concluded from the 

present data. 

Variation of the parameter g for basalt with the percentage of sodium hydroxide, 

c,  in the pretreating solution is illustrated by the curves in Figure 7-3,    The 

pretreatment time was 23 hours, and pretreatment in distilled water for the 

same period was taken to represent zero percent sodium hydroxide.    In 
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Figure 7-3. 

PEUCCHUGE OF SODIUM HVOROXIO£ IN PRETREATINC SOLJTION 

Variation of the Basalt Constant g with the Percentage 
of Sodium Hydroxide in the Pretreating Solution. 
Pretreatment Time »=23 Hours 
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Figure 7-4.   Effect of Length of Rock Cylinder on the Parameter g 
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general,  g decreases linearly with increasing sodium content,  except for the 

thinner rock samples K2 and K4 wnere a slight increase in g is observed 

between 0 and 1 percent sodium hydroxide.    Linear least-square fitting of the 
data gives the following velationships: 

For basalt sample K« 

g = 4989-180C (7_35) 

For basalt sample K9 
m 

g-2885-37.5C (7.36) 

For basalt sample K. k4 

g = 2249 - 35. 4C (7-37) 

G 
G 
0 
0 
Ü 

D 
0 
0 
a 
o 
o 

Electrode polarization effects have been found to constitute an integral part in 

impedance measurements.    Polarization effects are simulated by the model 

resistor rj = g/f". which is parallel with the RpCp unit that represents the 

dielectric in Figure 7-1.   The presence of ^ in the model accounts for the 

observed deviation from the ideal or Debye dielectric behavfor. and hence for 

Dthe observance of a circular arc with a depressed center,  rather than the Debye 
full semicircle in the Argand diagram. 

fl 

Systematic variations of the parameter g with the rock dimension are also 

evident from the data in Table 7-2.    The variation of g with thickness of the 

basaltic rock cylinders is shown in Figure 7-4.    The data indicate a systematic 
increase in g with increasing rock thickness. 

CORRELATION OF IMPEDANCE POLARIZATION 
ARTIFACTS WITH THE MODEL 

Ö 
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When various basalt samples were pretreated in solutions of sodium hydroxide 

of various concentrations for a period of 23 hours, tae polarization parameter, 

g, was found to decrease nearly linearly with increasing concentration of the 

sodium ion.    It also decreases systematically with decreasing rock thickness. 

The exponent, n. on the other hand appears to be independent of the rock con- 
dition, dimension, or pretreatment history. 

The foregoing findings suggest that most of the polarization effects reside in 

the electrical double layer at the rock/electrode interfacial contact.    The 

mobile sodium ions are expected to influence the structure,  and hence the 

relaxation properties of this double layer.    Remembering that rj is in parallel 

with the dielectric model of Figure 7-1,  it can be appreciated that polarization 

will be stronger at smaller values of r, (or g); i. e..  in the presence of larger 
sodium ion contents. 

CORRELATION OF ^ WITH THE WARBURG POLARIZATION 

The suggested model of Figure 7-1, with its unusual resistor r., provides 

a useful mechanism for explaining the observed results; i. e., the appearance 
of a circular arc with a depressed center in the Argand diagram relating the 

series reactance. Xs, to the series resistance. Ra (both measured at the 

same frequency).   Electrochemical literature had often revealed many such 

unusual electrical components to account for electrode polarization effect. 

The Warburg electrochemical formula (Equation 7-13) suggests that the 

electrolytic polarization resistance is inversely proportional to the square 
root of frequency. 

To explore the polarization significance of fg, the data on dry basalt (Table 6-1) 

were examined in some detail.    The variation of r, for dry basalt with 1 / V^ 

yielded a curvilinear plot, as shown in curve "a" of Figure 7-5.   The points at 

frequencies larger than 100 Hz (the initial segments of curve "a" at 1/^7 less 
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MUH 

than 0.1) appear to represent a straight line.   This tangenial line (curve "b 

of Figure 7-5) has a slope of 2509 and is taken to represent the Warourg 

resistance for dry basalt. 

w 
«I 2509 (7-38) 

The Warbu-g line (curve "b") was extrapolated to very low frequencies and 

subtracted point by point from curve "a".   The resulting "difference curve" 

was concave as shown in curve "c" of Figure 7-5.   When the data on curve 

"C" were plotted as a function of 1/f,  straight line "d" in Figure 7-5 resulted. 

A new resistance.  rk = fc/f, is therefore assumed to describe the polariza- 

tion at very low frequencies.   The slope of line "d" for the variation of this 

new resistance with 1/f gives a value of 4032 megohm Hz for g2 of dry 

basalt. 

The unusual resistor,  fj. appears to be analytically composed of two polari- 

zation terms,  one of which is the Warburg resistance; thus, 

u 

Ü 

,1 
rl = rw + rk 

Sc 

VF    f 

(7-39) 

f" 

i 

For dry basalt 

.       x      2 509   ,   4032 
r, (megohms)  = —— + —r- 

1 V* 

3626 (7-40) 

Table 7-3 gives the parameters g1 and g2 for the rest of the basalt rock 

samples in the dry state as well as those following water soaking and pretreat- 

ment in sodium hydroxide.    Except in a few instances, both gl and g2 decrease 
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gi        g. 
Table 7-3.    Basalt Parameters of the Equation r,  = — + -ß- 

1 ;    Vf 

Sample-^ 
Basalt Rock . 

State^ 

Basalt (dry) 

Following 23 hour 
soak in water 

Following 77 hour 
soak in water 

Following treatment 
in 1% NaOH 

Following treatment 
in 5% NaOH 

Following treatment 
in 10% NaOH 

Ki 

2509 

2164 

1713 
i 

1796 

2904 
i 

1414 

g2 

«a 
»i 

4032 

162 5 

22 56 
i 

2166 

-382 

1309 

881 

1152 

1067 

1389 

1885 

3607 

S2 

1021 

2187 

905 

12 52 

i325 

-248 

K, 

gl 

500 

1022 

' 674 

!   899 

992 

1102! 

g2 

1000 

1302 

606 

1035 

664 

233 

I', 

II 
IJ 
0 

with increasing sodium content in the pretreating solution as well as with 

decreasing rock thickness.    Linpar least-square fit of the data with the per- 

centage,  c, of sodium hydroxide gave the following relations: 

i 

•      For rook sample Ki , '     " 

g1 = 2241 - 43C : , , 

and 

g2 = 1536 - 89C 
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i 

•      For rock sample K2 

gj = 1057 + 238C      ' 

i 

1    and 

g2 = 1761i - 220C 
1 

!     •      For rock äample K4 

I   = 951 + 13C 

sind 

en = 1212 - 101C 
.i   &2 

1 

The increase in the Warburg coefficient gj for rock samples K2 and K4 with 

increasing sodium content is difficult to explain.   Of the preceding six equa- 

tions, two have a positive coefficient of g with c and the remaining have a 
negative coefficient.   It may be suspected that the Warburg coefficient gj 

increases while the ^ery low frequency polarization coefficient. g2 decreases 

with increasing sodium content. 

PHYSICAL SIGNIFICANCE OF n ^ 

The preceding data reveal the interesting finding that ^ is indeed a 
polarization resistance.   It. therefore,  represents the term in which electrode 

polarization artifacts reside.   An equally important conclusion is that electrode 

impedance is not in series with the sample impedance as has been universally 

! accepted, but appears to IDC for the most, part in parallel with it. 

The inherent polarization represented by r1. and which constitutes an integral 

part of the measurement, is evidently responsible for the deviation of the 
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dielectric from the ideal or Debye behavior.    The model has, therefore, 

permitted for the first time a clarification of the complex polarization term 

in rock impedance.    Rp is directly determinable from the point of farthest 

intersection of the experimental circular arc with the R   axis.   If one corrects 

for the polarization effects, the time constant or relaxation time, T. for the 

ideal system is given by the product RpCp.    For the real system, the model 
Equation 7-12 gives a time constant of 

T = RPCP Vl + K2 (7-20) 

where K = cotan^p and co is the rock phase angle.    The relaxation time, T,  can 

be determined independently of the model assumptions by plotting -X   as a 

function of log f.    The maximum in reactance will determine the turnover 
frequency, fmax, from which T can be calculated as 

T   -   -J_    -        1 
" wrv,QV    " 5?I  (V-3) max max 

The capacitance of the condenser, C , can thus be calculated from experi- 

mental data by Equations (7-3) and (7-20).    The model, therefore, permits 

complete analysis of the rock impedance parameters for estimating its 

complex dielectric constant, K * = K ' - jK ".   Here K ' will be related to the 

condenser Cp, and K " is related to the rock conductivity as given by the 
reciprocal of R . 
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SECTION VIII 

TECHNICAL REPORT SUMMARY AND RECOMMENDATIONS 
FOR FUTURE WORK 

TECHNICAL REPORT SUMMARY 

This research program was initiated to determine the electric and dielectric 

properties of rocks with the objective of finding a correlation between these 

properties and the rock geophysical characteristics and structure.    Low- 

frequency data will eventually be useful to determine the presence of under- 

ground water and entrapped oil and gases ahead of excavation, and for under- 

ground tunneling.    Accurate knowledge of the rock impedance and dielectric 

properties enables us to determine the attenuation of electromagnetic fields 

and thus predict the range and frequency for underground communication 
systems. 

For this study program a novel technique of determining the electrical proper- 

ties of rocks has been used that allows us to directly display complex impedance 

as a function of frequency.   Three characteristic rock samples have been in- 

vestigated in the frequency range from 0. 05 Hz to 2 kHz.   The data obtained 

were displayed in an Argand diagram and could be fitted very closely by an 

arc of circle with a depressed center. 

An equivalent circuit with an RC network was used to determine from the 

resistivity values at zero and infinite frequencies the dielectric constant at 

the corresponding frequencies.   The method depends on "bracketting" the 

circular arc in both the Argand and the Cole-Cole plot and on the assumption 

thai a single relaxation time must be the same for both the impedance and the 

dielectric dispersions.   The computer algorithm has been extended to derive 

the dielectric loss,  e ", or imaginary part of the dielectric constant, K", 

and the real part of the dielectric constant, K',  at the frequencies at which 
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the specific impedance parameters are measured.    The conversion technique 

by rotating the impedance vector from the Argand plane and transforming it 

to the permittivity vector in the dielectric plane is novel and reported here 

for the first time.   Application of this technique to the impedance data ok' 

basalt and quartzite gave dielectric constants that agree reasonably well with 

those reported in the literature. 

The hypothetical electrical model used in this investigation consists of a 

resistor, which is frequency dependent, in parallel to a capacity.   Both are 

shunted by a resistor.   This model successfully describes the detailed ex- 

perimental results.   The polarization effect can be described by a resistor 

whose value is inversely proportional to frequency with a power between 0. 5 
and unity. 

The electrode impedance effects have been determined from a series of 

measurements with slices of various thicknesses cut from the same cylin- 

drical sample.    The electrode ei'fects are significant for thin rock samples 

where they may represent a substantial portion of the measured impedance. 

For long rock samples the electrode correction may be negligible.   However, 

in this case the sample impedance may be comparable or larger than the 

amplifier impedance preventing a stable measurement. 

RECOMMENDATIONS FOR FUTURE WORK 

It is highly desirable to extend the capability of our on-line computer technique 

beyond the kilohertz range.    Extention to the mega- and gigahertz range has 

been recommended in Honeywell proposal 1D-E-3,  "Effect of Frequency and 

Temperature on Rock Dielectric Parameters. "   The effect of temperature 

on rock impedance is illustrated by the results of the following preliminary 
tfests. 

. 
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0 Experiments were performed on basalt (IV) to determine the effect of tem- 

perature on rock impedance.   The basaltic sample (IV used in this experiment 

was a large circular disc 0. 54 cm in thickness and 5. 21 cm in diameter.   It 

U differed from the previous Dresser basalts (I). (II), awJ (III) used in previous 

experiment in both color and grain size.    The new sample was darker in its 

greenish tint than the former samples.    The change in texture may be attributed 

to a different phase of rock formation.    Impedance was measured at both room 

temperature (220C) and the melting point of Uh! (0°C).   At the low frequency of 

0. 1 Hz. the impedance at the ice point is considerably higher than that at room 

temperature.   As the frequency increases, the temperature effect becomes 

less pronounced.    Table 8-1 gives the resistive and reactive impedance com- 

ponents at room temperature and at nominal frequencies ranging from 0.1 to 

2000 Hz.    The variation of the series reactance at room temperature. Xs. 

with log frequency is shown as curve A of Figure 8-1. while curve B shows the 

variation of the rock series resistance. *,.    Both curves indicate a turnover 

frequency, f^. of 9. 96 Hz, which corresponds to a room temperature relaxa- 

tion time. T,  of 

D 
0 

0 
0 
0 
I 

CJ 2'nf_,_„ max max 
i  = 15.9 milliseconds ^"^ 

When the previous experiment was repeated at the melting point of ice. the 

data in Table 8-2 were obtained.    Variation of the impedance parameters, at 

room temperature with log frequency,  is shown in Figure 8-2. where a turn- 

over frequency, f'       . of 2. 00 Hz is determined.   At 0°C. the relaxation time 

is given by 

T' 
2TTf'max 

= 79. 5 milliseconds (8-2) 
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Table a~l.   Impedance Data op Basalt (IV) at 220C 

LAST  KECORD   IS     m-     2   '♦/23/71 
ZEEGO  MOD   I 

B6-1  '♦/26/71 

ENTER   RCAL/UtHTS 
11, 
MEGS 

FRQ                  RES RAEC PHI 
0.09        32.6631 -3.5772 -6.25 
0.30        26.3709 -'♦.5'*07 -9.70 
0.99        21*.1*720 -5.3178 -12.26 
2.00       21.80tt3 -6.1671 -15.79 
3.02        17.6133 -7.0980 -21.95 
7.93       13.2352 -7.2887 -23.57 
9.96        li*.^385 -7.2472 -27.1*3 

li*.97        11.91*31* -7.1662 -30.Jb 
20.02        10.1*636 -U.9375 -33.57 
30.03          8.31*19 -U.5137 -37.33 
^0.16          7,2568 -6.1103 -'♦0.10 
30.10         6.31*52 -5.7679 -1*2.27 
99.50         i*.0188 -'♦.5073 -1*6.28 

200.27         2.351*5 -3,2393 -53.99 
503.36          1.1232 -1.8585 -58.86 
998.19         0.6598 -1.1528 -60.22 

2022.06         0.i*07i* -0.651*0 -58.06 

17   SAMPLES 

CIRCLE   CENTER   =        16.9612        20.imi* 
RADIUS   =        27.6828 
ERROR       0.88188     «EDUCED   TO        0.58638 
IN        17   STEPS 

LI 
Q 

u 
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Table 8-2, Impedance Data on Basalt (IV) at 0oC 

CRT   CALIBRATION 

DATA  TAPE  ON  UNIT   2   -   PUSH   START 
•#•••••#•«»»«# »!■••••••    n «11 ^    tut tt it ii *t ti mi it a IIHnflfllvHIIilHfl    P AUD    ••••••••••*••••••••••• 

LAST RECORD IS  B6-1 '♦/26/71 
ZEEGO MOD I 

B7-1 '♦/26/71 

ENTER RCAL/urjITS 
20. 
MEGS 

FRQ RES RAEC PHI 
0.04 lbi).31«*y -2b.3281 -9.'*0 
0.30 11,0.3309 -36.2Ü07 -18.16 

0.94 92.3b37 -39.2870 -23.0'+ 
2.00 72.37'*7 -39.bJ83 -28.87 
3.00 W.1312 -30.0387 -37.41 
7.yb 33.9373 -32.230'* -'♦1.91 
9.93 31.m3 -30.1291 -'♦'♦.06 

20.02 19.0096 -22.9683 -50.39 
30.0B 13.818** -18.9881 -53.96 
«♦0.23 10.8011 -16.3^39 -56.5'* 
30.03 8.899<« -l^.^♦^7'♦ -58.37 
99.30 «♦.7103 -9.'*3'*7 -63.W 

200.27 2.3633 -3.7'*73 -67.65 
50'*.20 0.9996 -2.7933 -70.32 
998.19 0.3700 -1.5737 -70.10 
2018.33 0.3682 -0.8'*2'* -66.40 

16 SAMPLES 

CIRCLE CENTER =   91.5041   87.5214 
RADIUS ■  129.8529 
ERROR   5.15521  REDUCED TO   2.35518 
IN   11 STEPS 
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Figure 8-1.   Variation of Impedance Parameters with Log frequency 
figure o ^ Dresser Basait (IV) at Room Temperature.  22 C 
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max f    10.000 

Figure 8-2.    Variation of Impedance Parameters with Log Frequency 
for  nrpjioer  naaalt   M\M   n*   no/-< ' for Dresser Basalt (IV) at 0oC 
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The rock d-c resistance, Rol at 0oC la 191. 8 megohms, which should be 
compared to the room temperature value of 37. 3 megohm.    Thus both rock 
d-c resistance and relaxation time decrease significantly with rise in tem- 
perature.   At higher frequencies, the temperature effect becomes less 

pronounced. 

According to Eyring's theory of absolute reaction rates (Ref. 26 ), the turn- 
over or characteristic frequency is equal to the universal frequency (kT/h), 
modified by a free energy of activation term; thus 

• =  (!<I)e^Ft/RT (8-3) 
max      In I 

where k is Boltzmann's constant, T is the absolute temperature,  AF    is the 
free energy of activation per mole of the relaxing unit within the rock matrix, 

and R is the molar gas constant. 

The free energy of activation is related to the enthalpy of activation,  AH. per 

mole of relaxing units by 

AF1   = AH1   -  T^ (8-4) 

where ASt is the entropy of activation.    Applying Equation (8-4) into (8-3), 

one obtains 

• .  NSI eAst/R    e-*Ht/RT (8-5) 
max ITI 
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ln(f        /T) = ln^+ ilT.  AIT 
max'   '     *' h +   R       RT (8-6) 

Normally one determines fmax at a series of temperatures and establishes the 

validity of the foregoing equations by ascertaining that the plot of In (f       /T) 

against (1/T) is linear.    From the slope of this linear plot one determines the 
enthalpy or heat of aciivation, AH*; thus. 

Slope = 1^- (8-7) 

and from the intercept of the linear plot with the ordinate.  one can determ 
the entropy of activation,  AS  ; thus, 

ine 

Intercept = ln|^) + ^2- (8-8) 

Applying Equation (8-5) to the data obtained in this preliminary work, and 

remembering that T = 2950K for room temperature (220C), and T = 2730K 
for the ice point, then 

(f       /T)        - AH! (1 . J.) 
max/    I . a     R    IT     T'l 

(P       /TV e 
max' 

or 

In 
f T' max 
f max 

_ Ah1 f  1        l] 
R~    f7" ' TJ (8-9) 

29506-3007 



8-10 

The enthalpy of activation, AH1,  is calculated from Equation (8-9); thus 

♦ TT 
AH    = 2.303R (T . rTi) log 

TT' 
f T' max. 
«      T 
max 

=   10,700 calories 

Z9506-3007 

u 
Ü 

u 
For one mole of the relaxing unit within the rock (92 grams for the Si04 tetra- 

hedron). U 

Hence, it is estimated that the activation energy for the relaxation process in y 

basalt is about 11 Kcal per mole of relaxing units, or about 0. 5 ev (1 ev   = 

23. 05 Kcal/mole). 

Future work in this area will further investigate the influence of temperature 

on the relaxation process and utilize it to compute both the enthalpy and entropy 

of activation.   Further studies of the pressure effect should yield more infor- 

mation on the volume of activation and entropy of activation of aggregate Kiter- 

actions.   This new set of data should yield deeper insights in rocks' ultimate 

structure and their petrogenesis. 

The complex impedance of rock samples at a range of frequencies that brackets 

their turnover frequency would yield valuable information on the relaxation 

time(s) of the silica tetrahedra and other structural groups within the rock, 

and the presence or absence of conductive materials.   In general, a Cole- 

Cole circular-arc ploi would be obtained in the complex dielectric diagram. 

With complex structures, the resulting figure may be analyzed into a series 

of nearby semicircular arcs, each describing a given relaxation mechanism 

with some interaction coefficients among the various aggregates (Refs.  27 and 

28).   The same Cok -Cole plot can be obtained in a complex impedance dia- 

gram, sometimes called Argand diagram.   Sinbel (Khalafalla) (Ref.  20) showed i 

that the plol of the series reactance, X8. against the series resistance. Rs 

(both dete mined at a given frequency),  in a complex system should yield a 

semicircle arc.   The intersection of this circular arc with the real (resistive) 

1 
1 
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axis will define the d-c resistance, Ro (at the farthest right end). Any point 

on the arc will define the impedance radius vector with both its reactive and 

resistive components readily available. 

Structural relaxation times in rocks can also provide valuable information in 

rock elastic moduli.    Debye (Ref.  18) related relaxation times to viscosity m 

liquid systems.    Elasticity corresponds to mechanically recoverable energy 

and viscous flow or friction to the conversion of mechanical energy into heat. 

Because of the similarity between viscous resistance to flow and friction 

between solid surfaces,  the resistance to flow of a fluid is the analogue to 

internal friction or shear within a solid.   These areas of endeavor in rock 

dielectric relaxation constitute our long range research goals. 

In his opening remarks for "tables of dielectric materials" Professor Arthur 

R. Von Hippel (Ref.  9), a leading authority who heads this country's clearing 

house for information about dielectrics since World War II, states "We are 

fully aware that these data should be expanded, especially towards higher 

temperatures and frequencies; that a real dielectric analysis of the materials 

should be undertaken, linking the dielectric response to composition and 

structure.. . "   We believe the rock data in this research are a step toward 

achieving these goals. 
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SECTION IX 

COMPUTER ALGORITHMS 

i 

DATA PROCESSING AND COMPUTER PROGRAMS 
s i 

The system is composed of three main nrograms: 

I 
SAMPLING 
AND A-D 
CONVERSION 

ELECTRODE 
CORRECTIONS 

I 
III 

DATA 
ANALYSIS 

These three programs are described in further detail on the following pages. 

Program listings are included for programs II and III.   Program I contains 

much machine language code; therefore, its listing was not included. 

SAMPLING AND A-D CONVERSION |* , ' 

Description 

The output of the rock amplifier :s sampled and converted to digital form. 

Provision is made to enter a calibration constant for the circuit.   At each 
' I I 

i 
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frequency the series resistance R^ series reactanc. Xs. series reactance 
'V and phase, angle are listed. 

Whpn all points have been sample* a least-squares bit is made to the R     X 

data.   Th^s arc and the data points are optionally displayed on a CRT screen" 

The data can also be stored on magnetic tape to be used 
the system. 

by othsr programs in 

Flow Chart - Sampling and A-D, Conve rsion      ! 

INPUT 
CALIBRATION 
CONSTANT 

/SWITCH NO. 4\ 

I5" / 
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ELECTRODE CORRECTIONS 

Description 

This program calculates the electrode corrections based on the Rg.  Rs data fr 

from two samples.    As a further refinement in the correction technique,  all 

pairs of three racks taken two at a time are averaged to yield a better cor- 

rection for each rack. 

For example, 

1) Compute correction for Kl and K2 

2) Compute correction for K2 and K4 

Average results of (1) and (2) yield correction for K2. 

The correction formula is derived as follows: consider two samples of the 

same rock. 

Area   -s 
A L 

rock 1 
Area ■xJrock 2 

I H   V 
V 

For rock alone. 

d 
ZRaT 

i.e..  RR-X» XR«A 
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Thus for two rocks. 

R, I       1 

R. 

9-4 

(9-1) 

Wt measure R   , X    . which include electrode polarization effects, mm 

Thus, 

0 
Ü 

0 
Ü 

u 
0 

Rml   
=   RR,   +R.   ' 

1 eli 

R^      = RR     + RB m2 R2 e2 

{9-2) 

from (9-1) one gets 

Rm    " R ml        el        1 

m2        e2 
0 

assuming 

Ra     = R0     ■ Rp el e2 e 

then RA   can be calculated as a correction to R    ; thus, e m 

Rr«      "   R- m.        e 

m2        e 

(9-3) 

(9-n 

Ü 

D 
D 
I 
ü 

yields 
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R 
R      -OR 

m2  ^ 
1 -3 (0-5) 

similarly 

X 
m2 mi 

1  " ß 
(9-6) 

The electrode corrections Re, Xe   arrived at in this manner are listed on 

the console typewriter.    Cards with these correction factors can then be 
punched to be used by the data analysis program. 

Flow Chart -- Electrode Correction 

CALCULATE 
«    X   AND 

STORE 

A w» 
JU '»^ 

DONE ALL 
PAIRS ") 
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The Data Analysis Program consists of the main program and 5 subroutines. 

In brief the program does the following: 

• Recalls,  from magnetic tape, data points resulting from a 

specified experimental run. 

• Selects some or all of the data points for further analysis. 

• Makes phase, amplitude,  and, optionally, electrode cor- 

rections to the data points before further analysis. 

• Fits a "best" circle to the data points 

• Determines parameters of our model from this circle. 

• Determines miscellaneous parameter from the data points. 

Each of these is described in more detail in the following pages, with a 

general flow chart of the program and a program listing. 

LOADING EXPERIMENTAL DATA 

The data from each experiment consists of 5 physical records on magnetic 

tape.    To locate required data,  the appropriate number of records is skipped 

and the desired 5 data records are read.    The following is a brief description 

of these records, 

• Record 1,  8 words 

• Words 1-4 - label describing experiment (e.g., K4 9/17/71 77 Hr) 

• Words 5,  6 - unused 
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• -   Word 7 - N = number of data points 

• Word 8 - unused. 

• Record 2,  50 words (2 words/data point) 

Frequency: 

F(I) = I   =    1.   .   .  . N N s 25 

Record 3,  50 words (2 words/data point) • 

X(I)   I = 1.   .   .   .  N N « 25 

Record 4,   50 words,   (2 words/data point) 

X 

I 
Y(I)   I = 1,   .   .   .  N NS 25 

1 •      Records,   80 words (2 words/data point) 

Working array Q: 

I Q(I)    I = 1,   ...  40 

f This is an array where intermediate information is stored for communication 

between the main program and its subroutines.    For example, Q(40) is the 

T calibration constant used in the experiment. 

f 
• DATA SELECTION 

I Selection of the data points is done by the following technique. 

I A card is read containing the number of points to delete from fruther analysis 

NDEL 0 s NDEL « N.   N   is then decreased by this amount; N   =  N   = NDEL. 
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u 
Another card is then read specifying which points to select for this run.    The 

points must be in ascending order and the total number of points must equal | 

this revised N.   The F. X. and Y   arrays are then "compressed" (i.e.. any 

points not selected are deleted) for ease of processing by the rest of program. 

For example, assume original N   =   7 and we wish to delete 2 points (2.  5): 

• Card 1 contains 02 

• Card 2 contains 01 03 0^ 06 07 

CORRECTIONS TO DATA 

Uncorrectsd phase angle PHIM is corrected to PHI.    The following equation 

is used. 

To correct for phase X frequency errors from the frequency generator used 

in the experiment. 

R        X(I) cos (PHI) 
Ks   "     cos (PHIM) 

v Y(I) sin (PHI) 
Äs sin (PHIM) 

In addition, X . R   are further corrected if the frequency F(I) is >1000 Hz 
s      s 

Xs   "  Xs-Xe 

/Xs2 +   Rs
2 

Z9506-3007 

Ü 

y 
Q 

U 
D 

0 

Optional electrode corrections Re. Xe are read In on cards. 

«s   "  Rs' " Re > 

I 



9-9 

The corrected X  .  R     are then stored back into X(I)f Y(I); X ,  R ,  Z  are all 
a a S S 

multiplied by A/d (AOD) for the given sample 

The following are listed if desired on the console typewriter. 

F(I).   Rs.  XsR^.  X: A.  pHI.  z,   Z:,A 

riTTINC. CIRCLE TO DATA POINTS 

Subroutine CENTER and KVAL are used   together to fit a circle to X(I), Y(I) 

I    ■    I,   .   .  .  N. 

Subroutine KVAUCN.CY. R. RV, NSTEPS) does the following: 

find 

Ti   ■   ICN  -N(I)]2 + [CY - Y(I)]2 

and 

R   "   L     T./N 
i = l       l 

RV 

N 

I Ti   /N - R2 2      nvi o 

That is,  it calculates the mean and standard deviation of the data points about 

a given center (CX,  CY). 

If   the standard deviation is less fhan the previous standard deviation, the 

new center coordinates are stored along with the new mean and standard devia- 

tion.   NSTEPS is increased by 1   and the subroutine is exited. 

7.9506-3007 
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u «..♦««« PVAT   as follows.    A guess is made Subroutine CENTER ut.l.zes subroulme EVAL as tollo« g 
for fte initial CX. CV and a counter Ns ia a.t to «ro.   Can EVAL and store 

CX, CY, and standard deviation. 

j-r     „ nv    rv and calline EVAL,  a search is made for By successively modifying CX. CY and caning cv ,    r-v    rv 

the CX. CY yielding the lowest standard deviation.   These coordinate CX. CY. 

the radius,  and 

FIT   = 
100"  standard deviation 

R 

is printed and control returns to the main program 

0 
u 

MODEL PARAMETERS 

Having found the "best" circle fit to the data po.nts. the following parameters 

are calculated and printed . 

5 
'2 

R , r„  r. are determined from the circular arc. 

0 

Z9506-3007 
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In addition 

C 
P      1=2 

f tVW,llci-<W 
v^ 

where f.   is frequency at point i. 

and 
X. 

ci ' - 

si 

2nf. fc      - R2)2 ♦ * 

RHO   ■   R (-T-       ohm-cm is also printed. 

Also calculated and printed in subroutine EPSTLN are the following: 

*   ■ <Ro" R») Cp  V1 + cotan233 

where 

B 
.   -1    i    o ■ 

= sm 

co =-s: 
SR. 

2r 

» '«D 

,       r   - radius of circle 

^«o 

also printed for each frequency t 

1 
e 
^+       2 

I 

• 

sin hd-a) s 
an 

cos hd-a) s + cos 2 

Z9506-3007 
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and 

„ 2 K - oco8 EB 
c   = 

coshO-oOs + sin g- 

where   s   =   log   (UT) and Cole-Cole parameter a  is related to the rock phase 

angle cp; thus 

cp =5" ^1 "a) 

MISCELLANEOUS PARAMETERS 

R [X2   + (R2 - RJ2] 
r     =    os s       »  (9.7) 

RjR0-Rj-tx2MR   -RJ2] 

An equation of the form 

I 

was assumed and a least-squares fit was one on the points calculated from 

(9-7). 

An equation of form 

«1      «2 

i ■■7? +~ 

Z9506-3007 
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u 
u 

Ü 

J 

For each of the samples Kl. K2, K4   under various conditions,  the following 

calculations were made.on the uncorrected data for each frequency 

u 

Q 
Ü 

j 

i 



Q 
D 
0 
[J 

D 
Ü 

0 

0 
0 
0 
D 
0 
0 
0 
a 

a 

9-13 

was also assumed and another least-squares fit wad done on points from 
(9-7). 

DATA PROCESSING FLOW DIAGRAM PROGRAM LOGIC 

(ELECTKODE    YJLJJ 
COHRECTIONS h^n 

READ THE 
ELECTRODE 
CORRECTIONS 

FIND CIRCLE 
FIT TO DAT* 

DETERMINE 
MODEL 
PARAMETERS 

FIND CD 

FIND MISC 
PARAMETERS 

(DONEJ 
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D 
Q 
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Q 
Ö 

0 
D 
D 
a 
o 
a 

o 
D 
a 

a 

9-13 

was also assumed and another least-squares fit wad done on points from 
(9-7). 

DATA PROCESSING FLOW DIAGRAM PROGRAM LOGIC 

SET UP 
FOR THE 
SELECTED 
DATA 

MAKE PHASE 
AND 
AMPLITUDE 
CORRECTION 

(ELECTRODE    \JLJ   i 
CORRECTIONS J-^-H 

READ THE 
ELECTRODE 
CORRECTIONS 

FIND CIRCLE 
FIT TO DATA 

DETERMINE 
MODEL 
PARAMETERS 

FIND C. 

FIND MISC 
PARAMETERS 
9. n. g,   iij 

(DONE) 
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■«•^-•«■'«^"sJi «... 
.„,  ?E*Dl3'103)   *.Sl,NS?,0l,0? 
103  ':9Hr.AT(2r3,2rio.oi      . 

^SP<IP.5,K,SI ' 

IF(IE.EQ.3)   C9   TB   10 i 

C*U TARC (2,r,50,*,IE( 

CALL TARC (2.3.80,»,IE) 
«EnlSD 6 
"l'lTE<l,io»)   LABEL   ' , i i 

10*  r«NMt(   /I01I»U) 
09  3   I.^N 

^M,M
e"   *T*N2(r(il,X(I)) ! 

fsI.;H:;;s!^?:^^/>»-o.-nl.o.oo;o1 
I^nil.LE.lOOO.)   09  TB  * 

RS.;s;^,,UE,,P,AU96lb"! »•.(Fd.MOOOO.O.OOOOl   .  I, 
XS«¥S/CF 

♦   "MKD.RS i 
3  XMKlj.xS 

NSKIP>5»KS2 

liH. J*8  I2'«.8,»,IE) 
IH IE.EQ.3l   Q6  TB  10 

rJL,L  IIS?  <2'F'S0,»,IE) I 

C*LL   TARD  (2,y,50,*,lE) 
«•"fKl*1"3   '«'S'SO,*,!!) 
•«CMIND  6 ' 
»•»ITE(l,lo»)   L*BEL 

PHIM   ,   ATAN2(y(n/X,ll) 

^^^^,,:c9%(
,p^c

L,9i|poi?P;(♦l5•o'•F<''•o•ooooll 

*III.V(II.SIN(PHl)/SIN'PHlli 
innil.LF.lOOO.)   09  TB  » 

SftMllil/S'*7**810*«' * ^♦»'••F"|.iooo...o.ooooi ♦ 
V f t ( . w j it  itJi« »II)tV(l)/CF 

«  C9NTI'UE 
*l|   AND   XM?   ARF   N8M   IM  x   AND   Y 

i 
i 
i 

I 

1 

I 

a 
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S1 
! I I ! 

D , 9-15 
<' . I ■ 

U j j i f 

0 , ,' ,  ' [ ' . ' ■ ' :    . 
KEA0(3»1051   ^N 

10«  F8k<HATt2«I2) 
RE*0(3»10S)   (M1(J)»J"1»25) 1.1 

Q 
[i 
a 

1 RE*0(3»105)   (Ma(J).J«l»2B) 
D8  5   IM»NN 

i j»Mi(n 

YytX(K) 

DeD«D8/01 
I »E»   (YY»D80»XXl/(lt.0eD) 

XXiXHJIJ) 
I VY.Y(K) 

xE>(YY>DeO*XXI/(lt«DSD) 
RRl'SMlUl'RE 
RR8»X(K)»Rf 
»RliXKUJ)»xE 

| • xRa«Vl<)»XE 
. ' .. IF(U*2)   800*300.000 

! ido REllI)«HE 
xEKD'XE 
G9  TB 500 

D3;,; RE8(I)»RE 
I xEZdl-XE 

■ i    08  TB  500 
. »00 •tlM»»*« 

I ' XE3(U«)(E 
500 "itlufioii rt*)f*tttu»*u**i>mim 

I I 5 C8NTINUE ! 106 r8R"*T(3xF9t3*3x2Fl0»3#*Ml«*( 
' tF(L'2| 90i90»550 

550 C9NT,IMJE 
| , OB 1000 1>1«3       i 

i      . '08 »000 I.WNN 
IF(L«2) 600l700<B00 

1 '600 Rt»«5»(BEl( II*RE2(!n 
xEii5*(XEl(n*XE2II)l 
OB T8 900 

700 RE..5.tRr2( n*BE3(I)) 
.xEt<5*(xE2(n*xE3lII) 

,     68 TB 900 
900 RE><S*IRE1(1URE3(1)) 

! xE«.5»(XElii)*«E3lI)) 
, 903 CBNTINUE 

■' ,R1TE(1«»000!REJXE 

8000 F8R"*T(2Fn»61 
I •' 1000 C8NT1NUE 

PI 10 STBP 
i • END     : 

Ü 

D 

0 
0 

,0 
3 
a 

i       ! ' . Z9,506-3007 
r 
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i: C   -*^ES PMASt *NO AMPLITUDE C9««ECTI8NS T9 R** U»T* 
it C   MA<ES ELECTR80E CBRRtECTIONS (SSw 11 
3« C   CIRCÜE FITS C9RRICTEU D*T« 
*: C    CALCULATES PtRMITlvMY ANO L^SS FAQTBR 
5: cOHiBN F(25)»X(2Si»»(?91*N»0(»0l»CP 
61 DIMENSION L*BEL(«I<U(2SI«V(IS)<H(|) 
' ESUIVALENCE (M(l),LABEL(ni»(M(JlJjMTSlM«(7|,\) ht OIIENSISN nAP(25) 
»I OI^SIBN REv(25),xtV(25) 

10! WRITtdMoH) 
III 102 F9RM*T(51HENTER SS.ABD  PjT SS»1 JP F9R ELECTBODE CBSRECTtSN, 
12! •E*0<1»1031 NS,A9n                                      ' 
131 103 F9R1AT(I3#FJ0.0I 
1*1 NS<1»«S«NS 
151 IF(NS.3T.0)CALL SKI?R(»#NS<IPi 
16' 1 CALL'TARO |3.H(8«*«IE) 
1" IF|lE.E0«3) G9 TB JO 
1«! CALL TARO (2<F<50<*<iE) 
19! CALL TARO (2<X<50«6<tE) 
hi CALL TARO (2«T#8ö«*»U) 
21! CALL TARO (2,0,BB,<MIE) 
22: REWIND 6 
23: REA0(3<B000) NOEL 
2»! Hi.N-NDEL 
25! RE*0(3,«üO0) HAP 
26! 1000 r9RntT(25|2) 
27S 09 300 I>1«N 
2!< JiMAPtl) 
2»! IF(I«J) 290<300«2»0 
301 290 F(I).F(j) 
311 Xdl'XIJ) 
32! V(I)iY(j) 
33! 300 C9NTINUE 
3*! teRITC(l<10*l LABEL'ASO 
35: IQ« F9RHATt//iOX*Ait»tOX*HA9D.F».5<Sx2»'4PM»SE AND A"PLITUOE CBRRECTEC/, 
3» CALL SS*TCM(S,I6) 
37! IF(l9.E0.l> SB TB SO 

Z9506-3007 

u 
u 
0 
D 
Ü 

U 

3»! -RITld.lOl) 
39 101  F9Rll|iAT(/B)l3MFR0<Bx2MRs,lO)(2HxS»n»Ht«ABO»10X»HXA90,   liai#l*UUl|Mj 
♦0. 18X»'   ZABD) 
»1« SO  C9NTINUE 
*2! DB  i   I.l.N 
63: PHI«   ,   ATAN2(r(I),x(l)) 
♦*! I   •   SQRT(ä(I)».2»V(I)..2) 
♦51 0   ■   i/ai60) 
Wl PHI   •   PMlM  *   t7.0»ALBOlO(6l   ♦   IS-OC^ (I l.Q.OOOOl 
♦7I RS  •   X(I).C9S(PNI)/CBSlPHIl«i| 
**'• XS>   T(I)«sIN(PHll/SIN(pHlM) 
»»! TF(F(I).LE»iOOO')   0* TB 6 
SOj 2  CF  •   •(1.9«EXP(ALBOl0lQ»l   *  «.«S)»(F( I).l300«l.0«C0OOl   *   1. 

52: xSaXS/CF 
S3: 2«Z/CF 
S»! * CALL SSl»TCM(l,Ii) 
56! REVID.O. 
56: yEV<IlaO> 
57: IF(Il.EC^) 68 TB 6 
5«: READ(3,106) RE«XE 
59: 106 F9R*AT(2Fi0.0) 

0 
.! 

) 

1 
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ic: 
HI 
Iff 
«3: 
«•: 
*•>■■ 

»*: 
•7: 
•■i 
*«: 
lot 
»Ji 
/'?: 
7j: 
7*t 
»81 
r«: 
771 
7tl 
7»: 
•c: 
• >: 
Ht 
•3. 
••I 
•s: 
•*: 

• $••<$•*£ 
>S>>S.i[ 
•Cvdi.RE 
»Evi 1 ).«E 

••*! • p-r.57.3 
•460 • ss.«eo 

C»LL  $lfcTCM(9,JS, 

t'dSiCS«))  09  T9 j 

107! 
10«: 
10»: 
no: 
lit! 
lt?I 
111« 

IK! 
I»! 

3  C9««7lNu£ 

c»ti. -eo£L 

■•tTI(l,j0J6,   ft»* 
•030  r9W**l/»" DM«  ..eiJ.B^» 9NM.C«   , 

••' 59  190  Uj#s 

»■      ISO »(iitvdi.KCvdi 
C»tL   C£STC» 

C*Lw  -90£L 
lo9> 
tr«0> 

MfH« 
■*tTEit»lo*Ol 

;i:?i2(i;Y
T^/,8,9,*,,,""8'*»»-r t.<x(n.3,6.,..8, 

C»«»(ll/(»tfM«r(I,«Tl^| 

•oio '9«««T(»rjj,«#tlj,#| 

911 
92! 
93! 
9«! 
991 
9»! 
97! 
99! 
99! 

1031 
101! 
10ZI 
1031 
10*1 
t«5! 
10*1 

si>sg**i9airit)) 
SV'tT**i.9G(Ml) 
Sl?<Sx(-.   it9G(rll))..2 

«oo c;s;?"t*tM,•l,•*LBo,r,," 

B9TtSx<«;.iv.Sx; 
*t(•'•Sxv.lt.Sit)/BOT 

9«(XN*Bxv.Sv«Sx|/BBT 
..    "•l2f'»»Moi *«B  • 

09  290  ]*l«s 1J0 

1>1S 
1»?! 
1191 
l«»l 

«(n.»(i].Btvir 
2«0  V( ii*V(lt*M«l|| 

10 $T9» 
END 
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It 
?: 
a: 
*: 
s: 
it 
7J 
s: 
9: 

10: 
ti: . 
12: 
is: 
l*: 
is: 
16! 
17: 202 
I«: 
19! 201 
201 
2i: 
22! 
23> 
2«! 
25! 
26! 
27! 
as: 200 
29! 10 
30! 
31! 

SUBROUTINE EPSILN(A9D) 
COMMON F(2S)#X(25)#Y(3S)«N«0(4»0)«CP 
DIMENSION EP(25)*EPP(25) 
ARQ»(0(5)«Q(6))/2t/0m 
p«ATAN(ARG/SQRT(l(>ARG«»2)) 
AP«l»570i|»P 
A« l.-P/lt5708 
TAUt(Q(5)>Q(6))*CP*SQRT(li4(CeS(P)/SlN(P))**2) 
EA«8*85E«06«A0D 
E0iTAU/(EA«Q(6)) 
ElNFtTAU/<EA«0(5)) 
C»COS(AP) 
SN«SIN(AP) 
E"5«(E0>EINF) 
T1»TAU«1*0C*03 
WRITE(1«202) TliEO#ElNF 
FORMAT(/  #HTAU»F10»5**HMSECM0X3HE0»F10»5#10X5HEINF.F10.5) 
WRITE(1#201) 
FORMAT(/  8X3HFRQ«6X2HEP«10X3HEPP«/) 
DO  10   Ifl«N 
S*Al.0G(6*283#F(I)#TAU) 
SH«*5«(EXP((l**A)»S)»ExP(*(l««A)«S)) 
CHtt5«(EXP((lt-A)»S)*ExP<»(l»-A)»S)) 
EP(I)<EINF*E«(lfSH/(CH4Cn 
EPP(I)»E«C/<CH*SN) 
WS»lt/(6t28«F(I))«»2 
WRITE(1#200)   F(Ij,EPH)#EPP(H 
F0RMAT{3X#F9,3,3E15.6) 
CONTINUE 
RETURN 
END 

■ 

Ü 

Ü 

Q 

. 

D 
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|t 

3« \C»l«N/2 
»j xi«(xtl)»X(NC))/2» 
,; x2.(X(NC)*X<N))/2« 

« sl.(X(ll.I(NC>)/(*(NCl.V(l)l 

\Vi cK  EV*LtCX.CY,«.RVt.NS) 
i»! sm'.cx 
15S 3I8)«CY 
lt! 3(3)."vl 

jg; 09   6   IQtl»lC 
19: 0»0/2« 

21! c^aizi 
22; pv»3(3l 
231 CX"»CX»D 
2»; cxM»c««o 
25! cV«C**0 

IT C»LL CV«L(CXP.CY.XXX,RXP.NS 
!. C»LL   EV*L(CXH.CV.XXX»RXM.NS) 
B citt E^L.Cx.CrP.xxx.RYP.NSl 
S c»UL  EV»L(CX.CY^XXX.RYM,NS) 
ii: QX."»XP«RXH 
all gy.nvp.BYM 
53J ),M.SQ"T(GX«ax»0Y«0Y) 
3*1 QX>SX*D 
351 QY'QYcD 
36: 09 *  Nl>t0 
,71 cxN.cx.ex 

Jo! iF(äVNE*.6C.ÄVl   08 TB 9 
»11 CX'CXN 
»2: C^CYN 
«3! • evavNEi. 
«»I 5  C9NT>NUE 
»5: 6   CONTINUE 

:im.i^;£ol^a||^'J};r^sül.TS.<2Xl5HCIRCLE CENTER rtflO^ 

501 RETURN 
ill END 
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ü 

11 SUBR9UTINE M8DEL 
g: COMMBN r(25)*X(85)#Y(25)*N|0(*0)*CP 
3« CX-Od) -    . 
♦J CY»Q<2) 
s: R»am 
6: Ml« 
7» B»-2»«CX 
8! C«CX«CX*CY»CY«R«p 
9t OET.SORT(B»B»*«»A»C) 

10: R2»(-B-DET)/(2.«A) 
li: RP»(»B*DET)/<2i«A) • R2 
12« muuti 
13: W'6t2832*F(M) 
1*J RR«X«M).R2 
15» XW«YIM> 
16i sa«RR»RR*xw»xw 
17i GR"(RP«RR»RR*RRVXW«XW)/(SQ«RP«W) 
18: Rlili/(6*2832»6P) 
19: 0(5)»RP*R2 
20: 3(6)«R2 
21: 3(8)*R1 
22: wRITE(l/220) Q(5)#R2#Rl/RP 
23:   220 FBRMAT(/3HRo»Fll.*#loX5HRINF«Fllt*//18HM80EU PARAMETERS 
2*:      1F11»*J*H/FRQ/21X*HRP «Flit») 
25: RETURN 
26: END 

•*3X*MRI   * 

li 
0 
.1 

f I 
!   • i i 

I L ~J 

j 
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APPENDIX A 

PARALLEL TO SERIES TRANSFORMATION OF ELECTRICAL 
MODELS WITH A SINGLE TIME CONSTANT AND FREQUENCY- 

INDEPENDENT COMPONENTS 

This appendix presents an analytical proof of the semicircle equation relating 

X     to   R  .    It is easy to show that a transformation of a parallel RpCp unit 

wüh frequency-independent components to an isoimpedic Rs Cs unit with 

adiustahlo components will result in a circular plot between Xs   and   Rs. 

The impedance of the parallel R C     unit is given by 

.iR * 

P       R   + P» 

P   P 

2 2 
R  *l   + jR^Xn 

p   P P   P 

P    "   P 

RX2 

P   P 

„2 v2 

Rp   + xp 

R2X 
P    P 

P P P P 

(AD 

Comparing this equat 

obtains 

R     =   Rrt s P 

ion with the series parameters zs = R
s 

+ JXs' one 

.2    n 

1 + 

and 

X     =  M- 
\      p )/ 

P 

2 
R^ 

1+ -f. 
-       ^ 

(A2) 

(A3) 

From Equations (A2) and (A3), the following identity car be deduced 

X=Xn s   p 
R

e
Rn s   p 

R2   + X2 
s s 

(A4) 

I 
I 
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Let   R     represent a constant quantity characteristic of the rock system,  call 
It 2a, then according to Equations (A2) and (A4) one has 

' ^ 

X2 

S 
1 + — 

X2 

L       p 

'   Rs 1 +     

*—                  _J |P 

R     «   2a   =   R 
P ö 

Rearranging Equation (A5), one obtains 

X?    +    R?    -    2a R s s S 
or 

X8   +   Rs   - 2a Rs + a2 - a2 = 0 

(A5) 

hence, 

(Rs - a)2  ♦  X2 =   a (A6) 

Equation (A6) is the analytical equation of a circle of radius   a = ^-R  , and 

whose center has the coordinates (0,a) in the Xs. Rs diagram, or the Argand 
diagram. 

The transformation from the parallel to series combination describes a semi- 

circle in the series domain for constant parallel circuit parameters.     This 
condition represents an ideal situation in which the system    has no polariza^ 

tion and In which the capacitance   Cp   is regarded as a perfect condenser, 

and hence the semicircle has Its center on the real axis and will pass through 

the origin.   In all rock systems studied thus far,  one always obtained a 

circular arc; I.e.. the semicircle was translated vertically downwards,  so 

that its center has the coordinates (m   and -n).   This situation can be de- 
scribed as follows 

(Rs - m)2  +   (xg + n)2   =   a2 
(A7) 
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A3 

The phase angle,   cp, of the rock system is defined such that 

cos cp 
_n_ 
a 

(A8) 

Note that  cp   is not the same as the impedance phase angle, 0, defined by 

tan 0   = 
X 
_j 
R. 

R 

X 
(A9) 

The attachment of a "leak" resistance,  r2, in series with the parallel RpCp 

unit,  as shown in Figure 4-la of Section IV will also result in a semicircle 

with radius Y R ,   and whose center has the coordinates (| Rp + r2)   and   0. 

This is because the impedance of this system is given by 

IX  R 
r2   +  R   + IX, 

(A10) 

R 
r2   + 

R 
1 + 

P  J 

+   J 

X 
p 

Comparing Equation (A10) with the isoimpedic series parameters Zs = Rs+jXsl 

one obtains 

and 

Rs   "   r2   =   Rp 

/ r 

R 
1 + (All) 

X 
1 + (A12) 

X2J 
P 
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These relationships lead to 

s    p 
Rs   ■   ^ 

or 

Rs-r2 

Combining Equations (All). (A12) and (A13) and letting R 

(Rs   •   ^ 

or 

1 + 

I (Rs - V 

(A13) 

2a, one obtains 

=   2a 

Ü 

u 
D 

m§  -   r2)2 + x 2 2 
2'    +  xs    =    2a «g   -   r2) 

hence 

and 

(R V2  +  X
s

2   -   2a (R     -   ro) + a2   ,     2 
s        '2' 

[Rs - (r2 ♦ a)J (r0-f a)|ä  +  xf   =   a2 

This equation represents a circle with radius i 
(a + r2)   = LE.

+
 
r2|' located on the real axis. 

(A14) 
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APPENDIX B 

RELAXATION TIME AND TURNOVER FREQUENCY OF A MODEL 
WITH A SINGLE TIME CONSTANT AND ONE FREQUENCY- 

DEPENDENT POLARIZATION RESISTANCE 

Using the model in Figure 7-1, and starting with Equation (7-8) one has 

X 

2      2 r! R^ x 
J P    P 

2     2 2 2 
i   P pip 

The objective is to maximize X    with respect to u (or f).    The various 

components are given by: 

C -1 -1 r     =  -p:   X    =   -^"    =   2TT ic    ;   and R    is independent of   f, 
P      up p p 

X. f 4   X 
r, + H   V 
_i E_ 

2   D2 
r, R 

1     P 

«L4   X 
NP P 

^-+  ^ 

1 X 

\     + _ 2   + 

P        RP 

P 

X 

2 
rl 

R, 

2X 

r.R 
1   P 

(Bl) 

Substituting the values of   r, and   X   in Equation (Bl), one obtains 
• 

-     ^-     =     2TTfC + 
X p 

s r 

1 

2nfC  R„ 
P   P 

2ng2Cr 2TTgRpCp 

sJ 
df 

=     2TTCp   + 
1 1 

T7T 2"g'Cp       2nCpRp f 

(B2) 

(B3) 
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X8   will be a maximum when X i8 a minimum>   This happens at the turn_ 
over frequency, f max. which is given by ,        : 

| 4TT2
g

2cg » 1 i 

J7*~  '    „__z. 2TTCpRpfmax 2Vcp 

"   2     2 =      I + 4TT2IT2C2 

iTf Z g     P (B4) p    max 

Equation (7-9) defines   g  as  ^    and Equation (7-11) equates   K , to 
cotan cp.   Using these relations in Equation (B4). one obtains 

^V?7~"   '   +K2     ä ' , ' * : 
P    p  max 

' ■ , . 

—^ - - = R* c2    (1 + K2) '      " 
4n2f2 P    P    '       K ' 

max | 
■ * 

- R2 C2    (1 ♦ cotan2 cp) ^ '        (95)       i 

The relaxation time   f    = —J    - 1 
"max   "   W fmax   ' 

hence;     T     ■   o2 pZ    /.  , „  .    2    . np Lp    (1 + cotan   y) 

and T     =    RpCp Y1 ♦ cotan2
V       ' 

One chooses the positive root because   T   i8 alway 

.! I 

(36) 

i 

s greater than tero. 
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From the experimental data, 

one measures R , R^  and  cp. 

R     =   (R ! - R ) p   .       o       <*> 

Hence1 T   can be calculated as 

Tl  =   ^o 

i 

i 

i 

i i 

i. 

u 

zgsoe-soo*? 


