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ABSTRACT

Title: Interfacial Polarization in Membranes and its Significance
in the‘lnduced Polarlzation of Geologic Materials.

‘Author: Donald James Mérshall

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy at Massachu-
setts Institute of Technology

An investigation of the possible causes of background
effects In the induced polarization method of geophysical
proSpectin? has led us to the conclusion that the most important
ones are electromagnetic coupling effects and polarization in
materials other than the metallic conductors. This thesis is
concerned with polarization in clay type materials.

Using the methods of steady state thermodynamics an:
analysis is made of the polarization effects due to electro-
osmotic coupling, thermoelectric coupling and diffusion
coupling. This analysis yields an expression for the maximum
~polarization effects due to each type of coupling, in terms
of measurable parameters of the material. When the expressions
are evaluated using values for these parameters, tYpical of
geologic materials, it is found that diffusion coupling only
is important. : : : ,

In order to determine more about diffusion coupling
polarization, in particular its time dependence, a kinetic
mode] is introduced. The solution of the equations describing
this model leads to an impedance behaviour which can account
for a 1004 frequency effect. The frequency dependence of the
impedance is similar to that of a Warburg impedance which
is typical of diffusion controlled reactions at metal electrodes.

Experimental investigations of the polarization effects
inclays and ion exchange resins Indicate that there are.
appreciable effects in these materials and, while the comparison
with the theoretical results is not ideal, there is good '
correspondence between them. )

Studies were made on natural rock samples also. Great
difficulty was experienced, however, because of the presence of
minor amounts of metallic minerals which in several cases were
shown to exhibit lar?e polarization effects which completely
overwhelmed any possible membrane effects. :

. A comparison of the frequency behaviour of metallic
electrodes and membranes indicates that there is no reason to
expect significant differences between the two. The major circuit
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element in each case is a Warburg impedance associated with
diffusion phenomena. Differences in frequency behaviour

among different rock types were observed in the natural samples
but they did not allow one to distinguish the two phenomena.
The magnitude of the polarization effect appears to be the

best guide to this separation.

‘Thesis Supervisor: T R. Madden

Title: o Assnstant Professor of Geophysics




vii

ACKNOWLEDGMENTS

| cannot fully exbresé ﬁy debt and gratitude to my

theSisfsupervisor; Professor Madden. The original area of
~investigation was outlined by him as a part of a proposal
for research sponsorship which he presentéd>to the Raw Mate-
rfa]s Division of the Atomic Energy Commissfon; Many of the
ideaé incorporated within this thesis originated during con-
versation with Professor Mad&en.and it is certain that a
large number of them were originally conceived by him. He
has been a constant source of ehcouragement throughout this
work.
| ‘consider myself fortunate to have been able to»n

study under Professor MacDonald for twd years. While these

4 Studles were not related directly to the %hesis area, they
prOV|ded a strong background in thermodynamlcs and other sub-
jects which has been |nvaluable to me. |

Throughout all my undergraduate and graduate years at
 MJl.T;, I have beneflted greatly from the advice and assistance
of Professor Shrock and Professor Hurley.
| would like to thank the M.!.T. Soul Technology Lab
for the use of their Differential Thermal Analysis equipment.
| have very much enjoyed working with Mr. Olsen and Dr. Martin
of this iaboratory and>have'benefited greatly from the oppor-
tunity to ﬁork with them and from the many formal and informal
discdssfqns which we have had about mutual problems of clays

and clay structures.




viii
_ l would luke to thank Mrs. Shurley Fahlqunst for
checknng the very tednous algebra of the kinetic model
olutIOn in Ghapter i
The spectrochemncal analyses were carrled out by
Dr. Dennen and Mr. Phil Andersen. | also obtalned assist-
ance in the heavy mnneral ‘analyses from W. Phlnney
| Mr .. Duane Uhri carried out the thermoelectrnc
: measurements whose results are lusted in Chapter .
| ~John Annese and Ken Harper cheerfully performed the
machlnnng of the varlous ltems used in this research.
I'would Inke to thank Miss Frank and Mrs. Sarver
‘for the conscnent:ous manner in whleh they performed the
vtyplng of the theS|s and Mr. Eari Michaels for doing the
~drafting. -
- Translation of several Russ:an papers on induced
polarlzatlon were made avanlable by Bear Creek Mnnlng Co.
Much of thls work was per formed durlng the year |
was'supported by a Fellowshtp granted by Standard 0il Co. of
‘Caloforn:a and | am extremely grateful for thus ass Istance.
In addltlon, I receuved Flnanc1al support on a
research project sponsored by the Raw Materlals Dnvnsuon of
the Atomic Energy Comm»ssuon
1 gratefully acknowledge the support of Nucllce
AnalySIs Associates in the publlcatlon of the thesis.
2 My wlfe, Barbara, has been a constant source of en-
,c0uragement durfng my entfre graduate carrer and | gratefuily
acknowledgevhe;é'confidence'and devotion in this period.

{



ix

The research presented in this
thesis was part of a prbgram supported
by the Atomic Energy'Commission under

Contract AT - (05-1) - 718.



- LIST OF ILLUSTRAT | ONS
Chapter 1 | , ' Page,v

Figure 1.1a: Cross Section of a Mineralized Rock ..

i? Showing a Mineral Ized and an,UnmiheEalized Pore Path. . 5
‘ Figurgﬂj.lbi' Equivélent Circuit for the.Cross Section
Sﬁowﬁ in Figure 1.la. . . . ;1.V; “ v e ;;-’- e e 5.
Chapter 11 |
Figure 2.1§ Modef used in Quasl-Steady Analysis of
thfusioﬁ'Polarizatlon in Membranes c e e e e .. b0
Figure 2.2: Ma*lmum Polarization Effécts-of Membrane
Model + &« ¢« o v o o ; I 43
Chapter 111 | | |
Figure 3.1: dedel for Membrane System « « o« o« o o « o o o5
Figure 3.2: Equivaient Circuit for High Frequéncy
Impedance « « « &+ ¢ ¢ ¢ o o 0 . . . c e e e e e JTH
Figure 3.3: Frequency Spectra of Membrane Polar-
ization . . . . I Ce e ;.. T R Y 6
Figure 3.4: Frequency Speétra of Membrane Polar-
fzatlon « « « o o o o o o o o ; e e e e ; Y
Figure 3.5: Comparison Between Impedance of Membrane
System and RC Circuit e e e e e e e e e e e LT7
Figure 3.6: -Frequency'Spectra of Membrane Polaf— |
fzation « « « . .“, R -
Figure 3.7: Model for Membrane System Including
Fixed Charges .7. . ... o - )
Figufe 3.8: Conéentrations Gradients irn Charged -

Membranes « « « + s « o o o « o o o o o o s o o oo o 9l




| Figure 5.2:
p

Figure 5.3:

Results of Group 1|1.

Chapter 1V
Figure 4.1: Frequency
Figure 4.2: Frequency
Figure 4.3: Frequency

Resin Impedance . .
Figure e Frequency
Resin Impedance . .
Figure 4.5; Frequeﬁcy
Resin Impedance . ;
Figure 4.6: Frequency
 Resin Impedance . .

Figure 4.7: Impedance

Figure 5.1a:
Mixtures Containing
Figure 5.1b:

Mixtures Containing

of Group 11.

Spectra
Spectra
Spectré
Spectra
Spectka

Spectra

of Kaolinite Systems. .

of Kaolinite Systems. .

of Ion‘Exchange

of lon Exchange

[ » . [ L) . .

L] [ ] . [ ] L] . [ L]

of lon Exchange

of lon Exchange

of a System of Mixed lon

Pyrite

Pyrite

Exchange Resins . . . . . . . .. ..

ChaEter v

Differentlal Thermal Analysls of

Differential Thermal‘Analysis

Differential Thermal Analysis

Differential Thermal Analysis of

Resul ts

Sedimentary Samples . . . . ., . . ..

xi

Pagev
. 98

. 99

.110

11

Jdi2

LT

0128

.129

Altered Voleanic Rocks . . .-.139



Cxid

LIST OF TABLES

Chapter | ‘ ‘ Page
Table 1.1. Typical Metal Factor Values at 10 cycles

R e S P T N R

Per second. . * L] . . . L L . L d . . L] L Ll * A\ L] L 8

Chapter |1

Table 2.1: Electroosmotic Polarization Parameters
. for Geologic.Materials . . . . . . ... .., .. 32
Table 2.2: Thermoelectric ParameEEré'of Geologfc
Maferfa]s s e e s 4 e s e s e s e e s s s e e « 37T

Table 2.3: Measured Transference Values and

Possible Poiarization Effects . . . . . . . . . . 46

Chapterllll
Table 3.1: Kinetic Model Parameters . . . . . . . .- 60F
| Table 3.2: Maximum Frequency Effects as a
§ | | Function of the Length Ratio, A .. < o

Chapter 1V

Table 4.1: Summary of Induced Polarization

Measurements dn Clay Sahples B Koo
Chapter V |
Table 5.1: Group 1. Sedimentary Samples
§ Containing Carbonaceous Material. . . . . . . . . 13

Table 5.2: Induced Polarization Résults and
Mineralogical Analysis of Group || Sedimentary
Samples &+ v v v v i v s e e e e e e e e s e s . . 133

Table 5.3: Induced Polarization Results and

Mineralogical Analysis of Group Il Volcanic

ROCkS ] . L2 . . . . . ° ° . * . L] L} . * -« » £l . ] 37




Xiii
B

Chapter VI

Page
. Table 6,1: Metal Factor Phase Data for Natural
3 ROCk Sampl eS . . o * . ‘e ] . . ) . 7 . . ° [ . . . e ° 14_7

Table 6.2: Typfcal Metal Factor Values (10 cps;) .« 148

-




A;

m

@

TABLE OF SYMBOLS

ratio of zone lengths, AL1/ALz. « » « « &

concentration of fixed charge in charged

membranes: moles/liter. « « « « « &

magnitude of space charge term . . . .

magnitude of diffusion term. . . . . .

ratio of diffusion éoefficlents: D1/Dz.

porosity : vol.voids/total vol. . . .

concentration: moles/cm® . . ., .
chemical capacitance: farads . .
abbreviation for cosh term . . .
diffuslon coefficient: em®/sec.
mean diffusion coefficient . . . .

electric field: volts/cm. . . .

‘electric field in center of zone . . « « .+ .

Faraday constant; 96,500 coulombs/equivalent

concentration difference‘. « o .

concentration differerice . . . .

electrical current: amp/cm® .
flow VectOr'. e v e s e e 4 s s
general ized flow vector . « e
cation flow: moles/cm® sec. . .
anion flow: moles/cm? séc. . . .
fluid_f]ow{ moles/cm® sec. . . .

heat flow: calories/cmasec. ..

L] L] . L] L] *

L]

85
61
61
42
48
26

66

26 .
4y
40

- 62

28
10
43
28

26
28
28
28

- 28



X XK <€ < o4 »v v uv

N
TN e
-t
Nt

thermal conductivity . . . . . . . .
space charge parameter: em ! . . . .

space charge parameter in zones 1,2

~generalized conductivity matrix . .

center coordinate of zone i . . . .

length of zone 1 . . . . . . . . ..

K PI"QSSUI"e * e o e o @ LA I A I I S

heat of transport of ions n,p: calories/mole

gas constant:.8.32 x lO?ergs/?Cmble.
resistance of ionic path . . . . . .

" " "o M e e e e
chemical resistance .’.v e e e e
é1ectronic resistance . . . . c. o e
ENEroPY. + &« o o 4 o o s v o s o o @
partial molar entropy of ionsvﬁ,p.f.
abbreviation for sinh term . . . . ,

tempefature: °C . ¢ . e e

specific volume: cm®/mole . . . . .

electrical potential: volts . . . .

generalized force. . « o+ v & v o o &

impedance at frequency f (ohms) . e
actiyity“of ith species . . . . o e

concentration of ith species . . . .

- frequency: cycles/sec . « . . . . .

frequency effect at frequency Ww. ..

activity cooefficient . . . . . . .

' diffusioh parameter in zone /i: réiALi/2

*

XV

26
59
87
26

40
26
35
38

27
34
66
26
33
4o
26
T2

34

. 38



A e o B T

[Ye]

3 X .

o

‘acceleration of gravity: meters/sec2.

complex operator . . « « + « ¢ o o . .
hydraul ic permeability m*/see.Newton . .
negative ioh cohcentfation: moles/cm® .
positive ign concentration: ,mofes/cms .

salt concentration moles/em® . . . . . .

eigenvalue of linearized differential.equation .

reciprocal space charge lergth in zone i . .

reciprocal diffusion length in zone i .
time. . . ... R T
cation transference number . . . . . . .
anion transference numberi. e e e
mobility of‘ith'speciés: cm?/sec. volt
angular‘freqUency_in radians/sec . . . .
distance . . . . ; S
Donnan distribution parameter: Poi-Poz .

valence of species NyP « + « ¢« v « o »+ &

thermal potential: mv/°C . . . . . . ..

diffusion parameter: cm 2. . . . . . . .

diffusion zone parameter . . . « + « & «

dielectric constant:farads/meter o e
streaming potential: volts/pressure unit

selectivity coefficient . . . . « « . &

specific conductivity at frequency f(ohms/cm®

chemical potential . . . « « « v « v o o o v o

.

.

.
Ll

XV i

a7

35
35
39

89
28

37

59
59

56

31
42

28




fluid density « , . . . . .
selectivity coefficlient . .
time constént,; DR ;
electrical potentlalg volt
select{vlty cogfficient ; .

gradient operator . c o v

N

xvil

47
39
48
26
59



Chapfer I

Introduction

The induced polarization method is presently one of

the important methods of electrical prospecting used in geo-

physical work. The essence of this method is that many im-

portant mining'geophysicaf targets are metallic conductors
and exhibit & freqeency dependent fmpedance. This property
is deteeted by studying the transient behaviouf'of the vol t-
ages observed fn the resistivity method of prespecting or by.
measuring the Varietions in apparent resistivity with fre-

quency. These two methods are equivalent from a theoretical

~standpoint since the system is |inear under normal field con-

ditions.
When the targets beeeme smaller or are at greater
depths, their apparent induced polarization effects decrease

and the question of the origin and influence 6f~background

effects arises. These background effects are thought to be

due to electroﬁagnetic coupling-effects and to polarization
in materials other than the metallic conductors. Among the
méterials which have been suspected of causing these back-
ground effects, the clays are the most important.

In 1956 ‘the AEC began sponsorship of a research pro-
ject in the MIT Department of Geology and Geophysics. The
purpose of this project was to study the various background

effects in more detail . The present research was carried out



under this project and is concerned with polarization in
clays and other membranes. Three objectives were laid down
at the initiation of this research.

The firstrGBjectiﬁe was to experimentally study the
effects in mineralized rocks and in rocks containing clays
and altered material in order to get an idea of the magnitude
of the effects to be expected and their correlation with the
rock types. This is one phase of a program of induced polar-
ization measurements on natural rock samples which has been
undertaken in this laboratory. To date over 200 rock samples
of many types have been studied.

The éecond objective was to study the physical chem-
ical processes which might be responsible for the polarizaton
effects in c]ays in an attempt to arrive at a $ati§factory
explanation of the phenomenon. \

| The third objective was to determine from the exper-
imental and theoretical results whether any parameter is suf-
ficiently diagnostic that a separation between clays and
metallic conductors can be made on the basis of the induced
polarization data alone. This, of course, is a most impor-
tant objective once we have shown that significant background
polarization effects are possible from these systems.

At about the same time that the present research was
undertaken, Mr. H. Olsen of the MIT Soil Mechanics Department
undertook a comprehensive study of the variation of several

properties of clays with their consolidation histories. His




plans Were to wofk with systems of pure clays in various
electrolytes and various states of aggregation and study -
their permeability, compressibility, conductivity, and
streamlng potential as he compressed them from a slurry to

a solid clay mass. Through conversatlons with him, we be-
came interested in also studylng the variations of their
induced polarization propertles during compression.’ It was
felt that a model constructed from the results of this data
and simul taneously satisfying the several parameters meas -
ured would be a quute good model and an important step
towards the understanding of compacted clay systems. In thlS
thesns, the results of some of the polarization measurements
only will be presented. The detailed discussion of the pos -
sible structural models will be presented by Mr. Oisen in his
Ph.D. thesis.

Most of the workers in induced polarfzation}employ'
transient methods to study the phenomena. In the work at MIT,
the phenomena has been primarily studled in the frequency
domain. The methods are equlvalent, theoretically, for under
normal Fleld condltlons the system behaves llnearly There
are certain practical advantages and disadvantages to each
method, however, In the frequency domain approach, measure-
ments are usually made at two or three frequencies only. The
field equipment required to do this is much more compact than
the equipment used in the transient methods so that it is pos-

sible to obtain a greater areal coverage. This advantage is




AN
gained at the expense of losing details of the impedence
spectra, since the transient analysis contains information
over a range of frequencies. |If it could be shown that the
details of the frequency spectra are diagnostié, this added
information would be a real advantage. At the present time,
however, it has not been shown that the details of the fre-
quency spectra are diagnostic of the material present. This
fs one of the objectives of the present }esearch.

Regardless of whether one works in time or frequency
it is useful to have an equivalent circuit description of the
mineralized rock system which we are studying. This can be
arrived at from'qualitative considerations of the natﬁre of
the cohdu;tion'mechanisms»within_phe rock. (§eé Figure 1a)

Within the rock itself, current conduétioﬁ fakes
place through the pore channels.vulf these channels are
filled with pore fluid only, as is usually the case, the»bon-
duction thkdugh them is purely}iohic and‘representébfé by a
simple pufe resistance. ¥ however the path is{parti;lly or
completely blocked by a metallic 5inéral, the conduction mech-
anism‘beébmesimore compl icated. ‘[n the pore fluid paft of the"
path if is still ionic. Withfn:the metallic minéral_it is
eleCtroniél This means that there is a tran§itiqn bétween
ionic ahd,electronic conduct jon at the boundary df tHese two
phésés and this transition requires the charging and dis-
charging of ions. This process introduces an additionél bar-

rier or impedance to current flow. The impedance arising at
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Figure l.1a: Cross section of a Mineral ized Rock showing

@ mineral ized and an unmineral jzed pore path.

R, IONIC PATH
R, IONIC PATH

Z'F'Z//Rl

Figure 1.1b: Equivalent Circuit for the Cross Section
shown in Figure 1.1a.



the boundary between‘an electrolyte and a metallic conduc-
tor has been the subject of intensive study by electro-
chemists who are interested in the same phenomena occurring
at the surfaces of more conventional electrodes; (Grahame,
- 1952) Electrdde‘impedances are large and may have a quite
compllcated frequency dependence but for our present pur-
poses it ls sufficient to represent them as a paralliel re-
sistance and capacitance. If We translate this verbal des-
cription into an equivalent circuit we obtain the result
shown in Figure 1b.

The property of the system which is measured is the
impedance or apparent resistivity at several frequencies
when these resistivites are normal ized to percentage changes.
from the D.C. resust|v1ty, we obtain a parameter called the
frequency effect.

Frequency Effect = Z. VARG, - (F) lbo

The parameter thus deflned has a dusadvantage in that it in-
cludes ‘the effects of both the Purely ionic paths and the
blocked paths Very conductlve parallel ionic paths (Rl
small) wull attenuate the polarlzatnon effects of the
blocked paths Such paths are very often present in fleld
‘sntuatlons in the form of sheared and fractured zones. It
would be desirable to eliminate their effect and this can be
accompl ished by a simple correction. If, |nstead of talking

~ about |mpedances, we talk about conductivities we note that



the conductivities of the blocked and unblocked paths add.
The change in conductivity with frequency of the system is
therefore Just the change In the conductivity of the blocked
paths.

AU(F) =AY (o) = A (f) - A (o)

The quantity thus defined turns out to be a most useful diag-
nostic parameter for the interpretation of Induced polariza-
tion measurements. Using typical values for the impedances
- of the ionic paths and the electrode equivalent clircuit we
find that
Z (o) > 7 (f)
50 that the conductivity change becomes
NF) =M (o) = gty

In practice this quantity is multiplied by a humerical factor
to give it convenient numerical values. The unit thus de-
fined is called the Metal Factor |

Metal Factor = ?T“%?T x er x 105 (Z' (f) in ohm feet)

The metal factor concept was first introduced by

MF. T. R. Madden (1958). Mr. Madden has discussed this con-

cept in much greater detail and fncludes many ekamples of its




, 8
usefulness This brlef review has been included here for con-
venient reference.

Some representative values for the metal factbr are
listed in Table I.l. The values listed are derived from both

field. and Iaboratory studnes.

Table I.I

Typical Metal Factor Values At 10 Cycles Per Second

granite ' . 2
basalt E 2-20
slight sulfides | | 1-300
porphyry coppers ' 100-10, 000
high magnetite 10-20,000
heavy sul fides ‘ 1000-no limit

Polarizatian Effects of Clays |

| Retu:rning te our equiveienf circuit.description of a
mlnerallzed rock we now ask in what manner clays fit vnto
this plcture Dry clay mlnerals are non- conductors luke the
rema:nder of the rock matrix and by themselves do not offer
lower impedance paths for the current as the metallic conduc-
tors do. In order to understand their effect we must look
further into 'their properties.

The clay minerals are silica alumina sheet structures.

Usually some isombrphoue substrtution of Al for Si or Mg for

Al occurs in the structure. The cation charge deficiency in-




troduced by this structural‘eubstitution is compensated for
by adsorptlon of cations on ‘the surface of the partlcle In
the presence of water these surface adsorbed ions may dis-
sociate from the clay partlcle and go into solutlon and in so
donng they form what is known as a diffuse layer. This dif-
fuse layer is a zone of net charge extendlng into the solu-
‘tlon with an exponential length of the order of 100 Angstroms,
depending on the particular type of clay particle, the fluid
the temperature, and several other factors. The dussocuated
ions gcing into the solutnon leave behind a.net’ charge of
opposite sign on the surface of the particle s6 the equilib-
rium situation Is one of balance between electrostatlc at-
traction forces keep:ng the dissociated ions near the surface
and thermal agitation tending to separate them from the
surface. The diffuse layer concept has been excellently re-
viewed by Grahame (1947) for the case of metal electrodes
Its behaviour in- colloudal systems of electrolytes is dis-
cussed by Kruyt (1952) Lambe (1958) has given an excellent
review of its nature on clays with a qualitative dnscussuon
- of the effects of all the important variables.

The difque‘Iayer is very important in determining
the structural properties of clays, adsorptioh’ﬁ?éﬁérties
aﬁd others but we are most interested in its influence on the
" electrical properties. The dissociated cations increase the
ionic concentration near the clay particle relative to that

in the fluld at great distances from the particle. The con-
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centration increase reaults in an increase in the specffic
conductivity within the diffuse layer. Even more'important
however it results in a change in transferénce properties
(relatlve to the fluid) since the catlon population out-
numbers the anion population.

Since the conductive diffuse layer is so close to the
surface, its conductance is often spoken of as a surface con-
ductance. This property becomes quite important when the.
pore,dimensfonszaré small, approaching diffuse layer dimen-
sions and also increases fn importance as the particle size
decreasés since the effective surface area becomes larger.

It is to be emphasized that all materlals form a dnf-}
fuse layer to some degree. It is not a property pecullar to
clays. Fine grained materiai of any kind might be expected
to exhibit some degree of surface conductance and anomalous
transference. The surface charges are usually negative on
clays but they may be positive on other materials.

Since the diffuse layer contains a preponderance of
either. catlons or anlons, ltS transference propertles are dif-
‘Ferent from tho<e of the pore fluid. In the case of clays
this means that cations will carry a larger proportTonvof the
current in the diffuse layer than they do in normal soiution.
Consider a geometrical arrangement which may be typical of a |
clay structure whereby we have clay'particles'in‘sefiés»with
water (pore fluid) zones. When current is passed through

such a system, cations are removed by the clays faster than
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they are being supplied by the fluid zone. This situation
cannot be maintained and must result in an appropriate build-
up or decrease in concentration to make up for this differ-
ence in cation flux. We shall show in Chapter || that this.
c°ncentratfon'gradient acts as an{additional impedance. The |
concentratlon buildup is larger at low frequencnes than at
vhugh frequencues because there is less time for it to occur
at the hugher frequencies. ThIS difference in the nmpedance
at high and 1ow frequencues is a polarization effect

In addltuon to the fact that the populatlon of anions
and catlons dlffers in the dlffuse layer, there is also the
possib[llty of a difference in their mobilities above and be-
yond that which exists in normal solutions."ln'an ordinary
solution, cations and anions move under approximately the
same set of forces and differencés in mobilitylare“due to dif-
ferences in such things as ionic size. In the dlffuse layer,
however, we have the p055|b|l|ty of some of the catlons
movung right along the surface of the clay partacle or at
least in close proxum;ty to the surface and we mus t |ntroduce
the POSSIbi]lty that the difference in the types of forces
actlng upon them here 1eads to further dnfferences in mobil-
fty. We shall see, in a later chapter, that" transference dif-
ferences due to mobility dufferences are probably more impor -
tant than transference dufferences due to concentratuon duf—
ferences un cau5ung polarnzataon effects.

.ISjmjlarly the phenomena'of electroosmosis (Kruytﬂ952)



depends on the dlffuse layer propertues, in particular the
fact that a net charge is present in the diffuse layer zone.
This net charge is swept along with a fluid flow and.in sO
doing leads to the establishment of a potential grédient,
These electroosmotic effects are Possible: sources of polar-
ization also. |

These and other types of polarization'will be dis-
cussed in more detail in Chapter .

Electrochemical Nature of Clays

Clays are but one of a large‘class of subStances
including ion exchange resins and membranes of various types
which exhibit selective transference properties. The gen-
eral~term”membrane is often used to describe this whole
group and we will use this term throughout our discussion.

An excellent collection of papers on membrane
phenomena appeared recently in a Discuss}on of the Faraday
Society (1956). One finds on reading this and other material
on this subject that virtually all the work done on membranes
has been concerned with their steady state or static prop-
erties. Such phenomena as permeability, dnffusuon coeffij-
cients and diffusion potentials are dealt with primarily.
Practically no work has been done on the polarization prop-
erties of these systems. We shall see however that ion ex-
change resins exhibit polarization properties and the theo-
retical model which we use to explain the effects in clays is

also applicable to general membrane materials.
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Previous Work

While this reséarch was Iin progress, Vacquier,
Holmes, Kintzinger, ahd LaVergne (1957) and Henke! and
Van Nostrand f1957) published the results of their studies
on pnlariiation in clay systems.

Vacquier et al studied the polarization effects 6f a
great number of mixtures of Sand and clay. Their sample con-
sisted of intimate mixtures of sand and clay which they pro-

duced in several different ways. An electrolyte was |ntro-

duced into the mixture and transient measurements were made

on the system. They used several clay types and many differ-
ent electrolytes. |Important polarization effects were found
in many of the systems they sfudied. They professed, however,
that a complete expianation of the polarization mechanism was
not yet available. The general picture which they proposed
is that the passage of current leads to the setting up of con-
céntratlon cells in the clay-pore fluid system. The decay of
these cells after the current source is removed sets up a dif-
fusion potential which is responsible for the polarization
vol tages observed. As we shall see later, this qualitative
picture is in general agreement with the mechanism which we
Propose. Further comments on some of the details of
Vacquier's work will appear in the later discussion.

Henkel and Van Nostrand (1957) also recognized that,
due to the selective transference properties of the clays,

concentration cells would be set up. They compared the effect




to the concentratlon polarization occurrlng at metal elec-
trode - solutlon interfaces. The basis of a mathematical
treatment was |ntr6du;ed but they did not carry through the
details. They observed the effect in phre_clay masses by
tranéient measurements. |

Dahknov et al (1952) considered the problem of polar-
ization 'in clays Briefly and concluded that the effects were
probably due;td“eiectroosmosis and were usually small.

Bleil (i953) attempted to study the problem of polar-
ization in a media of varynng electrolytac propertles by
using two different solutlons of electrolyte separated by a
membrane. His results were negative. We shall see, however,
that thisvsystém is not the most suitable one for observing
such effects for the frequency range, which varies lnversely

with the square of the system dlmenSIons, is much too Iow

e For the effects to Ile ln the frequency range from IO cycles

’per second to 1000 cycles per second the system dlmensnons
must be of the order of .00l to .0001 cm.

| The studies on'polarization effects in artificial
membranes are even more limited.

Juda and McRae (1953) observed polarization effects
in a phenol ‘sulfonic polyher. The specific conductivity of
this material was about .14 mho/cm. The effects were meas-
ured at fairly high frequencies, 1 KC to 20 KC.

Albrfhk aﬁd_Fuoss'(l949) also made measurements on a

synthetic membrane and hoticed poiarization effects betWeen‘

14
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100 cps and 20 KC. | belleve the fmpedan@e of thelr membrane
was 80 high, however, that much of the effeet that they were
observing was due to simple dialectrle Properties. ,
| Nalther of the last mentloned nvestigaters offered
an explanation for the phenomena.

Thus while polarizatlioen effaets In ciays and synthe=
tle membranes have been observed In a few cases, very ilttle
progress has been made towards explaining the phenemena. |t
saems worthwhlle to study these phenemena more theroughiy b@th
from the standpoint of thelr geophyslcal Importance and frem
the standpoint of thelr possible applications In the studies
on synthetlc membranes.

Organization
’ In chapter || of this thesis the varleus pelarizatien
| mechanisms will be dlscussed and, in partiecular, we wiil disg=

cuss those mechanlsms whieh are Inveived with the eoupling of
flows. The methods of steady state thermodynamies will be

used to dliscuss the magnitudes of the polar|zation effect due
to these coupling processes. |

Coupl ing between curkent flew and matter flew turns
out to be quite Important and In order te further Investigate
this mechanlsﬁ, & kinatle model appr@ach wlll be Intreduced
'n Chapter (11,

In Chapter IV, the resuits of exper imental invest!-
gations on clays and ien exchaﬁge’resfns will be presented
and compared with the theoreticai Fesults of Chapter (/.
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In Chapter V, the measured polarization properties of
certain groups of anomaious samples are presented. In
addition, the methods used for the mineralogical analysis of
these samples are discussed. .

A suﬁmary of the }esults is presented in Chapter VI.

Also a discusslion of the possiblllty of discrlminating between
the polarization effects of different types of materials by

electrical measurements Is Included.




Chapter 11

Polerization Mechanisms

In section-j of this chapter, the various types of
polarization‘mechaﬁisms are discussed in a qualitative man-
ner, with prlmary ¢on$|derat|on being given to polarlzatlon
effects due to coupllng of flows.

The analySis of these mechanisms is discussed in
section |l. There are three general methods of attacklng
problems in electrochemlstry such as these, classical thermo-
dynamics, steady state thermodynamlcs, and kinetic models.
Cla55|cal thermgdynamlcs is of little use in the discussion
of polarization”processes'For these processes are (in essence)
irreversible; "The methods of steady state thermodynamlcs |
prove to be quite useful in studying some aspects of the. be-
AheV|our of these systems. Kinetic models must be resorted
to, however, when the detalis of the frequency behavnour are

desired.

17
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Section 1: Polarization Mechanisms 4

| There are numerous processes which are capablie 6f
causing polarization in electrolyté'systems including di-
electric effects, electrode polarization phenomena, and
coupl ing phenomgna,

The diéiectkic effects due to the normal dielectric
properties of the solvent become fmportant only at frequen-
cies greatér thanAIO,OOO cps. Similarly, the Debye-
Falkenhagen effect due to relaxation effects in the ionic
atmosphere do not become important until frequencies greater
than a megacycle (Glasstone, 1954). The interfacial pofar-
ization mechanisms dué fo coupl ing phenomena and eTgctrode
phenomena, however, are important in the frequency range
from 10,000 cps to D.C. This is the frequency range of
practiéal interest in geophysical applications of induced
polérization.

The most well known of the interfacial phenomena is
that otcurring'at the interface between metal electrodes and
electrolytes. Curreht flow across this boundary involves a
transition from jonic to electronic conduction and'thfs in
turn requires the charging and discharging of ions, a process
which is hindered by activation‘ehergy barriers at the sur-
face of the metal. These energy barrieks are equivalent elec-
trically to added impedances. This surface also has associ-
ated with it a capacitance due to a layer of ions which are

strongly adsorbed. This layer of ions is called the fixed




19
layer. Its capacitance acts in parallel with the activation
energy barrier and therefore the total impedance decreases
with increasing frequencies. The mechanism is actually much
more complicated than this simple pic¢ture and has been dis-
cussed in detail by Madden (1959). 1In addition he has
pointed out its practical importance in the induced polariza-
tion of geologic materials. This is the most important polar-
ization mechanism in these materials both because the magni-
tude of the éffect is so large and also because it is associ-
ated with the primary targets of mining geophysical explora-
tion programs, that js the metallic ore bodies.

Another very Iinteresting and important class of polar-
ization mechanisms arise because of the coupling effects
existing between current flow and other flows in electrolyte
systems. The flows which may be coupled to the current flow
are heat flow, solvent flow, and diffusion flow. All of
these may be responsible for polarization.

The best known and understood of these coupling pro-
cesses is that assocfated with the solvent coupling. This
effect is called electroosmosis. lons in solution are sol-
vated. Because of this it is possible for a net water movement
to accompany the flow of current in the system. This fiuid
(water) is not being continually supplied or removed so its
flow cannot be continued indefinitely. Eventually what will
-happen is that a pressure éradient will build up across the

system of such a magnitude and in such a direction as to stop




~any further flow of fluid. |n addition, this induced
pressure gradient will act on the migrating ions in such

@ way as to decrease the current flow. The net result is
that as thls steady state builds up the impedance of the
system increases. The steady state when the pressure
gradient has built up to its final value is the D.C. limit
of the impedance. The impedance when the pressure gra-
dlent is zero Is the High frequency impedance of the sys-
tem. The difference is due to the polarization effects
caused by the induced pressure gradienty

This mechanism of polarlzatuon has been mentioned
by Dakhnov et al (1952) and Vacquier et al (1957) as a
possible but unimportant cause of lnduced polarization in
geologic materials.

The case of thermal coupling is completely analogous
to that for electroosmotic coupling. The flow of current
through a system tends to proddﬁe a net heat flow. Since
heat is not being supplied at the sources, this flow will
not continue indetinitely because in time a thermal gra-
dient will be set up to oppose further heat flow. This tem-
perature gradient will also tend to decrease the current
flow and thus increase the impedance. |t must be mentioned
in connection with this effect that even though heat as
such s not being supplied, electrical energy is being

supplied and this in

20
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“turn is partially converted to heat because of the dissipa-
tion in the resistance of the solution. However, this suppty
of heat is added uniformly to all parts of the system at once
and results in a uniform increase of temperature. The flow
of heat associated with the ionic current flow is superim-
posed on this effect.

The molecular description of the origin of the ther-

mal electriclgoupling requires the introduction of a quantity
’g called the heat of trénsport. This quantity has been dis-
; cussed by Denbigh (1951) aﬁd the kinetic interpretation of
&é the heat of transport is discussed. These detalls are not of
‘§ ‘paramount importance in the present dlscussuon, however.
;g To our knowledge, this effect has not been previously
considered as a polarization mechanism in geologic materials.
In both of these coupling processes, we have talked
about polarization being a maximum at the steady state where
the induced flow has been reduced to zero. This state is the
ultlmate steady state and may require such a Iong time to be
attained that it is of little practical sugnlfncance. In
some situations where the media is not completely homogeeaus,
we may have steady state equilibrium of a differéht’tYpe set
up between the zones of aiffetent properties in the non-homo-

genous media. Thus if the media were made up of a great

number of small zones of alternating properties (electro-
~osmotic or thermoelectric properties), an intermediate steady

state would be established in which the induced'fiows,
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instead of being zere; become equal in adjacent zones,
though a slight unbalance exists when a great number of
zones are considered. This type of steady state which we
call a quasi-steady state to distinguish it from the ulti-
mate steady state will be established in a much shorter
tlme, sunce only small zones are |nvolved instead of the
whole media.

To make these ideas a llttle clearer by a specn-u
f|c example we consider the case of electroosmotic coupl ing
in a region consisting of a sandstone and a shale in contact.
We assume that the shale has a simple structure consisting of
fluid zones of relatively large area invseries'with zones of
parallel closely;speced clay particles. Pressure.gredients
will be induced across the clay zones during current flow
because of the strong electroosmoticAcoupling in these zones ..
The fiuid zones have a smaller coupling and as a result gra-
dients in the opposite direction will be induced across them.
On this seale the steady state for an applied current flow is
arrived atvwhen the gradients induced across the clay zones ‘
slow the fluid flow sufficiently that it is equal to the fluid
flow in the water zone where a pressure gradient is acting
to speed it up. The dimensions over which this effect takes
Place are of the order of the length of the clay particles
which may be .001 cm or less and the time scale is correspond-
~ingly . short of the order of seconds. In the overall shale

stratum there may still be a greater induced fluid flow than



in the adjoining sand. Eventually this will cause a net
pressure to accumulate across these two strata, opposing the
flow in the shale and helping it in the sand until the two
flows are equal. It takes a much longer time for this steady
state to be arrived at because the dimensions involved are
now of the order of several feet. The time scale for this
steady state may be as long as 10° seconds. The latter
steady state is the ultimate steady state while the former is
a quasi-steady state.

We now proceed to a discussion of the polarization
effects due to diffusion coupling. The reason we have in-
serted this discussion of the ultimate steady state and the
quasi-steady state before discussing the coupling due to dif-
fusion is that the quasi-steady state situation is most impor=
tant in the diffusion coupling process. |

In diffusion coupl ing we consider thé matter flow as-
sociated with the current carrying ions. |If We‘argued ina
manner analogous to that used in the previous examples of the
ultimate steady state we would say that eventually the flow
of these ions goes to zero. We might be tempted to conclude
from this that the current also becomes zero and an infinite
polarization'effect is possible. However, this need not be
the case: Somewhere at the extremes of our systém, there
must be two electrodes through which we'are supplying current.
- The reactions occUrring at these electrodes produce ions

which may be different from those carrying current through
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‘the bulk of our system, For convenience let us label the cur-
rent carrying ions in the system at the time we initially
apbly'thé_éu}fent as A and let us label the ions producéd in
the electydde reaction as B, Since no source for A is pre-
sent, there flow'will eventually go to zero. However, when
this'héppen$, ions oF type B will take over carrying the cur-
rent In the system. The current will not beCOme zero.
Clearly the_ultimate steady'state‘is difficult to analyze
and it can be shown that it is of no practical importance be-
cause the tfme_scale involved is so long. (This will be dis-
cussed in_SectiQn 11l of this chapter).

“The quaéinsteady state which in this case involves
equal effective transference‘in all zones may be very impor-
tant hoWever" in c1ay§ and_shales fn particular, we may ex-
pect to have small zones of alternating transference proper-
ties with the regions between closely spaced‘clay particles
being highly selective to cations and other zones being es-
sentially simple pore fluid zones with no selectivity. In
the quasi-steady state, the anion transference in all the
zones would be required to approach zero. This leads to
effects of finite but very important magnitudes.

Polarization due to the selective cationic transfer-
ence propérffes of clays has been recognized by Vacquier et
al (1957) and”Henkel and Van Nostrahd (1957) as an important

- cause of polarization in ciays and shales.

All of these processes of polarization due to coupling
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involve the concept~of,energy storage in the induced
gradients or generalized forces. In the time-doméin we
can picture these gradients being built up when a current
step is applied to the system. These gradients then dis-
sipate when the current is reduced to zero. If the system
were purely resistive we would observe a vol tage when the
current step is‘applfed and this voltage would immediately
drop to zero when the current is turned off Actually the
system is not purely resistive and what is obseérved is that
the voltage does not drop immediately to zero when the cur-
rent goes to zero. 'The reason that it doesn't is that during
the dfssipatién'of the induced gradients, a voltage caused by
the ihverse'coupling to that which induced them is present.
Thus if a conéehfration gradient is induced, its dissipation
will involve the setting up of diffusion potentials.

Similarly a streaming potential will be set ﬁp in the case of
an induced pressure gradient which is allowed to relax.

If we plotted curves of voltage versus time for
these processes, they would be similar to the charging and
discharging curves for an RC circuit. The process is
analogous to the charging and discharging of a capacitor. The
capacitor stores electrostatic energy while in these processes

energy is stored in other forms.
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Section 1l: Analysis of Polarization Mechanisms

In the previous section we have»desoribed_the general
behaviour‘of’a system fn which current flow ie‘taking place
and'discossed the buildup of polarization due to coupling
between current flow and‘other flows. In this sectlon we wish
to analyze these effects quantitatively. ~The most suitable ap-
‘ proach to this problem is to use the methods of steady state

thermodynamics. These methods have been dlscussed by several
authors (Denblgh, 1951; Staverman, 1952; DeGroot, 1952.) The
methods are suitable for the description of a system in which
several flows are taklng place simul taneously. The types of

flows in which we are interested are heat flow, solvent flow,
matter flow, and current flow. The classical physical laws

governing these flows are

J heat = —KkyT | Foehier 221
J solvent = -ﬁvP ~ Darcy  2.2.2
J matter = -DyC Fick | 2.2.3
J current_' = -Nv@ Ohm ' ";‘2 2.4

The form of all these laws is the same, the flow belng propor-
tional to a generalized conductivity and to a graduent of some
potential which may be regarded as a generallzed force.

The first postulate of steady state thermodynamics is
that the classical desorlptlon is incomplete and actually each
of these flows is a llnear combination of all the generalized
forces. In matrix notatioh this statement becomes
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where J- is the flow, X; is the generalized force, and LiJ
is a general ized conductivity matrix. This first postulate
involves two conditions, one of linearity and one of the
existence of the coupling implied by the presence of the off-
»diagonal terms. The condntuon of lunearlty means that we are
restrlcted to small deviations from an equllubrnum situation.
In practice a region in which th|s assumptuon is correct can
always be found but the extent of this reglon must be deter-
mined in any given case. The presence of the coupllng is the
most |nterest|ng aspect as far as polarnzatnon |s concerned
and its existence can be readlly demonstrated in several cases
We have discussed some of these qualitatively in sectnon I of
this chapter (i.e., electroosmosis, thermal electrnc, etc.)

The second postulate of steady state thermodynamlcs
is that if the forces and flows in 2.2. 5 are chosen in such a
way that their product gives the rate of entropy production
within the sfstem then the matrix, Lij’ is symmetric.

lfds = L..X.X.

I A

then Lij = Lji 2n2o6

The proof of this second postulate is rather |nvo]ved and wsll
not be discussed. A discussion can be found in DeGroot (1952).
The symmetry has been verified experimentally for the case of
streaming potential effects by Bull (1935).

For the general system which we wish to discuss, the
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forces and flows in the matrix equation 2.2.5 are

Flows Forces
Matter flow, ndn-ipnic, moles/cm.sec. Ja -Vu 2.2.7
Matter flow, ionic moles/cm.sec. Ja -[vplﬁvv]a.e.B
Solvent flow cm./sec. Ja =y 2.2.9
Heat flow , calories/cm®sec.J, J%l 2.2.10

In writing the forces in this form, we have
essentially adopted them as given by Eckart (1940) Denblgh

(1951) has the same form except for the presence of a term

- %-vT in the matter flow force. This form may be correct
but it is inconvenient to use for, since M, has an undeter-
mined cbnstant; it would probably be necessary © choose con-
stants Lij which depended on the standard state chosen.

Current flow is not included explicitly but in elec-
trolyte solutions it is a linear comination of cationic and
anionic matter flows. |

7 I = F(J1-d2) 2.2.10a

We have discussed previously how the buildup of
counterpressurés affects the current flow. During this build-
up the equations, 2.2.5 apply at all times. We are handicapw
ped in applying them, however, since we do not'usually know
all the forces. Ordinarily one force, for example a potent:al
gradlent, is mauntalned constant across a system by some
external means. The induced forces change continuously after
this potential gradient is applied until finally the system

reaches a steady state, and they remain constant thereafter.
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From our previous discus§ion we recall that this steady
state is the situation of minimum current flow and hence
max i mum pola(iZation. We also recall that certain sub-
sidiary conditions relating to the vanishing of the induced
flows apply at this time. 1t turns out that there are
enough of thesé subsidiary éonditions to allow us to solve
for all the induced forces in terms of the applied force
and‘in turn this means that we can express the current flow
in this state ih-terms of the applied potential gradient only.
The constant relating them is'the steady state conductivity
of the system. The initial or high frequency conductivity
is easily found and the ratio of these two is the max i mum
polarization effect.

Section lla. Electroosmotic Coupling

| Let us consider the speéific example of streaming

potential coupling to illustrate these steps in more detail.
In this analysis and the succeeding ones we will study the
coupling between electrical potential and one induced force
and we will assume that only one induced force, in this case
the pressure, is” important and set all the others to zero.
In @ real system this will not be the case but sincé.we are
pPrimarily interested in determining the order of magnitude
of the coupling it is a satisfactory assumption. We shall
also consider systems of a single uhi-univalent'éléctrolyte
in water unless otherwise specified. The geometry will be

assumed to be one dimensional.
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~ The relevant equatlons for the dISCUSSlon of electro-
4osmot|c coupl ing are (from 2 2 5 W|th§7T Vu =0) |
Ji = L11Fy® + L12FV® - LW
Jz = L21FV® + L2oFV® - LaaW
© Ja = LaiFW + LagFV® - LaaVP
The electric‘current is | =F(Jda=Jd2)
I = F?V°('L11'L22 + Lia+l21) + FW(Lza-Lys)
so that the final system of equations is

| = F2V°(;L11'L22 + Liz+l21) + FVP(L2a-L1s) 2.2.11

Ja = (Laz2-La1)FW = LgaVP 2.2.12
The steady state condition for an applied potential
gradient is that Js, the solvent flow, vanishes. When this

state is attained, the pressure gradient is found to be

(35),- epstar

Therefore the current flow in this state is

: | 2 - - :
I = [Fa("'“"-az”f'-lzﬂ-ax) + Dibee LL:S Laz-lailyo

= - Ad.c.VO

A e. = F3(Liz+laz-L,a- L21)+F21L1°-L23)(L32 Lay) 2.2.13

The high frequency conductivity is obtalned éﬂrectly from
2.2, II wnth VP 0
1= F3(-Lii-Laz+liz+lo1) Ve »
Ka.c. = Lii+loz~Liz-La; 'WV 2.2.14
The maximum polarization effect is the ratio of these

conductivities.
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Aa.c. _ ]
Ad.c. = T-F2(Lgza-L1a)® "2.2.15
LaaMAa.c. '

The maximum frequency effects can be predicted if we
know the values of the coefficients Laa,Lia,Laa. The coeffi-

cient L§3jis'just the permeability of the medium,C%%v¢== o

The coupiingris almost always so small that this is equal to

(é%)l _ o Which is the commonly méasured permeability coeffi-
cient. The other coefficients are related tovthe experi-
mentally measureable quantities of streaming potential and

electroosmotic coefficient. The streaming potential is de-

fined as the potential gradient induced across the sample by
an applied pressure gradient. The steady state condition for
an applied pressure gradient is zero current flow and using

this condition we can find the streaming potential from

2.2.11 '
< - (2 =EiLg§:Lsgl |
S (vP>I= 0 Aa.c. , 2.2.16

We note thatfginvolves the‘same combination of the unknown
coefficients Lza,Laa as 2.2.15 does. Therefore substituting

2.2.16 into 2.2.15 we find

if Aa.c. _ 1 .
1 ‘ Ad.c. T -<€<ha.c.
Lsa 2.2.17

A considerable number of streaming potential measure-
ments have been made in.geologic materials, primérily clays,
‘and some representative values are listed in Table |1. The
data of Casagrande and Kermbon were reviewed in a previous

Project report (Madden et al, 1957). Since that time, Olsen
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Electroosmotfc Polarization Pérame;ers for Geologic Materials
Material Tos  ™a.C. Na.c. < Wax. &
| _m* | mho T effect

, Sgc. newton L ’
qtz. sandstone 3.8x10"14 ‘l.9x10’3: 1.5x10"*° 03
| imestone 1.9x10°3%  1.3x10"® 2.6x]0-11 .03
qtz. sandstone r'l,7x]0'ii 5.3x10-%  L4.6x10-1° 0002
red sandstone 2.7x1073% 1.9x10"° 1.0x10-2° .02
shale | 3.0x]0-18 1.7x10=% 1,7x10-%* 005
| | ‘Above data by Kermabon (1956)
London Clay .58x10-8
Bostdn Blue Ciay _ .5lx10'é
Commercial Kaolin ﬁ | .57x10-8
| clayey silf_ : | .50x10'°
rock flour | U45x10-8
red méri . A | .07-;9631053
Na Bentonijte | | ;EOXIO'Q
Na Bentonite  1.20x10-8
mica powder .695(1‘0"e
fine sand - .Mixio-®
quartz powder .45x10-8
QUartz powder .68x10"8
‘ S L , o~ _égové:data bv Césagzgnde (1952)
aolinite, dispersed 6.97x10 0176 .54x10 2.0
Kaolinite, nat. flocc. 1.64x10-13 002 -034x10-® .02

Na Kaolinite, .IN .9x10-13 |58 .00l
, ' , Above data by Olsen (1959)




has made measurements on several clay’systems including
kaolinites, illites, and micas.

The polarization due to electroosmotlc coupllng in
these materlals is quute small and nearly always negl|g|ble

Check on Assumptlons

In der|V|ng 2 2.11 and 2.2.12 we have assumed that
Vp; = 0. Actually we should only assume that the contr ibu-
tion to VH; from VT and Vconcentration are zero. Vhi still

has a contribution from the term depending or P given by
gp&"“’ = VI-VP v 2.2.18

' We must therefore show that V. is small compared with %&f for
this assumption to be upheld; V; is on the order of 100

c.c./mole
Liy = %D Vlia =§—5?-£—
Lia =
11 SF

€= 30mv _ 30x1078 voit
1? - atm. M.K. S

-4
. 10 7x105=3x]0-3

Therefore the assumption is valid.

Section 11.b. Thermal Coupl ing
. The two flows which must be considered in this case

are heat flow and current flow. From'2}2.7, 2.2.8, 2.2.10

we have _
Jp Lix Liz L14 ‘ »-Vup - FZ_vo v
Jal = L2z L2z Lzg Wt FZ V® 2.2.19
Jq Laz  Laz  Lag 'VT/T
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Now the chemical potential is a function of the tem-

perature and the composition

b
Yy, = v 2.
;= aT | 34“'—; o 2.2.20

so that in general it would be neceésery to consider
concentration gradients also. However, the time constant for
diffusion is much longer than that for heat flow so that for
‘short time intervals we can neglect concentration changes and

we have

~ _ du, :
Vui =37 VT =‘Si VT 2.2.21

where Si is the partial molar entfopy of the i th component.

Thus we have

o] L iz Lig TS, - FLyo
Jol= [Ler Lea Los 15 53+ Fz v 2.2.22
Jq - |Lex Laz Lag - %l
Therelectrfc current is | = F(z Jp -Z.J.)
| = Faw&-Lllzp + 2aaZ 7 - LeaZ } |
| 2.2.23

+E¥1 TSP[Lzlznr Lllzp] + TSn[LeeZ - L122 ]+L24Z L14Z?}_

and the heat flow is found to be

Iq = FV@§L422n'L4lzP}+ gl{-L“Tsp-L.,aTsn-L“} oo
In this cese we see that the cross terms are not the
same. Therefore a sungle measurement of one or the other of
the cross effects is not spfflenent, as it was in the case of
electroosmotic coupling, to evaluafe the polarization effects.

Both of the crgss terms wouid have to be measured.
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The algebra is somewhat sumpllfled by the introduc-

tion of the following quantities. |
The heat of transport is defined as that part of the
heat flow which is caused by non-thermal forces.

Q;, = heat of transport
QpJp + Q J = FV¢{L4QZ 'Lélzp} 2.2. 25

Denbigh (1951) has discussed molecular models of the heat of
transport, but these are not of paramount importance in the
present discussion.

' The transference numbers are defined as the fractional
part of the tbtél current which is carried by the individual

ion flows;

. 2
et = <£%.p£p)vn=; o =-.%%_(anp-hazn) 2.2.26

- . 2
i =(F_%n.‘in )VT = 0 = %E%E.(ngzn-l.g;zp) 2.2.27

Using these definitions we find

ot B
QP%TL = L4rFZ_; Q.t Aa.c. _ FlazZ_

" P FZ_

- FyT ) t ' Aa.c. t Aa.c.
| =-Aa.c.yd + Tg [Q Tspj+'l§T——£Qn+Tsn]}
Jq = Fv¢{ﬂn%z% - 9.9;7.;@_‘:} - KvT 2.2.29
n P :

The steady state condition for an applied electric
field is that the heat flow be zero. The temperature gradient

set up is found to be

o7 o Aa.cV‘b {g?_ QP_E
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énd in thls state the current is

= -ha.c. v@{- pE-C 7— (-Q,7Ts,) + 4= (Q +TS ):‘[Qn— Q-p—]
p
Ad. c-{ka.cl %‘S—T-l—i- (Q -TS,) + ;—(Q+TS [Qn—— Qp—j}
Iy
| " | 2.2.30

so that the expression for the maximum polarization effect is

Max. Effect = — =+ -
e BUREE 1%31—;—5{ (Q-TS)+ Q+Ts][9nt— Qﬂ

P
2.2.31

In addition to the fact that both of the cross terms
must be measured, the experimental study of the cross-terms is
exceedingly difficult. ?resumely one might bo“abeﬁt this by
first Setting up a'temperature gradient across the system of
interest and then measuring the potential indueed with an
appropriate set of electrodes. This is not straight-forward,

»hewever, for*fhe‘potential measuring electrodes must be at
different temperatures and this introduces the need for a cor-
rection sfnce»the Single electrode potentials, whiich depend
on temperature, are no longer the same and do not cancel.

Thfs correction can not be made, however, since it involves
the arbitrary’coﬁStanf in the single electrode potential.
This constant i§ indeferminate and its temperature dependence
elso.ef course. |

UhrTL(1958) has made measurements using a system
whereby the'thermel‘potentfal of a sample is bucked out by

the thermal ‘potential of a water column and in this manner




the difference in therhal electric effects can be determined
unambuguously It is 1|kely that these values are wnthln an
order of magnutude of the desired constant and are therefore
suitable for an order of magnitude estimate of the importance
of the effect. (Wagne;1930 ) has certain theoretical reasons
for setting the thermal effect eﬁ LiCl equal to zero and}he
compares other salts with this one. .
The quantity which Uhri measures is the potential

gradient induced by a thermal gradient. We let\this coeffi-

cient be B

" vo .
5] (VT)l =0 2.2.32

ﬁ=——"£[-Q -TS]+t—-[Q+TS] 2.2.33
FT/Z," " 7P Z -=n"n e

The heats of trah;port Qp,Qn are of the order of
5 Kcal/mole (Denbigh, 1951). The partial molar entropy of Kt
in solution is 24 entropy units/mole.
‘Therefore TS

Q-Ts_ = .3x1073x300x96, 500
p “p .9.65 K cal/mole

so these cross terms are of the same order of magnitude.
In Table 2.2 are listed some of Uhri's results for B

and the maximum effect computed using this value.

TABLE 2.2
Sample , mv/deg.C Freq. effect
. Sandstone with clay .3 .000003%
- Sandstone .48 ‘ .00003%
Shale .33 . 000047

L imestone 27 .0000002%
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Clearly this effect is of no importance in these
types of material. ‘

Even though this effect is of no importance in geo-
physical induced polarization work, it is of interest
theoretically and practically for materials with large per-
centage effects can bé found and these are being considered
for energy coﬁVersion devices. Uhri is continuing with this
study.

Section Il.c: Diffusion Coupling in Uncharged Membrane

We now consider the more complicated situation
existing when we have chpling between current flow and
flow of the ionic species present. This type of coupling is
very direct since the éurrent isrcarried by the diffusing
ions. The flpw equations describing this situation are

Ip

Jh

’Lllvpp'LllFvaw - 2.2.34

Lzzwn‘LazFZnV‘:D 2.2.35

where we have neglected not only VP, VT but alsq a]lrthe off-
diagonal terms. This is permissible because the primary
coupling is so important in this case. The L;; can be expres-
sed in terms of mére familiar electrochemical quantities.

The chemicalApotentiél can be written in terms of the
concentration and the activity coefficients as

Mi; = RT In f;C; (fj=activity coeffi-
. : cient,Glasstone, 1954)

so that

CRT on -
V}Ji = = VC. : ‘2.2.36
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assuming small enough concentration gradients so that fi
remains constant.

The diffusion coefficient of thé ith species is de-

AL _L,RT
D; = (vc}v%o*‘é‘}" 2.2.37

Using Einstein's relation we find the mobility in terms of the

fined as

diffusion coefficients

D.F _FL..
Ui =ﬁ—-‘€rﬁ 2-2-38

The ratio of»the mobilities of the cations and anions

is a very useful parameter. We denote this by

o 2.2.39
p
Introducing these quantities into 2.2.34% and 2.2.35 we
obtain
J, = Up Z E-D %& 2.2.40
)
J = UT Z E -DTgﬂ 2.2.4)
n - P X e

As we discussed in Section 1 of this chapter, the
ultimate steady state of zero flow of these ionic spec:es is
of little interest but an intermediate quaS|-steady state in
which the flow of the ionic species in adjacent zones is equal
may be very important. This equality cannot be brought about
by simply having different electric fields in the two zones
bdt instead requires that concentration gradients be set up

also. The quasi-stgady state picture is shown in Figure 2.1
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. AL, al, al,
P— ZONE T ZONE T ZONE T
nT uz, 0z, po u,,0,,p
QUASI- STEADY = STATE el ¥ e , STATIC
CONCENTRATICN I G, CONC. OF

Figure 2.1 Model used in Quasi-Steady State Analysis of
Diffusion Polarization in Membranes.

We have shown the concentrations of P and n equal throughout
a given zone. This must be so because any unbalance will be
a source for a large electric field which will tend to restore
the balance. Actually a very slight'unbalahce does exist but
it is important only for the»additional electric field which
it creates and not important in so far as differences in the
diffusiqn fofces are concerned. (Note: }lh chérged membranes
the total positive charge equals the total negative charge,
butlthe concentration of 'the mobile ions which equations
2.2.40, 2.2.41 apply are unequal. Charged membranes will be
discussed in chapter I11)

At the boundary between the two zones we must have
equalfty of the concentrations of p and n. Otherwise, an
infinite gradient wouid exist in these quantities and we have
seen that these gradients act as generalized_forces.' The
final Condition which is applied is that the total appl ied
voltage across the zone pair is given by

V= -E14L, - EA L, 2.2.42
In this assumption we neglect the vol tage drop occurring

across the diffuse layer existing at the boundary. Such a
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diffuse layer Is preéent because the electric field
appéars to be discontinuous at this béundary‘and the
source qu,this discontinuity in E is the charge assoc-
iated wifhithe diffuse layer. Actually, as we shall show
later, thgre is reason to believe that E is continuous at
thié boundary when we look at the details of the diffuse
layér zone. Thevtotal différence between E in the two
zones is brought about by a rapid but continuous variation
of E in the diffuse layer. |[f this holds, E ihlthe
diffuse layer always lies between the two extremes repre-
sgntéd by its value in the separate zones. Therefore the
vol tage drop across thé diffuse layer is always less than
the larger of these two values multiplied by the thickness
of the diffuse layer. Since E usually does notléhange by
orders of magnitude, we see thét the assumption above will
be valid if the zone length is much greater than the dif-
fuse layéf length, which is the usual case. When these
conditions are applied, we can solve for the concentration
change at the boundary and for the electric field in each

media and we find

Upo(T3-02) V Z 2
g = o __“pn

DJ.[‘G‘2+01+V-2AB_ ]( Zn+Zp)

2.2.43

g A
Ey = YAL [\ —— 02Zn+0312p+T B(zp+z "
! 1 | O 2+03 03 +Z 2.2,
| T RE (B




' 42
CoZpn+ TS U‘%' o
_ =V Lp+T1Zn+%; Zn+Z
E2 = 51 {vﬁﬁtﬁfﬁ%}' 2.2.45

where we have introduced the parameters

- AL _ D1, R} |
A = gpds B = 55 § = = 2.2.46
The low frequency impedance is found to be
=, BT |
ZD.C.==£%f£SE:F} thg TR 2.2.47

QROZPF§§16292+ %v1w291}

At the high freﬁdéncy limit in this system, no con-
centration gradiehts exist and the two unknowns are the
electric fields in each zone. The boundary condition s
this case are équality of total éurrent and the condition,
2.2.4%2, on the tofal voltage across the zone. When these

conditions are applied we find

-V
Ey =AT[‘-;30191 2.2.48
. Ac202

The high frequency impedance is

BT, &
=AL 1+ ATz4o
Za.c. UpOZvalgl 2.2.49

Tﬁerefore the maximum frequency éffect is

C2|8 2+ Asl BO';@;
[ B _ﬂ?{l + Ao 8>
This expression has been evaluatéd for several
values of A, B,G—g, assuming that @y, = 1 and the resqlts are
shown in Figure 2.2. In Figure 2.2, the variable is the

apparent transference number for the series combination of
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POLARIZATION EFFECTS OF MEMBRANE MODEL

43



. Ly
zones rather than the transference:number of the seléctive
zone. This apparent frénsference‘number was obtained in the
fol lowing manner. A

Assume that a concentration gradient is maintained
across the zone pair as shown in Figure 2.3,

ZONE I m/';_ﬁm n,

cg : - s
Po, o — —_ . B-Po = 4C

Figure 2.3. Membrane Model Assumed in - Evaluatlon of Apparent
Transference Number

Diffusion wull occur and dlffu5|on potentlals will be set up

across the zones. When these are set up the two ions dlffuse

at the same rate given by

)
JPi = Jnl =D (35)1 2.2.51

where D= D,/e; ‘ 2.,2.52
In order to solve for'the'concentration gradient across each
zone we eqdate the flow in the separate zones and use the
condition that the sum of the concentration differences in

the two zones equals the overall concentration difference.

DG _Dg H
Yoy T BB = Yp. = 62 ALz 2.2.33
G + H= AC 2.2.54

Carrying this out we find

_ _B® '
R e 2.2.55

If we assume that G5, = 1 the total voltage developed is
developed across zone Il. This voltage will be less than

that developed if zone Il only were present because the




k5
total concentration change does not occur across this |

zone. Therefore the apparent transference properties are

those of zone || attenuated by the ratio of the concentra-
tion across zone || to the total concentration change.
+ )
t apparent _ H__ B2B
T AT~ AG7BG 2.2.56

We have chosen thé‘apparent transference numbers as
an independent variable because this quantity is available
from direct measurements of the diffusionwpotenxial for rock
samples (Madden et al 1957). Of course the apparent trans-
ference number obtained depends upon our chofce of the trans-
ferénce prOpertigs of the zone in series with the selective
zone and on the absence of parallel paths} In addition there
’aEe hypothetical situations in which the possibflity of
lafge polarization effects would not be revealed by steady
stafe measurements of transference numbers. Fdr example
one might have anion selective zones in series with cation
selective zones. Diffusion potentials of opposing signs
would be set up in adjacent zones and would tend to‘canceli
Thus the apparent transference properties of the media would
tend to be nonselective even though it would be possible for
the system“to have a véry large'qugsi-steady state polariza-
tion effect. | |

in-Table 2€3are listed some apparent transference
numbers obtained from measurements on actual rock samples and

the maximum possible effects due to diffusion polarization
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which they predict. |t is seen that quite appreciable

effects are possible from this type of coupling in Qéologic

materials;
4 .

MEASURED TRANSFERENCE VALUES AND POSSIBLE POLARIZATION EFFECTS
Sample t+(apparent) Max.% freq.eff.
tuff .51 1
tuff .72 Lo
tremolite 1.s. .87 72
S.S., med. gr. 48 ]
S.S., med. gr. 49 | ]
S.S., fine grained .89 78
dirty S.S. .60 | 20

So far, the geometry assumed has been quite simple.
In particular, parallel paths have Hot been allowed for in
the model though they are undoubtedly present’ in natural
§ysfems. These parallel paths will have the effect of at-
tenuafingtthe maximum frequency effect. They will also
affect fhe_transference values, eausing smaller appafeﬁt
transference numbers to be observed. To some extent these’
effects are self-compehsating,

It is intefesting to note that the maximum frequency
effect is independent of the valencies of the ions. -lt can
also be shown rather eaei[y that the corresponding result in
the timevdbmain is thet the millivolt/volt parame ter measured
immediately after the curfent ievtqrned off, is also inde-

pendent of valency.
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Section IIl. Time ﬁeépthe of Po]ari?aﬁioh MechéniSms

| So far using steady étaté thermodynamic methods We
have succeeded in describing the maximum frequency effects
for the various coupling processes. The nextlproblem of
importance‘which we consider is the description of the time
behaviour of these processes.

First consider the case of electroosmotic coupling.

A variety of physical situations can be imagined with greatly
different frequency responses. |f the pressure is built up
fn a zdne.encPQSed by an impermeable boundary, the pressure
build up will be essentially at the speed 6f transﬁisgidn"OF
a Flﬁid pressure pulse'and will depend oﬁ such things as
‘whether or not thé zone is saturated. The solution of this
problem wodfd invdlvé the study of wave propagatfon with?n"
the system. In order to study this propagation one would hae
to go one step beyond the flow equatioﬁs and set up the dif-
ferential equatiohs of motion for the fluid taking into
account the electrical forces.

Another possibility is that the pressﬁre is due to a
hydraulic head (gravity head) being built up. The increase
of pressure in this case is brought about by a column of
water being built up. The pressufe is related to the
height of the column of water by the relation h

| AP = pghL 2.3.1
The’volume of water‘flowing over a given time interval must

be equal to the volume of voids in the column so that



PCAL = [§Jadt 2.3.2
where C is the porosity of the media. We find
P = £ [SJadt 2.3.3
AP - 3 [8Jadt 2.3.4
and therefqre we have
Ja =4F(L23"L13,)V,¢> - t%fg' f;Jadt | 2.3.5

When this equation is integrated we obtain
~Lasg
L .
Ja = F(Lza-L13)V® e 2-3-6
Therefore the time constant for this process is

~_ _ CAL
= B 2.3.7

Assume that the porosity, C, is 1%so C is .0l. The value

aof g in mks units is 9.8 meters/sec®’. The permeability, Las
is of the order of 10712 mks units so thét the time conmstant
is , |
T = 10°%L 2.3.8

“["is in seconds when the zone length, AL, is in meters; '
This time scale is impossibly léng,,eVen in zones with the
dimensions of individual clay particles (1073 mefers), and is
of no importance in ordinary geophysical studies.

We can tell even less about the time‘béhaviour for the
diffusfon coupl ing case because of the strong tie-up betWéen
v® and the concentration. [Following an aréument similar to

the previous one we have

AP a [dpdt 2.3.9
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so that the concentration gradient is

w a figl-‘_’—t 2.3.10

Substituting this into 2.2.3% we have
_ | ) ‘
Jp = kivy + zF [Jpdt - 2.3.11

But we know thatvd will change as p builds up because a
diffusion potential must be set up. Because of Ehis inter-
dependence we'cannot simply decouple the.flow equations for

p and n and then integrate them. instead it will be neceseary
to resort to a kinetic model apprcach inwhich we convert the
flow equations, 2.2.34, 2.2.35, to differentialvequatiOns and
bring in explicitly the dependence:of E on p and n through
Poisson's equation. This approach will be discussed in detail
in the next chapter.

A dimensional analysis can be made of the diffusion
coupling case to obtain an order of magnitude estimate of the
time constant. The prcbable factors of importance in deter-
mining the time constant are the diffusion coefficients, the
concentration, and the zone length. Listing these quantities
and their dimensions we haQe

Diffusion coefficient D L27-1

Zone lengths La’Lb L
Concentration ) moles/L®
Time constant f}' : T

A dimensionless qﬁantity is

LALBF(I___A) 2.3.12



so that if we have correctly chosen the parameters of

impor tance,
L.lg ofL

Y optB f(fg)
The value for D in solution is of the order of 1075 cm®/sec.
so that

‘r“ ~ lo"LALB ' 2.3.13
where LA,LB are in meters.
For'T“to be 1 second, we find that LA’LB must be of the

order of 3 x 10°2 cm. This is typical of the lengths of
indivfdua] clay particles. This fime analysis shows why
the quasi steady state only can be important in these
materials for the time scale when any appreciable zone
length is involved is much too loﬁg to be of practical im-
portance . |
Summary

Using the methods of steady state thermodynamics we
have been_ab1e to analyse the po]érization processes due to
coupling‘of flows and estimated the max imum frequency.effécts
due to these processes. |

In geologic materials, electroosmotic and electro-
thermal coupling are not important but diffusion coupling
can be very important leading to frequency effec;s of“TOOﬁ%or_
more. |

The details of the time buildup could not be obtained
from the stea&y state analysis of the diffusion coupling and

therefore we find it necessary to introduce a kinetic model ©
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study this behaviour.

chaptef.

This will be done in the next
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Chapter 111

A Kinetic Model for Polarization Due to Diffusion

C0upling in Membranes

In the previous chapter we applied the steady
state thermodynamlc approach to the problem of describing
polarization phenomena. With this approach we were abie
to make estimates of the maximum effects due to the various
coupling processes. Consideration of the parameters
involved has shown that thermal and solvent coupling are
not important}pdlarization mechanisms in geologic materials
but that diffusion coupling can be important in systems
like clays with very selective tfanSport propefties. The

details of the time behaviour of the polarization buildup

in diffusion coupling could not be obtained from the steady

state analysis, however, and therefore in this chapter
we resort to'a kinetic model approach to the problem.

With this model we will attempt to study in more
detail the impedance characteristics of the quasi-steady
state which exists when current flows fhrough a series of
zones of varying transference properties. This modal
applies to clays but it should also apply to other’ﬁétefials
like ion exchange resins and membranes Usually the |
term "membrane" is used to describe ail of these materials
and weé will use this general term in our discussion.

The details of the model are indicated in Figure 3.1
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where two zones only are shown. We assume that the distribu-
tion of zones is actually periodic with a great number of
these zone pairs in series. The cationic and anionic
concentrafiohs within eachzone are assuﬁed to be identical
and equal to thoée in the adjoining zone. In general this
will not be the case f;r most membranes. of the type we
are considering have a fixed charge on théir matrix. In
clays, this fixed charge‘is‘due to isomorphous substitution
Within tﬁe clay lattlce‘whiﬁh“resﬁlts in a net negative
charge on the Iaftice}‘ Attracted to this fixéd charge are
counteriohs‘which are rather weakly bonded to the lattice
and;in the presence of fluid, some of these cbuhterions'can
dissociate from the lattice and become mobile ions in the
pore fluid. This will result in a greater number of Eations
than anions in the pore solution. |[n addition to the
Cation}c and anidnlc cohcentratiops being different within
the clay zone, they will also differ from the concentrations
in the adjoining zone, due to a Donnan equilibriumjbeing
set up between the two phases (Kruyt, 1952). The case of
membraheS with a fixed charge is very important and after
we have considered the simple model we will consider the
influence of the fixed charges in more detail.
l:'4Un;harged Membranes | |

The'ffahsference properties of the individual zones
are specifled}by the quantity ¢ which was defined in

|
Chapter 1|1.
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Figure 3.1: Membrane Model used in analysis of diffusion
coupling in uncharged membranes.

Differential Equations of Motion

The differential equations describing the filow of
ions in our model are obtained from the flow equations
(2;2.34; 2.2.35). For th% present we neglect all off-
diagonal terms and also asisume that VP ,VY7T = 0. The first
assumption is valid only for dilute solutions in the
same range that Efnstein's"relation is valid. The seéond :
assumption is justified by our previous evaluation of the
maximum effect of the pressure and tempefature coupling
processes.

The flow equations are, with these assumptions,

Jp = ~L1a¥ py - LaFe® = -LagRTER + LiaFE 3.1.1

Jl'l

(]

L22V Mo La2F¥ = -LzaRT% - L22FE 3.1.2

We assume that our current densities and the resulting
concentration changes are so small that the coefficients

of vp, vn, E do not change appreciably within the zones -



during the cUrréht flow. We will examine the limits of
the validity of this assumption after the final solution is

obtained. If we let

Rl _ 6D 3.1.3

Ll:lR—; = D; La—

and use Einstein's relation, our equations assume a more

familiar form

Jp = -Dg§-+ upE 3.1.4
on
Jp, = Hfg— - UChE 3.1.5

Applying these equatlons to a small element dx and maklng

a materlal balance we find

. ‘2> I i )
%%=o%£g-%§(pg) 3.1.6
gﬂ m‘?w + uu‘aé(nE) | 3.1.7

where we have assumed that“a‘concentration change within
the 2lement compensates fgr_tbg d!fference>bgtweén the
iﬁflow and outfiow. It is also pOSSEbIe in some systems to
have an lncrease or decrease in dISSOCIatlon which would
partnally compensate for the flux dlfferences but we
neglect thIS effect because we are prlmarlly interested in
strong electrolytes in dilute solutions where dISSOCIatIOn
is nearly complete If ;hn; assumption is not valid, it

is necessary to add a term proportional to p and to n in
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equations 3.1.6, 3.1.7.
In addition to equations 3.1.6 and 3.1.7, there is
Maxwell's equation relating the divergence of the electric

field to the charge density at any point

%5 = %(p-n) 3.1.8

In spite of the fact that we have made several
simplifying assumbtions, the system of differential equations,
3.I.6-3.I.8,Iis non-1inear and coupled. This can easily
be seen by substituting for E from 3.1.8 into 3.1.6 and
3.1.7 and noting that product terms of the form pZ?, pn,
n® appear in the equations.

The analytical treatment of non-linear equations is
still in its infancy and the only satisfactory methods of
dbtaining solutions are approximate methods. Most of these
methqu have been deyeloped for the treatment of single
equations and not for coupled systems. From the physics
of our problem we know that the changes in p and n are
extremely small for the low current density range in
which we are interested and we can make use of this fact
to linearize the system. The method we use is to set p;

n equal to their equilibrfum value, whieh is independent of
time, plus a small perturbation term which is a fUnctfon of

X and t.

P =Py (x) + palx,t) 0 3.1.9

n = no(x) + nl(x,t) 3.1.10
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Similarly we let

E = Eo(x) + Ea(x,t) 3.1.11

The perturbation terms, pi, ni, E1 are assumed small enough
so that their products can be neglected in comparison with
the tqus PoP1s p6E1 and so forth.

Carrying out this substitution we obtain

[3-33- n;—;l +).| (p°E1+p1E :] Eua—poEo - Daapo]
+E.I%;PJI_E1]‘?-FO | 3.1.12
[ 3206208 - wede(nges + mE,] - oot + 05353

fuedme] -0 3.1.13

In the third bracket of each of the above equations

are the terms which we drop in the linearization. The first

bracket is deﬁendent on x and t and the second'bracket is a
function of x only. Therefore, these brackets must be
separately equal to zero and we end up with two sets of

coupled equations, one for the static or D.C. case and one

for the time dependent case.

o
$h - oedt 4 ued(n EatmaE,) 3.1.15
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.
D%;%‘n-pg_;poso=o 3.1.16
12
Dgxgo f)”g; Noko = O 3.1.17

We note that the equations for the static case have not

been linearized but that We now have a coupled |l inear

system for the'time.dependent perturbation terms p; and n;.
Even though 3.1.14 and 3.1.15 are linear they still

contain a complication because the coefficients, Pg?» N and

o’

E are not constant but functions of x. The reason for

o’
this is that véfy’o%ten when different phases are in contact,
a potentiai différence exists between them and the charge
density necessary to account for this potential difference

is concentrated in a thin diffuse layer at the boundary. An

exponential type dependence is shown by Pgs D and Es in

o’
this diffuse layer region (Kruyt, 1952). In order to
carry through the analysis, we initjally neglect this
effect which is consistent with our earlier assumption
where we neglected the fixed charge in the membrane zone.
We are riot interested here in the effects of an

applied D.C. bias so we set Eo = 0 and find for the case

of harmonic time dependence

. _
jwpi = D%;gl "EEQE (p1-ny) ’ 3.1.18

2
poS 03 + HEBaF (p, -ny) 3.1.19

jwny



%—%: -Z-(pl-nl) 3.].20‘

The following combinations of parameters will be useful

in simplifying the algebra.

K2 = 2Baf ;o . Jw 3.1.2]
_ g+ 1 -1 -]
e =-°-1=|—;l_rL=g_i{_—];A=:E-‘.Q-—of- 3.1.22

The linear set 3.1.18, 3.1.19 can be solved by assuming

exponential solutions of the form

P1 = As'ers'x. 3.1.23

rsx

ny = Pse 3.1.24

In order for”nonJFrivial solutions for A and B to exist,

the determinant of their coefficients must vanish

! 1
('Y-r52+5i) - -%ﬁ
=0 ~ 3.1.25
2 2
'%_ o (%L' rs- ¥ %f-)

and this condition leads to the following equation for the

eigenvalues

9 2
r.s4 - rsz(Kz + v0) + (KE%.N.;.g__) =0 ‘ 3.1.26

~The solution of this equation is
' - ,1/2
r? =.5i_%-x9 * %3 {l + Az} - 3.1.27
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Typical values for K® and ¥ are shown in Table 3.1.

Table 3.1

Kinetic Model Parameters

pg moles/liter K2 | |f in cps v iLKZ,po=.OOI v/K2,p=.1
10 1016 1 3x10° 3x1077 3x107®
. 1014 10~ 3x10° 3x107® 3x1078
.00I 1022 {| 100  3x107 3x107S 31077
.0000] 10%° (| 1000  3x10® 3x1074 3x107@

In obtaining this table we have assumed a value for D of
2x107% cm®/sec. We have also assumed that €/€_ = 80 and
a temperature of 25°C.
The quantity A is very small over the range in
which we are interested so that to a good approximation, the

eigenvalues of 3.1.25 are

r12=K?+Y%+A14—"9 | 3.1.28
_"225-717%-1@#? 3.1.29
If we Sdbsthtu&e*these eigenvalues back into the deter-

minantal equations we obtain the ratio of A and B

,A2

A1 /By = -1 +A - 5 ‘ 3.1.30
. A2 .
A2/Bz= | +A+2—' _ 3.].3]

. * - »
The eigenfunctions e "** are associated with a
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charge separation fn the diffuse layer zone. ‘They are
identical to the solutions for a static zeta potential
(Glasstone, 1954) and it appéars that the length of the
diffuse layer zone is unchanged up to frequencies of ét
ledst 100,000 cps in .00l Normal solutions. Typical
eprnential lengths of the diffuse layer are on the
order of 100 Angstroms and equilibrium is attained very
rapidly in this region. |Initially we assumed that no
static diffuse layer is present but the application of
the vol tage source has induced one. We suspect that the
static diffuse layer will be strongly coupled to the
induced one so that if we find this term to be important
in our final solution it will be'necessary to reinvestigate
the effect of the static solution.

The €*"2* terms are typical solutions of the
diffusion equation. They are associated with a smaller charge
separation but this separation takes place over a much longer
distance than the diffuse Iayer'charge separation. fhe |
diffusion length is inversely proportiénal to the square
root of frequency. In the D.C. limit ft approaChes_a linear
concentration gradient if flow is taking place. No such
similar situation exists for the static case.

Summarizing the resulﬁs to this point, the form of

the solutions within each zone is

P1 =-A1eir1x + Aaeirax 3.1.32



2 + 2 *
ny = Ai(-1 + A - éw—) e M2 L Ax(l + 4 + é—)e rax 31,33
2 2

If we assume that there are a large number of zones
in series, the solutions will be periodic with a wavelength
equal to the sum of the zone lengths, AL; + ALz. Because
of this periodicity and the symmetry of the problem, satisfying
the boundary conditions at one interface will automatically
ensure their satisfaction throughout all the zones. The
solutions for p, and n; must be symmetrical about the

center of the zone and this is automatically ensured by

‘ trix trox
choosing, instead of the exponentials e '*" and e ' 2% the
equivalent solutions |

Pr = Az Sinh ri(x-L') + Az Sinh ra(x-L") 3.1.3%
2
ni = Ai(-] + A - 52) Sinh ra(x-L) +
Aa ) . .
Az(1 + & + 5—)Sinh ra(x-L") 3.1.35

These solutions will also satisfy the condition that the
integral of p1 and ny over the zone length is equal to zero.
Substituting 3.1.34 and 3.1.35 into Poisson's equation

and integrating we find

€2 =< 22(2 - 8+ 5) [cosh ra(x - L) - l]
2 -
{8+ 8 72)F o, [Cosh ralx - L)1) + Eoo 3.1.36

where we have evaluated the integration constant by calling

the electric field at the center of the zone Eqo.
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We are now ready to apply the solutions of the
differential equations to our physical system shown in
Figure 3.1. Solutions of the form 3 1.34 to 3.1.36 apply
in each zone but r;2 and ¥ differ because D and o are
not the same for both zone types. We will use the subscripts

1 and 2 to designate quantities in the two zones. When two

subscripts are used on the same symbol, the Second refers to

the zone.
- dw
Y1 Dl
' 3.1.37
= ¥
Y2 A Dz_
ri1% = K2 + 1%95; rzi® = 1%2;
ri2? = K2 + 1%93 ; raz® = zggé ©3..38

Listing our final expressions forbpl, ny and E in both

zones we have

‘pll = Allsinh rll(x - Ll') 301'39

‘ 2 . . 2
n.ll = All('] + Al- %—)Sinh rll(x-Ll') + A21(1+A1'|A2L)
Sinh raa(x - Ly') 3.1.40

E‘:L = "L (2 A -l——) E:OSh I"11(X Ll 'IJ [Al JFAgl
= €r21

[éosh rai(x-Ly" ]+ E 3.1.41



A]_‘aS_iﬂh vK'lz(X'Lz') + Az2 Sil’lh raz(X'Lg') 3.1 A2

Prz2 =
B2 STVCN
Niz = A12(°I+A2'T) Sinh I’lz(X"La') + Aza(|+ A2"""%"‘)

Sinh vréz(X'Lz') ' 3.1.43

’ ' , 2 B
Ezx = E‘AJ"E'_(Q"Az + -A—a—)][COSh I‘lg(x'La')-!] - .

€riz 2
[ 22]
-2 2 ) ¢p E h ras(x-L ')'ﬂ E 1 .44
€Tos 22 Losh razix-Lz + Ezeo0: 3.1.

These expressions contain a total of six unknowns.

Boundarx»Conditibns

Since this problem has six unknowns, six boundary
conditions are necessary for its compliete specificéfion.
It is not immediately obvious which six conditions will

be independent. We choose them in the followiqg manner.

At the boundary between zone 1 and 2,

P11 = P12 3.1.45
qi; = Ni2 3.1.46
Jpr = Jpz 3.1.47
Jny = Jnz 3.1.48
E: = Ez 3.1.49

In addition, the total voltage across the system is given by

L1 .
vV = "J‘ EldX - Ezdx 3.1 .50
L
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The,requirement that py; = pya, n;1= N1z is necessary
in order to.prevent an infinite gradient in these forces
since we have seen that these gradients act as general jzed
forces. If addltlonal barriers were present, these
conditions could be relaxed. Additional barriers might exist
due to so called mechanical sieve effects when the pore
sizes are of the same size as the jons.

If the electric field were not continuous at the
boundary, it would be necessary to have a surface dlstrlbutnon
of sources present at the boundary to account for its
dnscontlnuuty. The only charged particies present, however,
are the ions and we have assumed that the differential
equations completely describe their motion right up to the
boundary The charge density at any point is given by
—(p1 nl) This is a contlnuous, wel | -behaved function
of position on elther side of the boundary. Because of
3-1.45 and 3.1.46, it must also be continuous across this
boundary. After we have obtained the final solution we
will find that the diffuse layer term looks very much
like a surface charge sunce the charge concentration is
contalned in such a very small volume. On all but the most
detailed scales, E appears to suffer a dlscontunulty as we
pass through the diffuse layer at the boundary.

The |nsert|on of our expreSS|ons for pi, ny and E;

into the boundary condltlons results in the set of equations

-t e ww —
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3.1.55 to 3.1.60. The following abbreviations have been

used in these eduations.
Si11 = Sinh ri118L,/2; Sal = Sinh rz;AL,/2 3.1.51

Siz2 = Sinh ri28L2/2; Szz2 = Sinh ra28la/2 3.1.52

"
A

Cosh raiALi/2  3.1.53

Cia Cosh riidL,/2 Cz1

Ci2 = Cosh rléALg./Q ' Caa = Cosh réaAL2/2 v 3.1.54

The algebraic solution of this set of six s imul taneous
gquaﬁiqhs was ¢arried out. Initially, the eigenvalues
3.1.28,‘3.1.29 were determined only to the order A which
seemed QUite reasonable‘considering the magnitude of this
quantity (seé Table 3.1). The solution obtained for the
impgdanéé'lookedﬂreésonable but the solution for the space
~charge concenttatibn term, A%%Sll did not appear to bé correct
since ft>was.nét symmetric. iln carrying out the reduction,
small qUantitieS“were dropped at various stages in the
reduction‘thouéh'care was taken to carry them as far as
seemed necessary. This first solution was checked independently
by another person. During the reduction it was noted that
the set is highly singuylar and the possibility was con-
sidéfed»that, despite the precautions taken, an insufficient
number of terms were carried.' Therefore, the solution was
carried through once more using the next term in the
approximation to the eigenvalues. This sothion agreed

with the pfevious one for the impedance and, in addition,

e
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the intermediate results for the space charge terms are
more reasonable and possess the required symmetry. The
results of this second solution are listed in equations
3.1.61 to 3.1.66. |
The reason that the correct expression was obtalned
for the |mpedance in spite of the incorrect value for
A11S11 is that the space charge term has a very small
effect on_the'impedancé,'of the order A%. This result may
seem unusual but if‘we refer to the results of T, R. Madden
(1958) on the metal electrode-electfolyte case, we note
that the duffuse layer |mpedance goes to zero as the sum
of the faraoalc current fractuons approaches I. |n this
system there do not exist the large reaction activation
energy barriers that can be present at electrodes and the

current can be expected to be almost entirely faradaic.

Check gg‘the Approximations
At this point we can consider‘the limitations.imposed

on our solution by the approximations used in obtaining a
solution of the differential equations. There are two
features involved in the approximation, the dropping of

non-linear terms in 3.1.12 and 3.1.13 and the approximate
solution for the eigenvalues in 3.1.28, 3.1.29. The first
limitation is a limitation on the amplitudes of the
perturbationvtefms and we expect that this can be satisfied

by using a sufficiently low current density. The second

i

5
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limitation is independent of current density and relates

to the range of frequencies and concentrations over which the

diffuse layer length is ‘independent of frequency and the
space charge and diffusion effects are essentially uncoupled.
In thg linearization of 3.1.12 and 3.1.13 we dropped

terms of the order

g b

The validity of this step requires that these terms be

small in comparison with the remaining terms in the equation

which are

7P1; %;gl

0f these terms o
" 2
i< B2 3.1.68

and therefore we require

u
€Dy YPiD dx

_UF o ony) ~2Ei dpa . | 3.1.69

We will make the comparison for low frequencies at the
.,bouhdary,'x ="L,, assuming that 0, is approximately equal

to 1 and:C}:f§'approximately equal to zero. From 3.1.64

and from 3.1.65

2V
El = AL,




For a frequency=of-.l cps, rzi1 = 100 We assume that

ALy = 10" %cm. and we obtain finally

V <<l.25mv 3.1.70
Altenatively in terms of current density we find

I << )05ma/cm2 3.1.71

In the solution for the elgenvalues, 3.1.28,

| 31.29, we have assumed that
ﬁ(M)a <<
K. )

This. assumptlon has already been checked for the case of ¢

= ] and we found that it is valid up to frequencnes of v

100,000 cps for concentrations of .001 Normal. In evaiuating

the maximum frequency effects from our model, however, we

let T in one zone approach zero and we now wish to determine

the minimum suze whlch we can use for 0 and still satisfy

the above restrlctlon We arbltraruly choose to}make
[&%FVQ%;] _: 10'3 or .1%

Pfactically, sojutions more dilute than .001 Normal are
rarely encouhtered'and i f we choose this concéntration,
our results wnll be conservatlve for high concentrat:ons
We assume that f = 1000 cps, Y = 3x10® and this assumption
will be conservative for lower frequencies. Substituting

these in 3.1.62 we find

(@3]
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In terms of transference numbers, this corresponds to

cation transference numbers less than .99.

Impedance

Since the total current is continuous, we can
evaluate the impedance by determining the current at any
convenient point and we choose to do this at the center

of zone |. Here the current is

-l_!' = )J1P65'19151 - Dirz1A2:(1-61) 3.1.73

Substituting our solutions for Ei and Az; we obtain the

final form for the impedance
7 = ALy _ + B + 02-61)2 S21522
. HiPoF |G101 " AGz0z 7 §2°61-920, X1C2152292+X291%022521

3.1.74

| where A =‘%%§; ‘B = %ﬁ; x;‘= ralé%i i Xa = Fzzé%g

3.1.75
The first two terms are the usual expressionsvfor the high
frequency resistances of the separate zones and the third
terh is the polarization impedance.
| It is desirable to have several simpie checks on a
solution of this much algebraic complexity and there are
several such convenient checks on the imbedance. One
obvious check which is safisfied is that the solution for
the impedance is symmetrical in the subscripts I and 2.

Other checks which are satisfied are that the sign of the

e



added polarization impedance is always positive and the
conduction currents at the centers of the two\zones are
equal. The absolute check on the original set of equations

was also carried through for four of the conditions.

Asymptotic Behaviour of the Impedance

| At very low Frequenciés we can expand the hyperbolic
tangents in their power series and the result is that the
impédance Ioﬁks like a parallel RC circuit which is quite
reasonable since we do not expect complete blocking at
this type of boﬁndary. The frequency rénge over which it
behavés as a simple parallel capacitance, however, is
limited to w<KW%C SO that,.practically, this result is not
useful since the capacitance has essentially no effect in
the frequency range over which this simple equivalent
circuit applies.

The nature of the low frequency capacitance is
somewhat unusual. |t appears to be some sort of chemical
capacitance associated with the concentration gradient. It
_is proportional ‘to the length of the zone. Its value is of
the order of 1000 uf/cm. for AL = 107% cm.

At the higher frequency limit, tanh x-l and the

impedance becomes

AL 1 B (G.g - crl) }
= =L _ ———
Z- M1PoF {6151 T RGz0: T ©2G 20,0, [x;0, + QLXE%]

3.1.76
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The denominator in the polarization term is proportional to
the square root of jw so the added impedance at high fre-
qugn;ies approaches a typical Warburg iMpedance which i§
characteristic of diffusion controlled impedances. Warburg
impedances were first considered in connection with metal
electrode polarization phenomena where they are very important
(Grahame 1952). The magnitude of a Wafburg impedance varies
as 1/\W and the phase shift is a constant 45°.

Thg;eqUivalent circuit at high frequencies is shown
in Figure 3.2 where we have used the symbbl proposed by

Grahame for the Warburg impedance.

o Zac Zw
Figure 3.2: Equivalent Circuit for High Frequency Impedance
of Membrane System

Za.c. refers to the sum of the high frequency resistances of
the separate zones.

At intermédiate frequencies, no simple circuit
combinations can represent the impedance behaviour and the
genéral expression must be resorted to.

Mr. T. R. Madden wrote a program for the IBM TO4 to

~carry out the calculation of the general expression for
severai values of A, B, 6= assuming 0, = 1. These results
are presented graph}cally>in Figurés 3.3 through 3.7. In
plotfing these figures, a constant selective zone length

of V10 x10™* cm. has been assumed. The length of the fluid
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zone, zone 1, varied in accordance with the A value given.
A value of 2x1075cm/sec. was used for D;.

| In Figure 3.5, a comparison between the membrane
impedance and that of a simple RC circuit with the same
maximum frequency effect s shown.‘ At low frequencies, the
RC circuit does not follow the membrane imbedance closely
over any of the rangé {n which the iﬁpedance is varying
significantly. The RC circuit haé a much sharper character-
istic in the intermediate range and then levels out while
the membréne impedance continues to rise over a long
frequency range._ The phase of the membrane impedanCe’of
course remains larger than that of the RC circuit at the
higher frequeﬁéfes because of this continued slow change}ih

impedance.

Max i mum Frequency Effects

It is interesting to look at the maximum possible

vfrequency effects exhibited by the model. The maximum effect -

occurs when‘theAtransference number of thé selective zone
approaches unity; Depénding on the Ieﬁgth ratio and the
ratio of the diffusion coefficients, this maximum varies
between 0 and 100%# for ©= 1 which corresponds closely to
~the case for a pore fluid 1ike KC1 whéré-d'is actually 1.02.
For NaCl, tf’is about .4 and 01 equals 1.5. A larger
maximum effect is possible, of the order of 150%. .There

are other salts, like LiCl, with even larger G but they
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are not important in the present study though they might

be of use in a theqretical study of membranes.

The maximum effect predicted by this model for
the completely general case of arbitrary A, B, 0z, 01
agrees exactly with the prediction made in Chapter |} with
the use of steady state thermodynamics.

The existence of a maximum frequency effect is a
uéeful model criterion. From Figufés 3.3 and 3.4 we
observe, for instance, that for equal zonevlengths, the
maximum'e%fécé is 33 . In our experimental measurements on
clays and ion exchange resins, to be reported in the next
chapter, we have observed effects of twice this amount and
it appears that these can 6nly be explained by going to a
much larger A value, i.e. a lengtH:Fatio of 5 to 1 or 10 to
i | |

In the IBM calculations, only three Iehgth“ratids
were used but if we are interested only in the maximum
effec;s,;ft ﬁs‘very easy to compgfeithem directly from the
impedance formula and in Table 3.2 these maxima are listed

for the case of 2 = .00l, B=1, and § = 1.
Table 3.2

Maximum Frequency Effects as a Function of the Length Ratio, A

A : Maximum Effect
! : 1.332 -
2 " 1.496
5 1.705

10 1.814

50 : 1.871

100 - 1.814




If the length ratio is < 1, the frequency effect
becomes qulte small.

In the case of metal electrodes, a similar situation
on maximum frequency effects does not exist. Laboratory
measurements on well mineral ized rock samples have indicated
effects of over looqﬁ Of course the limiting sututatlon
of ‘an ideal polarized eiectrode has an |nf|n|te frequency
effect. The only possnblllty of obtaining frequency effects
of this order in membranes is the unlikely S|tuat|on of a
cationic selective zone in series with an anionic selective
zone. o - - hm”

| I f the membrane is made up‘of series pethe.only,
the frequency effect is independent of the conductivity of
the solution and depends only on the unbalance in the
trensference numbers, length ratios, etc. |If there are
parallel paths present, they will act essentiafly as
parallel resistances and will attenuate the maximum effect.
This attenuation will be purely a geometrical effect and

will be independent of concentration also.

Time Domain

The imoedance function, 3.1.74 could not be found
in the tables of Fourier Transforms so that it is not
possible to write down the.step fnnotion response of this
system directly. This information, which would behuseful

in studying the great amount of work which has been done in
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the time domain by other investigators, could be obtained
fairly easily, however, by a break point analysis of the

frequency data.

Additional Comments on Model

The kinetic model which we have used is a standard
model for describing the motion of ions in solution and
in certain other materials, e.g. semicondﬁctors. MacDonaid
(1953) has applied this model to the study of ac polarization
effects in photoconductors, semiconductors, and electrolytes.
His mathematical formulation is nearly equivalent to ours,
the only difference being that he includes terms to
represent dissociation or fofmation of carriers and therefore
takes the concentration of neutral centers into atcount also.
His boundéry conditions are too restrictive to apply to
electrolytes in general since he assumesiperfectly blocking
electrodes (ideal polarized electrode). He does not
specialize his results fof the case of electfolytes but he
does consider the case ¢= | and = o and arrives at the
same form for the diffuse layer capacitance,whiéh our
solution yields for blocking electrodes. Chang and
Jaffé (1952) have considered this model also starting with
the linearized equations identical to ours. Their solution
is restricted to the case of equal mobilities. The Boundary
conditions used are that the current flow at~the boundary

is a first order rate process but they use the same rate
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constant for cations and anions which is probably not the
case. The method of solution neglects the inhomogeneity

in the electric field initially (this completely decouples
the equations) and then attempts to correct for it by an
approximate method. This procedure contributes nothing since
his finaf approximation is only as good as ours yet it does
not satisfy Poisson's equation as it must. Jaffe incliudes
experimental results on metallic electrodes which he can
explain by his theory only if there are certain very slow
carriers present.

Keilson (1953) considers the solution of the
linearized equations including recombination effects and a
constant Eo. His solutions are carried out in the time
domain using Laplace Transform techniques. The final
solutions areufor the concentrations of injected carriers
and he does nbt consider impedances but only relaxation
times. |t does not seem that there is any advantage in
working in tBe time domain in this case since he is able
to solve only the linearized equations which we have handled
in the frequency domain with no trouble.

| The difficulty with this problem lies not in
solving the linearized equations but in justifying the
linearization and the neglect of the static situation.
Solution of the exact set would of course be most desirable
but since this cannot be carried out and the equations must be

linearized, it is important to show that the linearization
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is a good first approximation to the exact set. The method
used by Chang and Jaffd to linearize the set is to assume
 the non-1inearity causes the first harmonic and all higher
harmonics ef the forcing voltage to be generated. The class
of nonlinearity is very large and it is not at all obvfous
that all possible types of nonlinearity can be representable
in this form. Non-integerial harmonics can be ruled out by
stability considerations but subharmonics may be present.
In our linearization, we required only that P1<< Pos P1Ei=<<
PoEi + p1Eo without specifying any type of non-linearity.
Thls discussion may seem trivial since an identical 1linear
set is arrived at by both approaches but it becomes
nmportant when one tries to justify the Ilnearlzatlon by
study|ng the dlfferentlai equatlons for the higher harmonlcs.
A more important problem than the llnearlzatlon
procedure is the justification of the neglect of the
static solution. None of the authors mentioned have been able
to include the static solution except Keilson who_un;ludes a
constant Eo. Madden (1958) has successfully carried through
the problem for the metallic electrode, however, taklng

the static solution into account.

. Charged Membranes

In the introduction to this chapter it was pointed
out that the important membrane systems including clays are

actually more complicated than the simple model which we have
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assumed so far in this work. These complications arise
from more concentrated solutions where our s:mple flow equatlons
and the assumptions about complete dissociation are less
correct and from the presence of a fixed charge.l The more
important of these complications is that of the presence of the
fixed charge within the membrane zone. This quantity, which
we denote by A'(moles/c.c. of pore fluid), is the charge on
the lattices oF'the crystals fhemselves. It is fixed in place
and does not contribute to the conduction of current, though
the counterions attracted to it do. The concentration of
mobile anions within this zone is smaller than that of the
cations because the fixed charge enters into the overall
electroneutraluty balance of the solutlon.

Let us cons ider a model similar to the one treated
previously but the membrane zone is generallzed and now contalns

fixed charges as shown in Flgure 3.7.

H ZONE I ZONE IT I
PO:lv 3 Ngy > c"l ) Dl » Pez 2 Noz 7A—> GZ JDZ
- [i’

Figure 3.7: Model for Membrane System Including Fixed Charges.
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Before treéting the time dependent case for this
situation, we will apply the kinetic model which we have
used so far to the static equilibrium which exists between
these two phases. This static problem has been attacked
previously using the thermodynamic concept of osmotic
equilibrium and is termed a Donnan equilibrium (Kruyt, 1952).
The electrochemical potentials of the mobile ionic species
and the solvent are equated in the two Phases. The effect
of the fixed charges is introduced through the electro-
neutrality condition within each phase. The osmotic
equilibrium strictly applies when the two phases are
separatedvby a thin semipereable membrane. In this system,
the boundary betweén zones | and || is an effective membrane
because thefe is free exchange of the mobile ions across
this boundary and no transfer of fixed charge across it.
(Kunin and Myers, 1952, pp. 14). '

The electrochemical potentials of the components are

of the form
Mi=RTlna, + PV, + Fz .0 3.2.0]
I f wé equate these expressions and use the electroneutrality

condition we can solve for the difference in cation concentra-

tion within the phases and we find

Poir - Poz = - é&— ' 3.2.02

For the potential difference we find
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av = - RLgn ngLEga-_Al 3.2.03

701

These results are valid for small values of A~ and low
concentrations of pg, ne so that the activities are equal
to the concentrations. We haQe also heglected the PV terms
in these solutions because they are usually small.

Now we know that if a potential difference exists

between the phases, there must be a charge distribution to

account for it. We expect that a diffuse layer is formed
at the boundary between the phases and that the potential
difference occurs across this thin zone. The thermodynamic
treatment outl ined above, however, gives no hint of the
seat of the potentiaf difference.

The kinetic model approach to thlS problem is
completely analogous to the system already considered in
Section | of thls,chapter. Using equations 3.1.18 and 3.1.19

in their D.C. limit and assuming solutions of the form

P
p’l = Ake 3.2004
FlcX .
nl = Bke 3.2.05
we find for the eigenvalues in zone ||
2 _g.2¢y _ _A" . ’

In zone | the previous solution still holds, and the

eigenvalues are




The eigenvalues of zero correspond to a constant term plus
a term proportional to x. Clearly this latter term can
exist only if current is flowing through the system and
since we are interested in the static Ccase and not the D.C.
case, this term may be set equal to zero. We now follow
through the identicél steps of the preQious problem except
that we acqépf onIy one exponential solution in each zone,
the zones being assumed infinite in length. The following

expressions are obtained.

P11 =,A119k1x o 3-2-¢8
nry = -’-A;le"lkx  3.2.09
E, .-_%il _ | 3.2.10
P12 = Ajze”KaX - | 3.2.11
Niz = -Alz(%i—-)e-kax | 3.2.12
E2 = ;%lé(—gp—gi;—“-)e'kz" | 3.2.13

There are three unknowns in this probiem, A;,, Aiz and,poé.

Referring to the boundary conditions, 3.1.45-3.1.49, we note

~that we have already used the condition that the current is

zero in dropping the eigenfunctions for Fp = 0. The conditions

imposed in this case are on the continuity of total P,

total n, and E at the boundary. Substituting into these

conditions we have
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Poi + A11 = poz + A;> ' 3.2.14
Poi - Ai11 = poz - A - A3 L;i:‘] 3.2.15
A A;2/ 2poz-A”
231 - _Ai2/cPoz2-A

This set is not lingér since Kj, K2 depend on Po;- Let

X = Poi1-Poz

In terms of x,
(2x + A7 )poz-xA~
) A~

A1, =

AlZ (2X + A-)pog/A-

Substituting we find
_ AT Ky Apo K .4
x = E(W) (2poz-A) ﬁ"'Kz 3.2.17

Using this expression for x, we obtain

Ky . _ -AK o
14Kz Az —(RI:ﬁETTEE§TA7 - 3.2.18

A =3 g
- RI Ky _A-
AV = oF Kz Po: 3.2.19

Thése expressiOns'for X, AV are identiéal to the thermo-
dynamic solution for the éase of E%é small and this lends
further support to our choice of model and boundary con-
ditions. |

1f we now turn to the tiﬁe dependent case we find

that the appropriate linearized differential equations are
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2 2 ‘
1 = $B - K(pi-ny) 3.2.20
ny _ d®n K2 no
15'1_3327;'4'—2—33_0 (pi-n1) 3.2.21

Following the procedure of Section | we assume exponential

solutions and find that the eigenvalues are

2 - () 7
r1® = E=(2po-A”) + L2 | 3.2.22

re? =% @+ 1 - %;—115—) 3.2.23

Substituting these into the determinantal equations we

obtain the ratios of the cationic and anionic concentrations

Bi _ .1 LA ;
ﬁ = ‘] + 5o + terms in A 3.2.2‘}
B, _ >Y  po -
1=+ ki (5D 3225

and therefore the form of the electriq,ﬁjg]ﬂ is

_ _A . FAi;sinh ri(x-L') ypo( 1 -5)FAx
Ex = (2 porterms in A): ers * K= (pothg)€rs

'sinh_rg(x;L') + Eoo ‘3.2.é6

The voltage drop due to the diffusion term is proportional to
(¢-l) as it was before and we conclude therefore that unless
the mobilities differ, there will be no polarization vol tage

develbped due to this term. The mere existence of a fixed
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charge is not sufficient to guarantee polarization. The
primary cause is the mobility differences. |If the mobilities
are different, the A~ value has an effect on the magnitude of
the charge separation term since the denominator is 2po-A
and a larger A” value increases this term.
The Solution for this kinetic model could be
carried through for cnarged membranes exactly as for the
previous system where the membranes were not charged._ The
algebra is even more compl;cated, however, and probably the
results are not significantly different. Thns alqebra has
'ndt been worked through. | |
W§ haV¢=mentioned that the results of the kineti;
model are in complete agreément'With those from the qUési-
steady state énalysis of membranes as regards to the max i mum
" possible frequency effect. This quasi-steady state analysis
can also be used to study the maximum frequency effects of

charged membrane systems.

ansn Steady State Analysis of Charged Membranes

The system to be analysed is that shown in Figure
3.8. For convenience we will redraw this system in Figure 3. 8

and stress the details of the concentration profiles.

High Freqﬁency _ ' Low frequency
‘ F P e
CTTTTTRG, T / n)‘\“\\
ZONE T ZONE I ZONE 1 ZONE I

Figure 3.8: Concentration gradients in charged membranes.




Zone | has no fixed charges and p and n are equal in
both the static and quasi steady state case.

Zone || contains fixed charges of concentration A~
so p and n differ by this amount in the static case. The
changes in p and n brought about in the quasi steady state
must be the same however since the fixed charge remains
constant. |f p and n did not change in the séme manner,
charge separation would occur.

We denote the change in p and n between these two
states by Ap, An and in particqlar use these symbols to
represent the charge at the boundary; i.e. Ap and An are not
functions of x. We'also assume that these changes are small.

We further assume that at the common boundary the
total concentrations satisfy a Donnan condition even in the

quasi-steady state so that

(Pa+8p1)® = (patfpz) (na+bpz) 3.2.27

P12+248p, = pzanz+Apz(pat+nz) - - 3.2.28

But we have already assumed that the static concentrations
satisfy a Donnan condition so that

p1% = pana 3.2.29

Therefore

Apy = Apa(pa+na) . 3.2.30

2p1
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The boundary conditions are that the individual
currents be continubus and the condition 3.1.50 on the‘totai
voltage. The unknowns are Apy, Ei, Ex. |

When the algebra is worked through we find

E. _E;Q;__ Gznz+01p2+2p.A G2 3 3.2.31
uipa I-l - *e
2Nz2=-0;1p2

[0__1 %G'i+i i E]‘ |
Ez = 24 lnl B 3.2032

u28L, Oznz-01p,
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= E! S 2= %N : | — |
I T P T T T > poB 30233
Pr [Pz + nz] B A .

The low and high frequency impedances are easily found and

from them the maximum frequency effect is found to be

3p1Z + ng® 131+2270-_+°.}
Zp.c.= A SCTOR 2+"=A ‘A 3.2.34
U 1Pa 102 E_ . e
In ¢ '+(pz+¢2nam{ T 02y }

It should be noted that this solution reduces to the
Previous one if we let the fixed charge go to zero.

If the mobilities do not differ in both zones, the
solution predicts no frequency effect regardless of the
fixed charge concentration. This result is readily under-
stood if we think in terms of diffusion potentials for these
cannot be set up unless the ions dijffuse at different rates.

If the mobilities differ, the solution predicts




rather small effects (21%) until the mob|] ity difference
is'quite large. |

It appears, thérefore, that the Primary cause of
polarnzatlon must be mobility dlfferences and not fixed
charges.

Admittedly there are many unsatisfactory aspects of
these analyses. For the uncharged case the model assumptions
are reasonable but the restriction which we have been forced
to impose in the charged case, that of small fixed charge, is
not so reasonable and it ig dnfflcult to estlmate just “how
much relaxnng this constraint would affect the result ‘It
appears, however, that the general»zataon we have made :
above for the case of equal mobilities in each zone must

still be valid.
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CHAPTER 1V

EXPER IMENTAL STUDIES ON POLARIZAT|ON IN MEMBRANE SYSTEMS

The theoretical studies presented in Chapter 111 ha?e
predicted significant polarization effects in membrane systems
Very little experimental data concerning these effects has
been reported previously, however.

Vacquiér et al (1957) and Henkel and Van Nostrand
(1957) have made laboratory measurements on cléy systems and
found imporfant polarization effects. Vacquier et al made
their measurements on sand-clay systems while Henkel and
Van Nostrand made their measurements on pure clay masses.
These experimental meausrements were made in the time domain.

In spite of the extensive exper imental invéstijations
which have been made on artificial membranes subh as ion ex-

change resuns, very little mention has been made of polarlza-
tion effects in these systems. The conductlvuty measurements
made on these systems are usually carried out at 60 cps and
1000 cps, the results usually agreeing within a few percent.
This Ffequency spread is not sufficient to adequately sample
the polarization effects of these membranermaterials.
| .A In&order to better appraise the theory and to deter-
mine the importance and character of clay polarization, an
experimental study was made of polarization in some pure clay
systems. Additional measurements were also made on ion ex-

change resins.

25
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Section |: CLAY SYSTEMS

The measurements on clays were carried out in co-
operation with Mr. H. W. Olsen of the Soil Mechénics Depart-
ment, M 1.T. Mr. Olsen is engaged in a study of the influence
of structure on the permeability of‘clays and his experimental
studies involve the compaction of various pure clay systems to
pressure ranging from | ton/ft2 to 256 tons/ftZ. Measurements
of permeability, void ratio, streaming potential and conduc-
tivity are made at each increment’in the loading cycle.
 Through conversations with Mr. Olsen, we became interested in
also studying the induced polarization effects of these systems.
It was felt that the combination of these several measurements
would give quite good control on the structural models which
might be used to explain the results. The interpretation of
the results will appear in Mr. Oisen's Ph.D thesis. In this
discussion, we will present sbme of the induced polarization
resul ts only.

Sample Preparation

Most of the samples tested were kaolinite clays.' The
kaolinite came from Bath, South Carolina. The powdered
kaolinite was mixed with an exceSs of NaCl in solution to
render the clay homoionic to sodium. .After this‘freétment,
’:the supernatant fulid was diluted to a concentration of .000l
Normal. The flocculated samples were prepared by adding fhis
slurry directly to the sample holders ahd compacting it.

The dispersed samples were prepared by adding .02% by



oT

 weight of trfeodium polyphosphate per gram of supernatant
fluid to a portion of the above material.

One sample was prepared consisting simply of the
natural kaolinite in distilled water.

The effeCtive conductivity of the supernatant fluid
in the flocculated sample is about 8x107® mhos/cm and forﬂthe
dispersed samples supernatant it is about 2x10~%* mhos/cm.

In'all cases, the supernatant fluid was retained for
use as the permeant in the permeability measurements.

Polarlzatlon Measurements

The polarlzatlon measurements Were made usnng both
tran5|ent measurements and varlabie frequency measurements’
The equnpment and analysis have been described in a report
(Maddeh and Marshall 1958). The transient measurements gave
information evaluated at .1, 1, and 10 cps, while the fre-
quency domain measurements covered the range of i0f20,000 cps .
,The‘eséijiafer uSed,was battery eberated and coufd be operated>
above electrical ground, so that a four electrode system could
be:used4 This was neeessary to prevent polarization of the
receiving electrodes; as the clay samples were very conductive,
and the electrode polarizatioh‘hadkto be kept to an absolute
minimum. »

| The clay samples wefe placed in a plastic cylinder and
closed off by porous plués; The compressive load was applied
across the sample by a plastic piston which had provision for

allowing the excess water to pass on through. The receiving
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TABLE 4.1

SUMMARY OF _zccnmc wor>m.~>q_oz.3m>wcxm3mzqw.cz.nr>< SAMPLES
(A1l results are for load increments of 4 tons/sq.ft. unless otherwise noted.)

Sample | f(10) aﬁﬁ_ov mfoO per mvs/v  permeability
_A,mo_:inmmh Na Z(D.C. in in ; in

form in .000l Z{TOcps) degrees ohm. ft. : M.K.S. units
Normal NaCl , B

111 1.045 47 18-,25,52 96 . 63.4 1.06x10"1®
117 v_.ﬂo. 144 8,10,17 TO 76.5 1.00x10°13
19 . .9oxlo"i®
121 1.171 141.5  1.08x10"13.

Kaolin, Na form
dispersed in .02%

NaTP v , .

15 1.106 279  6,12,22 38 94.7  .90x10-1®
118 1.010 43 : 36 .67x10-12
120 , - : .T0x10"12
122 1.113 . 93.2 .58x10°19

Kaplin, natural
form in distilled
water .

116 1.096 33 14.29,36 287 48.9  1.64x1072
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TABLE 4.1 (continued)

SUMMARY OF INDUCED POLARI!ZATION MEASUREMENTS .ON .CLAY SAMPLES
(A1l wmmcdnm are for load increments of # tons/sq.ft. unless otherwise noted. V

Sample £(10) aﬁAuov amm ) 2w mvs/v  permeability
Kaolin, Na form

in ._z NaCl : , - A o

112 1.047 1470 15,22;30 3.2 - 63. . 1.06x10-12

13 1.048 1780  6,10,17 2.7 31.3 . .90x10-12

Micas, .00l
Normal NaCl

211 1.049 SRR | 42, 1.05x10 | | _

Micas, omvaqmma _ : .
212 1.110 : 123.6 1.92x10

.:,:S..,ooo_ ;v , ‘ _ . o
Normal NaCl : _ _ :

312. . 1.100

*] ton/sq. ft. load
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electrodes were placed within the porous plugs at the ends of
the clay mass, and remalned there during the compression.
Resul ts

The results of the measuremehts‘on kaolinite are pre-
sented in Figures 4.1, 4.2 where the frequency effects only
are piotted. Phase shifts were obtained from the numerical
analysis of the pulse data but they are usué]ly smalf,“bffthe
Order of | degree; and are not shown in detail. They are
listed along with the metal factors and various other data in
Table 4.1.

The parameters referred to in this table are useful
in the gedphysical interpfetation of induced polarization
measureménts and are described elsewhere (Madden and
Marshall 1958) The ones of most interest here are simply
the polarization magnitude F (10), which represents the'ratio
of the D.C impedance to the 10 cps. impedance of the sample,
the electrical resistivity?, and the permeability.

| All the above data were chosen at the lpad increment
of 4 tons/sq.ft. unless otherwise noted. Surprisingly,vthére
was no significant trénd'noted in the dependence of the fre-
quency effects on compression in most of the samples.

The frequency effects observed are quite important,
some belng of the order of 204 at 1000 cycles and still rusnng
These effects are apread out over ‘a tremendous frequency range
compared to the theoretical model. This is not too surpr|5|ng,

however, because the natural system must consist of a distri-




bution of lengths of clay particles and this distribution

will tend to destroy the sharper features of the impedance

curves.

The curve for natural kaolinite in distilled water
is dramatlcally different from that for the other flocculated
samples and the reason for this is not as yet known The
conductuvuty of this specimen is much less than the others
due to a smaller salt concentration but our theoretical re-
sults indicate that conductnvnty should not have any effect
on the percentage of the polarization effects. The natural
clay is thought to contain a great deal of calcium on the ex-
change sites and this may result in a sngnlfucantly different
structure being formed (note that the permeability is greater
for this sample than for the others). The dlfference in the
salt concentratlons between the natural sample and the other
samples may also have an influence on the structuré

In order to check the possnble influence of caicnum

ions, a system of kaolinite homoionic to calcium and of 3 "0l
‘normal concentration was prepared. This system was found to
have no frequency effect.

On the baSIS of this result we are forced to conclude

elther that the salt concentratlon has an important effect on
structure or that there are other |nfluences which we have not
vconsndered that are |mportant. We have a very limited amount
of evidence, unconfirmed as yet, thet‘polariiation properties

of flocculated samples change dramatically upon the appli-
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cation of a very small amount of shear stress. It is well
known, of course, that the mechanlcal propertues of floc-
culated clays are quite dramatically influenced by shear in

the case of the so-called sensitive clays. |

' Mr. Olsen believes much of the mechanical and
electrical data on these clay systems'can be explained by
an aggregate composition of the clay mass.

. We are not primarily |nterested in pursunng the de-
tails of clay structures in this report. Our prlmary objec-
tive has been to determune whether clays have important polar-
ization effects and we have shown that this is so even though
a complete understandlng of the structural influence has
not yet been obtalned : |

Some of the dlfficulties with structure are iess pro-

nounced in the.type of system used by Vacquier et al (1957).
They produced artlfuclal dirty sands by curculatlng clay
slurrues through a system of sand particles Iettlng the
slurry dry so that the clay particles adhered to the surfaces
of ‘the sand grauns. Then they relntroduced an electroltye
. and made thelr measurements. Their structure |s controlled
pPrimarily by the sand grains and not by the cley pProperties.

‘Asbpointed out earlier, most of the frequency Spectra
are too spread out to facilitate'comparison with the theoreti-
cal medel curves. The curve for natural kaolinite in distil-
led water, however, does show a definite inflection which sug-

gests that the majority of the selective zone lengths are




similar. We can compare this experimental cﬁrve with those
for the theoretical model, Figure 3.3, and make an estimate
of the effective zone lengths. We assume that the point of
maximum change on the experimental curve is at lOOOlcps. I f
the A value is about 1, this would predict a selective zone
length of about 20,000 Angstroms. This is of the order of
magnitude of the length of the individual kao]inite particles
Which, according to Lambe (1958), are approximately 10,000
Angstroms by 1000 Angstroms. This estimate is close to the
upper limit on the length élso, because any other value of A
(which must be greater than 1 in order to explain the large
frequency effect) or a decreased value for the diffusion
coefficient would decrease the predicted length. In terms
of the clay structure, this means that we are sampl ing the
fine details of the clay structure.

Kaolinite particles are the largest among the common
clay types, illite and montmofillonite being perhaps 10 times

smaller in size. This means that the frequency range in

systems of these particles may be pushed even higher, perhaps

to as much as 100 KC. This is quite out of the range of
practical geophysical interest of course, but measurements’
may have to be extended to these frequencies to test the
validity of this model in clay systems.

Section |l: IMPEDANCE MEASUREMENTS ON SYNTHETIC MEMBRANES

A limited number of experimental impedance studies

were carried out on synthetic membrane materials. The
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materials uéed were cation exchange resins of various mesh
sizes. These materials are more suitable for these studies
than the clays because they are more nearly hOmogeneous and
also approach very closely the ideal behaviorlof a perfectly
selective zone. |In addition, the structure factor, which is
so serious in the interpretation of the results in clays,is
more easily controlied since the beads are aill spherical.
These materials haQe been used by wy11ie and his co-workers
at Gulf Research and Development Company (Wyllle and Southmck
1954; McKelvey et al, 1955; Sauer et al, 1955) as electro-
cHemical models of dirty sands. |

EXPER IMENTAL PROCEDURES

The ion exchange resins used were Dowex-50 (cross-
linked by & divinyl benzene) in the 20-40 mesh size and
Dowex-50W, similar to Dowex =50, in the size range less than
400 mesh. The 20-40 mesh size corresponds to a partieie
diameter between .042 and .084vcm. The 400 mesh size has a
diameter of .0037 cm.

The ion exchange resins were wet sieved and then
mixed in a beaker with a saturated solution of the chloride

of the salt to be used. Several volumes of solution were

used and the resin was allowed to remain in each washing for

approxnmately five mlnutes except in the very fine sizes
where of course it took longer for . the resin to settle out.
This process was repeated with demlnerallzed water and then

wuth a dllute solutlon of the salt of the concentration de-
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sired for the actual run. The resin-solution mixture was
then boured into a column and allowed to settle out éloW]y.

Backwashing of the‘co]umh was not done but since
the column was initially filled with fluid it is unlikely
that any air bubbles were entrappgd The resin was ﬁoured.in
sibwly'enough that it is also unlikely that channeling was N
serious.

Electrodes were inserted at the ehd$ of the column
and the ihpedance of the column wasbmeasured at audio and
subaudio frequencies. The current density used was of the
order of ,03fma/cm,”which, according to the theoretiéél'modei,
was low enough to insure a linear behaviour for ﬁthsys;em.
The measurément system is destribed iﬁ a previous report
(Madden and_Mérshall, 1958, pp-10).

o ;Si[vep‘chlbfjde g]ec;rodes, prepared as described
previously (Madden and Marshall, 1958), we;e used. The con-
tribution of the electrodes to the total measured impedance
was evaluatéd by measuring_their impedance after”the‘rhn’was
completed. They were removed and placed in a small reservoir
filled with the same solution used in the résin co]umn and.
their impedance measured in exactly the same ménner as the
resin impedance was measured. Usually the electrode imped-
9nce§_amoupted'to ]gsé than 3 to 4% of the totél.impedance
and thg_cﬁange in their ihpedance was also about this same
percentage of the total impedance chahge.

Measurements were also made on the resins at higher
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temperatures, the resin column being heated by circulating
lhot water through the jacket in which ft is enclosed. This
jacket encloses only 65-70% of the total length of the

column so that the resu1ts indicate only the order of magni-
tude and the dlrectuon of the temperature coefflcnents of
impedance and polarlzatlon

The results of the meéasurements on resins are shown
in Figure &.3f4.6, Amplitude,_phase,wand frequency effect
data are shown for each sample. The amp]itude data is pre-
sented in the form of the actually measured impedancetvalues
but the high frequency specific conductuvuty is also llsted
The amplltudes of the lmpedances are probably accurate to
wuthln 104 allowing for measurement error and the electrode
umpedances. The phase data is less accurate because of the
small phase shifts encountered and is probably only within
.15 QQ% The accuracy in both the amplltude and phase is cone
snderably less at the very low frequencnes, partlcularly at
.03 and .0l cps. o o o
The frequency effects were computed relative to. the

.0l readlng In cases where the OI value ‘was obV|ously not
accurate, an extrapolated value was used as |nd|cated
RESULTS | |
- These results show that the ion exchange resins are
more useful expernmental models than ‘the clay systems. The
lmpedance characterlstlcs are somewhat sharper than those

for the clays though they are by no means as sharp as the
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corresponding curves for the theoretical model. The effective

zone length in the resins is more favorable also for both the
low and hlgh frequency ends of the impedance curves are fairly
well defined in contrast to the clays where it appeared that
we were sampling, pruncupally, the low frequency part of the

; |mpedence spectra.

The maximum frequency effects do not differ very much

between the KC1 treated and the NaCl treated resins though
they are slightly.larger in the Na resin. The theoretical
medel predicts that, all other things being equal, the Na
treated resin sheuld heve l;5 times the frequency effect of
the K treated resin. Since we do not obserye_this great a
‘difference we must look for dlfferenCes in some of the para-
meters. |
The potassium chlorlde and sodium chlorlde solutions

which we used had equal conduct|VItes. The potassium-resin
system has a larger conductuvnty, however, so the potassium
resin must be the more conductive of the two. This increased
conductnvnty ‘might be attrlbuted to a larger d|ffu5|on coef-
ficient for the potassuum or to a larger concentration of pot-
assium within the resin. The first possublllty, that is a
greater mbbllity for the potassium than for the sodium, pre-
dlCtS a smaller B value for the potassium resin and this is
in the rlght direction to account for the observed effect. I f
this possibility exlsted, the T values_would be smaller for

the potassium resin also and this likewise is:in the direction
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to explain the observed effect.

The impedance measurements can be used to estlmate
the effective zone length in the resin-fluid system. The
max imum effect for the potassium treated resnn is about 507.
This requires an A value of 2 to 5 if the diffusion coef-
ficients are equal in both zones and a larger A value.if the
diffusion coefficient within the selective resin zone is
smaller than that in the solution. For the purposes of this
estimate, we shall assume that the effective zone length
is ﬁbracketed betweeh the lengths predicted using A values
of 1 and 10. The maximum phase shift in Figure 4.5 is at
3 cps. This is about the same as the corresponding point
on the curve for A = 10 in Figure 3.4. This predicts an
effective zone length of about .0003 cm. therefore. |If we
assume that the A yélue is mechlsmaller and use the curve
4for A=1we find that the effective length is increased to
.003 cm. Therefore the effective eehective zone lehgth is
bracketed between .0003 and .003 cm.

These values for the zone length do not correlate wit
any apparent property of the resin particles. The particles
themselves are much larger than this. It is generally aéreed
also, on the basis of electron microscopy, X-Ray and other
data, (Nachod, 1949) that the individual particles are essen-
tially a Homogeneous_netwdrk of molecules and the irregulari-
ties are on the moIeCUIar scale. Our results indicate that

the resin particles must have inhomogeneities on a larger
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scale than this.

A confirmation of this conclusion was obtained when
measurements were made with very small resip particles.
Measﬁreﬁénts were made on Dowex S50W, which is similar to
Dowex 50, in the si?e range smaller than 400 mesh. These '
particles ére smal ler than..Odh cm, so that the_inhomogene?-
ties inferred in the larger rgsiné should be missing in the
sma.ll particreé. Since the particles ére in close packing,
~one could expect the effective A raiio to be very!small, _
most of the conduction paﬁh_peing in the resin zones. This
then should resulf”in eliminating any polarization efféct o
in the resin»cdlumn.:lThe measurements ;énfirmed‘these ideas,
55 no impédan;g‘varia;iqn was obéerved from .01 to 1000 cps.

“This reéult is of course based oh‘the assumptidn that
the two electrical zones are an anion selective conducting
zone,rand a neutral Qr“unselecfive water z@ne.. If cation
sélectiyé resins wereva]sQ inc!uqedi_a“vgfy>strqng polariza-
tion effect g@uld result from.the Jmtérnating cation and anion
selectiQe zones, even though the individual resins gave no
po]ar{zatibn éffe;ti_ | f the current was.fqrced to pass
through‘sych‘al;érnating zones phelpo}arizqtion effects
could in principle beqome_extremely large and virtually pre-
vent any further currént flow ln practice, however, the mix-
| ture will be in a random arrangement so that the electric cur-
rent fIOW|ng from one resin bead has a possibility of contin-

uing on through another bead of the same propérties_ Statis-
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tically one should expeCt that 1/4% of the high frequency
current flow would pass through an all anion exchange resin
path;;l/4 through on all cation exchange resin path, and
1/2 through a mixed path. In such a situation the maximum
pola}{zation effect would again be limited to a two fold
increase of the impedance at the low frequencies.

Some measurements were made on just such a system.

The results_éf these measurements, shown in Figure 4.7, are
very similar to the predictions previously mentioned. The
mixture ‘came very close to attaining the 2:1 max | mum éxpected
impedance ratio. To point out the effect of the mixing on the
polarization, the impedance'that would be expected from the 
sum of the fwolresin systems without any mixing effect, is
also ;Hown in the same figure. »

The temperature effect in the resin systems is not co -
sistent, sometimes increasing and_sqme;imes'decrgasing_the
Ffequency ngects. 'This bghavior,uwe bélieye, can be ac-
coUnted for by the fact that two variab]es,arerbeing influ-
¢nced and:these operate in different directions on the fre-
quency effect. The first factor wHiCh,is being influenced
iggj;\the selectivity_cpgfficiént§ WWe‘Woﬁld expect this
quantity fo'increase t§wards unity as the_feﬁpgrétUre is
faised fbr‘the energy barriers invdlved,fn causing fhe_selecj
tivity become less important. This effect WOuld decrease the
magimumhobseryéduffequency‘effect. The diffusion coefficient

‘within the membrane is usually smaller than the value in
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solution. Using the concept of activation energy, thie
means that the activation energy associated with diffusion
in fhe resin is laréer; This in turn means that the tem-
perature coefficient of_the dffoSien coefffcient within the
resin is larger aﬁd therefore fﬁbreeging temperature will
rend to decrease the ratio of the diffusion coefficients
which is the quantity which we'haye defined as B. ’As we
have'seen, decreased values of B'Qill'inereése the maximum
frequency effect. | -

While these studies on ion exchange resin systems
have not been exhaustive they have illustrated éeveral:.
applicatiors of the diffusion polarization model and reason-
able agreement has been shown betweeﬁ the experimental results
and the model predictioné. Unfortunately, as we have ﬁoted,
there are severaluvariables operating and}this makes it much
easier to obtain a fit with the experimental data. It'would
be desirable to have a much more thoreugh experimental study
hade on'the ien‘exchange resin systems. This would put
strictervlimits on some of the variables and make a better
test of the theoretical model .

These studies as well as those on the clay systems do
point_out’the very reel contributions to electrical polariza-

tion phenomena that membrane systems can exert:



CHAPTER V
STUDIES ON ANOMALOUS NATURAL ROCK SAMPLES

,Dg?ing the»pagt seyeral years, a grgaf number of in-
_duced polarization measurements have been made in this labora-
tory on natural rock samples of various types. The techniques
used in these measurements and a compilation of the results
are included in an interim report to the Atomic Energy
Commission (Madden and Marshall, 1958)

In the course of these studies, a number of anomalous
samples were found. These are the samp]es with |mportant po-
larization effects but no apparent metallic mineral content.
It is well known, of course, that ﬁetallic m{nerals have,pré-
dominant polarization effects and rocks éqnta[ning them can
not usually be cdnsidered anomanus.

The possibility wgs cthiqered that the polarization
effects in the anomalous samples aré due to membrane polariza-
tion effects associafed witH their clay mineral content. In
the previous chapter we:have shown experimentally that pure
clay systems can have significant polarization effects in
agreement with the work of Vacquier et al (1957) and Henkel
and Van Nostrand (1957). Their importance when théy occur
in minor amounts as altered materlal or as dep051t|onal com-
ponents of natural rocks has not been adequately demonstrated‘
In order to evaluate this possibility it was necessary to in-
vestigate the mineralogy of the anomalous specimens in some

detail. In particular it was necessary to determine their
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clay content and their metallic mineraj content. Both of
v'these‘determinéfions can be difficult analytical problems.
In the following sectien, @ summary of the methods
used in the minerelogic investigetions is Presented. |n
sectionE, the detailed results and interpretations of

several interesting suites of rocks are Presented.

Section I. Mineralogical Analysis

CLAY ANALYSIS

| Several techniques are used Presently for the analysis
of clays and other Fine gfained materials, each of these
methods, of course, having its particular advantages and djs-
advanteges in any given problem. The techniques which we
considered are differential thermal analysis (DTA), X-ray
diffraction, and ion exchange capacity ee;erminationsa Other
techniques,which are_availab]e include electron microscopy,
petfeﬁranhieemefhoee, dye absorption,iTnfra-red mefheds‘and
chemical analyses.

We felt that for Primary orientation Purposes, a
simple determination of the presence or absence of clay mater-
ial would‘be sufficient. Later, if desirabfe, a more deteiled
analysis could be,made to determine the actual ciay minerai
present. After helpful discussions with Dr. R. T. Martin of
the M.I.T4 Sofl,Techno]ogy Laboratory, it was decided that
DTA would be the mostvusefn] tool for these initial studies.

A fairly complete discussion of the application of

DTA to the analysis of clays and other minerals is found in
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Mackenzie et al (1957). Lambe (1951) has written an,excelleht
introductery discuSsien and describes in detail the actual
equipment used in our analyses.

| Most of ‘the common clay minerals are eaSIly recog-
nizabie by DTA analysis. They show an endothermic reaction
due to the loss of lattice water, with a peak temperature
ranging from 500°C to 750°C depending on the clay tybe.
Other reecﬁions are shown at lower temperatures due to the
loss of adéorbedeweterband at higher temperatures due to
furfher structural breakdown. HoWever; the loss of adsorbed
water depends strongly on the state of the sample before
heatlng and the hlgher temperature reactions are near the end
of the useful temperature range so these reactions were not
considered in the interpretations in general.

The near coincidence of the peak temperatures makes
it Very difficult to distinguish clay types from the DTA
work. Kaollnlte can sometimes be dlagnosed deflnltely be-
cause it has -such a large energy difference, apprOX|mately
307 of it bepng equivalent to 1004 of the other types.

The system which we are trying to analyze is oF course
much more compllcated than a snmple pure clay system. We
must in addition worry about possnble thermal effects due to
the other common rock forming minerals. Lambe's paper con-
tanns an excellent summary lustnng of the thermal effects of
some of the common. minerals including the ox1des, carbonates,

and silicates. It appears that the only common minerals with
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important_thermal7etteCts besides the clays are qoartz,
the carbonates;'carbon andvother organic matter, limonite,
the sulfides, and bauxite. 0f these, the only ones with
effects S|m|lar to the clays are the carbonates. |n all
cases, the samples were tested for carbonates prior to the
DTA run.

It must be borne in mind that the above statements
refer to systems:of a single component. Thermograms of
mixed systems are not necessarlly additions of the individual
thermograms. Many'cases of interfering effects occur and a
good example is the study of Martin (1958) on the |nterfer|ng
effects of hydrous mica on the carbonate reaction ln the pre-
sence of a small amount of soluble salt. In a later section
we will discuss some of our results on pyrite where apparentw
just changlng the concentration of the reactive material can
alter the curve shapes and the peak temperatures.

The technuques used in making the DTA analyses are
essentially those described by Lamb. The samples were ground
to <l40 mesh and run on the single block apparatus at a
heating rate of 12 1/2 C per minute to a maximum temperature
of 1000 C. After cooling, a rerun was made to determine
quartz on some of the-samples No atmosphere COntrol was used
during the runs, nor was the moisture content of the samples
v prlor to the run controlled |
One ba5|c problem affectlng the DTA ayalyses and all

the other analyses IS the dlfflculty of obtalnlng satlsfactory



sampl ing of the rock specimen. In many cases, the rocks
contained inhomogeneitiesvwhich were not randomly distri-
buted and thCh were large compared to the total rock sample.
When these cases occurred every effort was made to select a
portlon of the rock whuch was similar to the portion studied
electrically. The most satisfactory procedure would have

~ been to grind up the actual sample used for the electrncal
:measurements after these measurements were completed but we
drd not wish to destroy the original samples at~the present

t ime and,in‘additlon it would have been necesaary to grind a

prohibitive amount of sample. Therefore, we were content to

use portions of the original sample from which these were cut.

D IFFERENTIAL lHEﬁMAL ANALYSIS OF PYRITE

In the course of running the DTA analyses, one sample

was observed to have a large exothermic effect with a peak

temperature at about 700 C. An investigation of the reference

curves indicated that this could be due to pyrite which was

| known to be present in the sample (heavy mineral analyses
indicated 2-Fpyrite). Very little information is available
on the analys:s of sulfides by DTA, one reason for this belng
that the decomposntlon products are qunte corrosive on the
thermocouples aind the sample block. Recently Kopp and Kerr
(1957) have designed a system in which the,thermocouples and

the block are protected by thin alundum cyl inders and with

thas system they have made studles on several of the sulfides.

The concentrations which they used varled from & to 2qZ
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pyrite. Pyrite present in this amount in a rock sample
is easily recognized by hand specimen e;amination or bihocula-
fnspectionlhowever and we are more interested in the
anémalous sampleé where the pyrite may be presant in concen-
tratidns of less thaﬁ 1%. Since no information could be
found on the DTA behaviour of pyrite in this low concentration
range we decided to prepare a set of standérds'for this range
and study the thermal behaviour of pyrite.
The standaéds'consisted of pyrite grouhd to less than
140 mesh and diluted with either alundum or quartz. The quartz
used was Ottawa Sand ground to less than 140 mesh. The
alundum used was the standard material used in the sample
well containing the reference thermocouple. These samplies
were analyzed using a heating rate of 12 1/2 C per minﬁte and
no atmosphere control. The results of these anélyses are
shown in FigureSIand)for comparison, the thermogram‘:obtained
with pure Ottawa Sand is also shown. |
Several interesting features are observed in these
results.
vln ideal systems like these, pyrite is readily
observable by DTA methods even at concentrations of as little
as .2¢. In Iighf df this result it is somewhat surprising
that so little work'has been done previously on pyrite,
especially since DTA is used very often for analyzing.shales
and other materials where it is a fairly common constituent

and perhaps an important part of the DTA response.
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In the alundum-pyrite mixtures, a broad éXothermicv
peak starts at aBou; 450 C° and, depending 6n the concentra-
tion, contihqes to abput 800 cP. Thfs exothermic peak is
attributed to thé breakdown of the pyrite to sulfur dioxide
éﬁq {ron'o*ide The same reaction, with slightly different
characteristics, is observed in the quartz-pyrite mfxtures
also. The differencés are undoubtedly associated with the
fact that the quartz inQersionuoccurs in the same temperature
range.

The exothermic peak temperature exhibits a strong con-
centration dependehce and this is attributed to én infiuence

of the gaseous products formed on the reaction rate, pushing

the reaction to higher temperatures with higher concentrations.

A smaller enddthermic reaction occurs in the samples

with the large pyrite content at about 600 C° This peak

varies uniformly with concentration and its temperature is

affected only slightly by concentration changes. We presume,
therefore, that this reaction involves transitions betwéen
two solidvphases. One of these phases must be the original
pyrite. That pyrité (or some sulfide) is still preéent,is in=-
dicated by the continuation of the exothermic reactioﬁ after

this endothermic reaction has stopped. |In the samples with

smaller pyrite concentrations, the pyrite reaction is com-

pleted before 600 C. and this endothermic reaction is not
observed.

Unfortunately, little information is available on
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| phése equilibria of pyrite at higher temperatureé since
normally it can never be brought to thesé temperatures,
completely decomposing at 450 € (at atmospheric pressure)
in a very short time. Thorefore, this tranéient phase
could not be identified by comparison.with previous worko
Kopp and Kerr(1957) have also observed ao endothermic
reaction in this temperature range for concentrations of 10%
or gréater. They suggested that this might be due to two
séparate exothermic reactions occurring. Their ex otherms
were so large that the endotherm did not extend completely
to the base line and might be interpfeted in this way. In
air studies, however, the peak observed is definitely endother-
mic. |
Near the oompletion of tho present studies on pyrite,
the results of similar studies were mentioned in an article
by»Mangon (1958). He presented DTA curves for pyrite in con-
centrations ranging from .27 to 20%. He also observed the
endothermic réaction,but provided no exolénatioh for it.
In one sample, the quartz used was much coarser
(IOQ mesh) than in the others; The thermogram for this sample
i§ quite'different from the others exhibiting a large
endotherm and a jow, broad exotherm. It is difficult to ex-
plain this difference, the only apparent variable being the
grain size of the quartz and a larger concentration.
Summarizing the DTA results on pyrite we have:

a. Pyrite can be detected by DTA in concentrations
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asllow as .2Z under favorable circumstances.
b. The nature of the DTA response of pyrite.
is, primarily, an exothermic peak at approx-
imately 500 C which is due to decomposition
to iron oxide and sulfur dioxide.

c. The peak characteristics depend strongly
on concentration, possibly because the

evolved gas influences the reaction rate.

d. A transient high temperature (600C°)

sol id-sol id phase tfansition has been observed
in some‘cases. The new phase formed has hot
been identffied.

CARBON ANALYSES

Dr. Dennen and Mr. H. Linder of the Cabot Spectro-

graphic Laboratory, M.I.T. made spectrographic analyses of
several samples in order to estimate their carbon content.
The technique used has been described in the literature,
(Dennen, 1957). TheSe samples showed no carbonate reaction
with dilute HC1 so the meaéured carbon is in the form of

organic carbon or elemental carbon.
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Section |l. Results of analysis of naturalrrock samples.

We now consider some of the experimental results on
na{ural rock samples. As mentioned in the introductibn, our
primary purpose was to investigate the apparently anomalous
samples. Many of the investigated samples turned out not to
be anomaloué, in the sénse'we define it, but they are included
in the discussion as examples of our experimental approach.

Group |: Sedimentary Samples Containing Carbonaceous Méterial

This group consiéts of well‘cdre samples from the
Muddy Sands, a part of the Dakota Sandstone sequence. They
are dirty sands and shales with some carbonaceous material.
The sample descfiptions and the resultsvof the polarization
meésdrements‘are listed in Table 5.1. Several of these
samples contained appreciable amounts of carbon, readily
obServed in the hand specimens. Its presence:was»confiFmed
by spectfographicvénalysés>kindly carried 6ut by Dr. Dennen
and fhe results of these analyses in weight per cent of carbon
are listed in the above table also. No pyrite was visible in
samples 7001, 7009, 7010 under the binotular microscope. DTA
analyses were made on 7009 and 7010 and tHese indicated a |
slight amount of clay in 7009 and no clay in 7010.

In view of their appreciable carbon content, these
samples cannot be considered anomalous since carbon .is pro=-
bably a féﬂriy good e1ethonic.conduct0rr: |

Several samples of this suite contained swelling

clays and unfortunately could not be measured using our pre-
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TABLE 5.1

GROUP I: SEDIMENTARY SAMPLES CONTA INING CARBONACEOUS MATERIAL

SAMPLE _ f(10)  p/2r _ mf(10)  mvs/v____ mf® | ommnx_vq_oz
16 T
7001 . So ; .2 69 Calcareous silt and shale
_ 20 Swelling clay.
7002 2.5 48 52 25. 14 Dirty sand. Possible carbon,
22 pyrite.
38 ,
7003 6.2 22 282 8.8 0 Alternating mm:a and shale.
’ - . 30 nmwvo:
| | 31 L
TOOT 6.6 30 220 68.7 10 Dirty sand, nqoamc_<
10 glauconitic. 1.1% carbon.
19 No pyrite.
7009 5.0 42 119 57.6 9 Sand with shale and
. 19 Carbonaceous material.
: _ 3% . .48% carbon. No pyrite.
7010 11.5 97 119 100.9 9 Dirty sand, .85 carbon.
16 No pyrite.
30 :
7012 : <.5 . Shaly sand. Swelling clay.
Average mf © of -9
NOOMY wu .N- @.. 10. . ._0.
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sently employed techniques. The two samples containing
swelling clay which we could measure, 7001 and 7012, had
very small frequency‘effects. The clay in these‘Samplés is
not distributed uniformly throughoﬁt the samplés but instead
occurs in distinct pods. Possibly the individual clay parti-
cles within these bods are very well connected and no altér-
nating zones are formed. Another possibility is that the clay
sizes are so small that the frequency effects are pushed to
much highér frequencies than we used.

Group Il: Sedimentary Rock Samples

This group of samples, supplied to us by the Atomic
Energy Commission, consists of core samples from drill holes
in Edgemont, South Dakota.

Several of these samples have important polarization
effects. Pyrite was easily identified in sample 9001 but
the other sample§ did not contain obvious pyrite though slight
rusting was observed on several of them after soaking.  DTA
analyses were carried out on several of these samples to deter-
mine the élay content.

A summary of the polarization measurements is preéénted
in Table 5;2 and the thermograms are shown in Figuré 5.2.

The thermogram for 9001 shows only a pyrite peak and a
quartz peak‘on the refqn. The pyrite in this sample was easily
observed iﬁ the hand specimen. |

Samples 9002 and 9007 show only a quartz peak on their

thérmograms. Theré is a slight indication of an exothermic
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TABLE 5.2

INDUCED POLARIZATION RESULTS AND z_zmm>ﬁom_n>r ANALYSES OF GROUP 11 SEDIMENTARY SAMPLES

SAMPLE f(10)r p/2'mf(10)mfe mvs/v _ DESCRIPTION _ __DTA_ HEAVY MINERALS
9001 l.ob2 42 mwm 1 15% Fine mm:m‘ v<ﬂmﬁm‘ Qtz. plus \ % v<mmﬁm |
. , 8 iron stains. pyrite :
16
.9002 1.061 32 190 6 40 Medium grained Qtz. plus .2% pyrite
_ _p sandstone. % pyrite.
1 .
9007 1.047 54 87 11 52 Medium grained Qtz., J% pyrite
22 sand, slight pyrite? S
'35 pyrite. .
9009 1.056 66 85 6 35 Medium grained .2 pyrite
m, sand, iron stains
14, , ,
9010 1.129 153 84 5 118 Coarse sand, iron Qtz. plus .2% pyrite
stains | 1% pyrite

o —
0o
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effect which, if it were due to pyrite, would correspond to

less than .. |

Sample 9010 shows a much more definite exothermic
reaction corresponding to about 1% pyrite.

Heavy mineral analyses were attempted on several of
these samples. The percentages of heavy minerals found are
~very similar to those listed above for the pyrite content "
according to the DTA; Unfprtunately, however, -an abpreéiable
amount of the sample was lost in the "fines" during the
separation. The fractionation occurring in these fines be-
tween the pyrite and the quartz is unknown and may be
appreciab1é, the resuTt being that the'pyrite content is
grééter than that measured in the heavy miﬁeral analyses.

None of the above samples show any indication at all
of clay mineral content on the thermograms and it must be con-
cluded thaf their polériiation effects are due solely:to‘théir
pyrite content. It appears that it is possible to obtain metal
factérs‘of'lOO'to 200 with less than .5 pyrite by wefght.
These results are‘in‘disagreement with results presented by
- Anderson and Keller (1958) in an absfract; They found that
the polarization effects of pyritic bearing sandstones could
be separated from those of non-pyritic bearing sandgtonés only
when the pyrite contéﬁt apbroached 10/ by volume which is
nearly 2@% by weight. fhe reason fof this sharp disagreehent
is not knoWn and further comment will be withheld until it is

possible to compare respective experimental techniques.
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The results from this suite illustrate the difficulty
which we are going to encounter in proving that pyrite is not
responsible for polarization effects observed in a'giveh
sample. In order to do this we must be able to detect the
Presence of pyrite at concentrations of .2 to ..

Group Ill: Altered Volcanic Rocks

This group consists of samples of several igneous
rock types from a southwesternrpofphyry copper district. The
major rock types included are basalts, andesite, quartz

latite, and tuffs. Most of these rocks have undergone some

alteration.

The majority of these rocks show little apparent
mineral ization though there are occasional traces of ‘pyrite
and native copper in some of them in amounts difficult to find
in the hand specimehs, even under the binocular mfcroéébpe.

The mosf interesting rocks in this group are the
crystal lithic tuffé. These rocks have extremely minor
amounts of mineralization apparent but their polariiatfon ef-
fects are quite important, some metal factors being as much as
500. The assembled data on the crystal lithic tuFfs is listed
in Tablev5 3. Observe that the conductuvntles are rather high
accounting in part for the high metal factors, but in addition

the frequency effects are also large, some being as much as
20-30%. ; |

DTAf%ere run on several of the samples in order to in-
vestigate tn;lr clay content. The thermograms are shown in

s




> TABLE 5.3
SAMPLE p/2m ﬁh_ovaigaﬂo.n._.. %Cu R_um %5 . DESCRIPTION
7111 145 19 132 9 ~ .015 1.2 0.13 Fragments of basalt in tuffaceous
, - ~ _matrix. Not mineralized.Reworked
38 : by water. o _
7117 164 8 . 47 12 .51 .01 1.3 .06 Fragments of &:nmmmdm in tuffaceous
26 u . matrix. T
M: | o . .
7120 870 5 5 2 . Tuff, crystal, silicifed,sericitized,
12 partially welded. Minor fragments.
18 Fractures stained with limonite.
Minor specularite. Very slightly
, . mineralized.. o _
7124 38 9 240 13 .005 1.6 0.14 Fragments andesite and basalts of
b _ 23 various shapes and sized in fine
| 46 grained tuffaceous matrix. No
L : . mineral ization, reworked by water.
: 7129 4y 20 455 13 .72 .0l 1.3 .04 Andesite fragments in tuffaceous
. 23 matrix. Partially reworked by water.
! . 35 TN -
| 7130 35 21 600 13 .01 1.5 .05 Same as T7129.
: 21 . .
| 32 | L |
, 7131 137 5 36 11 | Crystal Lithic Tuff. Slightly
. 26 magnetic. ,
45 :
7132 133 6 45 —m .02 1.0 .09  Same as TI131.
2
33 , : . .
7133 28 3 107 15 .01 1.1 .14 Fragments of light and dark, fine
19 grained to aphanitic andesite.
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TABLE W,M‘Ano:nm::mmv
sample p/27r_f(10)mf(igmfe t* %Cu  #Fe %S DESCR IPT ION
7134 30 2 67 11 . , . Same as 7133
22
32
7136. 59 8 136 _m .01 .8 .13 Andesite fragments in tuffaceous
7 ,
28
7138 140 5 36 14 .01 1.3 .07 Brownish mottled andesite and
23 __m:n brown-grey andesite mwmmsmzﬂm
34 in tuffaceous matrix.
7139 193 8 B 13 Same as 7138
20

27
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Figure 5.3. These thermograms exhibit no obvious clay peaks
though there are some small indications that may correspond
to 5-10% clay content if they are real peaks and hot noise.
A1l the thermograms exhibit these same features so it seems
‘quite possible that they are real clay peaks.

For comparison, the thermogram for another rock from
this suite which is not a crystal lithic tuff but rather a
massive basalt is shown. This sample had very small polariza-
tion effects (frequency effect = %, m.f. = 24) yet its
thermogram is quite simiiar to the others indicating about the
same clay content. These results are quite puzzling. It is
known from the theoretlcal studles that the distribufﬁbn of the
clay minerals |s much more important than the actual concentra-
tion and this may be the determining factor in these samples.
Increasing the length ratio, A, and hence decreasing the con-
centration of clay material leads to increased maximum effects
over quite a range of A. |

Thefe is also a possibility that there may be selective
properties in these samples which are due to the presence of
fine grained material which is not a true clay mineral. The
presence of these selective properties should be revealed by
transference measurements and therefore we made these measure-
ments on some of the tuff samples. The method’used’for these
measurements has been discussed in a report from this project
(Madden et al, 1957) and will not be entered into here. The

results of the transference measurements are listed in Table
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5.3 also. Because of errors in the experimental work, there
may be errors of .05 in these values. |

The transference.values obtained are much too small
to accoﬁnt for the measured frequency effects. In>fact the
transference measurements for 7117 gives tt = .5. From the
resul ts of Chapter Il (Figure 2.2) we see that this would
pfedfct no effect at all, while, actually, 7117 has a large
effect (f(10) = Bk.mf (iO)=47). This result rules out mem-
brane effects unless we have the very unlikely situation
existing wherein zones with anionic selective properties are
in series with cationic selective zones. This situatfon can-
not be detected by a steady state measurement and cannot be
ruled out on this basis therefore. One way of obtaining
information on this would be to study the anionic and cationic
exchange capacities of the same sample. High values for both
these exchange capacities would exist if such a situéfion”were

present. Anion exchange capacity data is rather scarce and to

our knowledge no simul taneous measurements of both exchange

capacities of the same sémple have been made on this type of

material. We did not have sufficient time to pursue this

approach any further.

Assays were made on some of these samples for Cu, Fe
and S content and these reéults are listed in Table 5.3 . |If
all the S is fh the form of pyrite, the content of pyrite is
less than .2% by volume or .4 by weight in all these samples.

This ties in with the fact that -pyrite peaks were not observed
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on the DTA results either. The iron content cannot be
accounted for solely by the pYrite content and there

must be a certain amount of magnetite and hematite or other iron
minerals present aiso. Simple magnetic measurements revealed
that these samples are slightly mégneti; but the'magnetite
content must be quite small.

Other samples from this suite were found to be
much more magnetic than the crystal lithic tuffs even though
they had much smaller polarization response so we cannot
simply attribute these effects to the magnetite content.

In 1ight of these facts we are forced to conclude
either that the alternating mehbrane ﬁroperty situafion
exists or that the small amounts of pyrite and magnetite are
responsiblé for the polarization effects. |[f the latter
answer'is accepted, we must}accept as a corollary the tremen-
doué variation in polérization effects of metéllic minerals
dependihg on their mode of incorporation in the rock;’*This

variation is especially significant in the concentration

range of about 1%.

These samples must still be considered anomalous.

Other Samples

Various other samples suspected of containing clays
were studied but in alf cases where large effects were pre-
sent it could not be shown that the metallic mineral content
was appreciably less than 1% and therefore, because of our pre-

viously mentioned results, we could not rule them out as the
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source of the measured effects.
In natural samples where clays were definitely present,
we very rarely measured frequency effects of more than S which
is far from the theoretical maximum for membrane effects. Mog
of these effects were studied at low frequencues (less than
10 cps) but on checks made at higher frequencies on some
samples less than S change was found between 100 and 1000
cycles per second which is the upper limit of the equipment

which we used. A conservative upper estimate for the actually

‘observed frequency effects in clay bearing rocks is therefore

about 10 to 15k.




'CHAPTER VI
CONCLUSIONS

In the |ntroductory chapter of thlS thesis, three
‘problems relatung to polarlzatlon in clays were posed. We
will now review these questions and the answers which we have
found for them.

With regard to the existence of polarizatfon effects
in clays; the‘éxperimental wdrk reported ih Chapter 1V on
artifically compacted clay systems has shown that significant
pélarization effects do exist in these materials. The fre-
quehcy effects can be quite large. The metal factors also can
be quite large in some cases, though they never reach the values
found in well mineralized rocks. They can cause considerable
trouble as a backgfound_effect when, because of geometrical
cOnsiderations, they constitute an important part of the total
area sampled in an inveétigation. |

Great difficulty has been experienced in showing, con-
clusively, that clays are fesponsible for polarization effects
in natural rock samples. The major difficulty is that almost
a]l_the“samp]es studied contained metallic minerals in concen-
trations of at least .2 to .5% and often more and these con-
centrations of metallic minerais have been found to be suffi-
cient to produce significant polariiation effects in many cases

The problem of the‘variatfon of polarization'With the
distribution and mode of incorporation of metallic minerals in

rocks remains quite puzzling. We have noted that sedimentary

Thl
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rocks often seem to be most efficiehtly polafized by small
‘amOUnté of metallicrminera]s but notable exceptfons occur.

The problem is no doubt tied up with the series resisfance
of the blocked paths which varies with the tightness of the
sediment, but other féctdrs must be important also. This
problgm is worth pUrsuing‘in more detail aﬁd might very well
lead to some interegting'results regérding~the mechanisms of
deposition of metallic ores and native metals  ih sedimentary
rocks. |

| kAvphysic51 modeIAFof polarization in membrane systems
has been proposed. This model assumes the membrane téfbe
made up of zones of alternating transférencé properfié§ in
series. The mathematical formulation for this modellis”'
simple and straightforward though the details of carrying out
the solution are tedious. The solufion,yields an impedance of
a type characteristically associated with diffusion processes.
ThisAimpedance‘is characterized by dependeﬁce on the inverse
square root 6f‘frequency. It is usually referred to as a‘
Warburg impedance. The model predicts a maximum frequency
effect of ébout 100# depending on the particular salt in the
solution. This theoretical 1imit has been approached but
never exceedéd iﬁ the experimental investigatfbns made on
natural and artificial membrane systeméf | |

~ This leads us finally to the most important question

of whether or not there are any diagnostic parameters which
will permit us to separate membraﬁe caused polarization

effects from metallic mineral caused polarization
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effects, By diagnostic parameters we mean characteristics
of the polarization phenomena which can be observed in
~actual measuremehts. Our aarly.hopes centered about'the
stddy of details in the frequency spectra of the different
mechanisms; It’was’for‘this reason that the theoretical
model study was initiated for it was Hdped that the results
 of this theoretical study would point to the diagnostic
parameters. .Simultaneously with the theoretical study on
membranes,‘Mr. T.R..Maddén made a'stpdy of the frequency
behaviour of the impcdahcc of'métallicjelectrodes in
‘}electrolyte solutionsvalso through use of a kinetic model.
His study led to the postulatlon of several different
equivalent circuuts which would apply to this sutuatlon de-

pending on the particular phenomena at the boundary. The

exper imental results on several pure metal electrodes and
‘sdme well'hmlnerail;ed rock samples were fitted to the
theoretical circuits and in most cases it was found that one of

the most important elements in the circuit was associated with

the diffusion phenomena occurring at the electrode in the
prcsence of a well Cataiyzed reaction. We have already seen
that the diffusion phenomeha_is the important one in membrane

polarization. Thus from a theoretical standpoint it does not

seem too hopeful that the effects will be.distinguishable,’
especially in‘naturai samples where we always have a distribu-
- tion of parameters which tend to decrease the sharpness of the

overall response,
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For an empirical approach to the problem, the
laboratory and field data obtained on a large humber of
samples was studied in an effort to determlne whether there
were sngnlfncant differences in the polarization effects.
The actual paramemter which was chosen for comparlson is the,
metal factor phase shift at the frequencies of .1, 1, and 10 '
cycles per second. |

The metal factor phase was chosen rather than the
phase'shlft of the total rock impedance because this avoids
the problems associated with the dilution effects of the un-
blocked parallel paths. |

In Table 6.1 we have listed this data for several
different rock'tYPes. Each listfng fs the resglt of an
averagihg over at least four and usually'more eémples of the
given rocktypes. ﬁr |

TABLE 6.1

METAL FACTOR PHASE DATA FOR NATURAL ROCK SAMPLES
'MF@

Sample 10 cps 1 cps .lcps.
Altered .quartz latites, some pyrite ' 18 26 38
Quartz latite porphyry, altered, slightly |
mineral i zed. 6 17 24
Gabbro, altered, serpentine, tremolite,
magnetic, slight sulfides. 10 15 22
Ultrabasics, very conductlve, very magnetic 46 b5 50
Rhodes ian copper ore. 18 27 i
Dakota sandstone, carbon, minor pyrite 11 17 30
Crystal lithic tuffs, altered, very little ,
mineralization. _ 11 - 22 33
Siltstone with native copper 12 18 19
Sandstone with about 1% pyrite 6 13 20
Mica | | 8 12 19

Kaclinite - 9 14 22
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There are sfgnificant differences in the metal
factor phase betWeen different rock types but, as yet we do
not know what to make of the differences. Note that the
;amples containing clay have generally low values of the
metal factor phase, but that some samples continaing pyrite
also have'lbw values.

It does not appear, on the basis of our experimental
evidence obtained so far, that the effects of the different
sources can be distinguished.

A more extended frequency range might show greater
“differences but the above range is that‘qf practical interest
and psefulnessiin field applications.

On the basis oF the éxperimental results obtained in
this research we can éxpand fhe table of typical metal factor
values which was given in Chapter |I.

| | TABLE 6.2
TYPICAL METAL FACTOR VALUES (10 cps.)

Granite 2

Basalt 2 - 20

Tuff 5 - 500
Slight Sulfides 1 - 300
Porphyry Coppers o 100 - 10,000
High Magnetite ~ 10 - 20,000
Heavy Sulfides 1000 - no limit
Dirty Sandstone and Limestone » | 2 - 100
Graphitic Sandstone and Limestone 15 - 300
Sandstones with sulfides < 2% 10 - 1000
Shales with sulfides | 20 - 2000"
Natural clays » 0 - 1500

Kaolinite,’artificial]y compacted 40 - 1800
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From these results we observe that, with regard to

the metal fa¢tdr parémeter, clays may interfere with the
interpretation of metal factor results in the case of slight
sul fides, and some porphyry coppers but they cannot be mis-
taken for the high sulfides whjcﬁ are the’usual'targets of
induced polarization expforation. The metal factor still

- appears to be the best diagnostic parameter of polarization

effects.




150

B 1BL 1 OGRAPHY

Anderson, L.A., and Keller, G. V., 1958, Induced polarization
effects in pyrite-bearing sandstones: Abstract only,
A.1.M.E. Feb. 1958 Meeting. No. 5820P7,

Bleil, D.F., 1953, Induced polarization: A method of geo-
physical prospecting: Geophysics, v.18, p. 636-661.

Bull, H. B., 1935, A critical comparison of electrophoresis,
streaming potential, and electroosmosis: Jour. Phys.
Chem., v. 39, p. 577. '

Casagrande, L., 1952, Electro-osmotic stabilization of Soils:
Jour. Boston Soc. Civil Eng., v. 39, p. 51.

Chang, H.C., and Jaffe, G., 1952, Polarization in electrdlytic
” solutions, partl. theory: Jour. Chem. Phys., v. 20,
p. 1071=-1077.

Dakhnov, V. N., Latishova, M. G., and Hyapolov, V.A., 1952,
' Well logging by means of induced polarization (electro-
lytic logging): Promislovaya Geofizika, p. 46-82.

DeGroot, S.R., 1952, Thermodynamics of irreversible processes:
New York, Interscience Publishers, Inc.

Denbigh, K. G.,v1951, The thermodynamics of the steady state:
London, Methuen and Co. Ltd. ’ -

Dennen, W.H., 1957, Spectrographic determination of carbon in
sedimentary rocks using direct current arc excitation:
Spectrochimica Acta, v. 9, p. 89.

Eckart, C., 1940, The thermodynamics of irreversible prbcesses,
Il fluid mixtures: Phys. Rev. v. 58, p. 269-275.

Faraday Society, 1956, Membrane phenomena, A General Discussion
of the Faraday Society: 288 pages.

Glasstone, S., 1954, An introduction to electrochemistry:
New York, D. Van Nostrand Co. Inc.

Grahame, D.C., 1947, The electrical double layer and the
theory of electrocapillarity: Chem. Rev., v. 41, p.l4k4l,

Grahame, D.C., 1952, Mathematical theory of the faradaic

admittance; Jour. of Electrochemical Society, v. 99,
p . 370C- 3850 .



151

Henkel, J.H., 1958, some theoretical considerations on induced
polarization: Geophysics, v. 23, p. 299-304,

Henkel, J.H., and Van Nostrand, R.G., 1957, Experiments in
induced polarization: Mining Engineering, March 19p7.,
AlME Tl"ans, Ve 9) p- 355'359. ’

Juda, W., and McRae, W.A., 1953, U. S. patent 2,636,851,

Keilson, J., 1953, More exact treatment of the equations
describing dielectric relaxation and carrier motion
in semiconductors: Jour. of Applied Physics, v. 2y,
po ]]98-'2000 .

Kermabon, A.J., 1956, A study of some electro-kinetjc
' properties of rocks: M.S. Thesis (unpublished)
M.1.T. Dept. of Geology and Geophysics.

Kopp, 0.C., and Kerr, P.F., 1957, DTA of Sulfides and Arsenides:
The American Mineralogist, v. b2, p. 445,

Kruyt, H;R., editor, 1952, Colloid science: Amstefdam,,Elsevier
Publishing Company. :

Kunin, R.i and Myers, R.J., 1952, lon exchange resins: New York,
© Wiley,

Lambe, T.W., 1951, Differential therma analysis: Proceedings
™ Highway Research Board, p. 621.

Lambe, T.w,; 1958, The sfructure of compacted clay: Journal of
the Soil Mech. and Foundation Division, Proc. of the
Amer. Soc. of Civil Engineer, SM2 p. 1854-1,

Macdonald, J.R., 1953, Theory of ac space charge effects in
photoconductors, semiconductors, and electrolytes:
Physical Review, v. 92, p. 4-17.

Mackenzie, R.C., editor, 1957, The differential thermal _
investigation of clays: London, Mineralogical society.

Madden, T.R., Marshall, D.J., Fahlquist, D. A., and Neves, A.S.,
1957, Background effects in the induced polarization
method of geophysical exploration: Annual Progress
Report, U.S. Atomic Energy Commission, Division of
Raw Materials, Contract AT(05=-1)-718.

Madden, T.R., and Marshall, D.J., 1958, A laboratory investiga-
tion of induced polarization: Interim Report, U.S-.. Atomic
Energy'Commission, Division of Raw Materials, Contract
AT(05-1)-718.




152

Madden (1959) (Thesis, M.l.T. Department of Geology and
Geophysics to be presented).

Mangold, G.B., 1958, Subsurface geology in petroleum éxplora-
tion. A symposium edited by J.D. Haun and L.W. LeRoy,
Colorado School of Mines., _ o

~ Martin, R.T., 1958, Clay-carbonate-soluble salt interaction
during differential thermal analysis: (in press).

McKelvey, Southwick, Spiegler, and Wyllie, 1955, The
application of a three element model to the s.p. and
resistivity phenomena evinced by dirty sands: Geophysics,

20, 913.

Nachod, F.C., editor, 1949, lon exchange: New York, Academic
Press_lnc.

Olsen (1959) (Thesis, M.1.T. Department of Soil Mechanics,
) to be presented).

Sauer, Southwick, Spiegler, and Wyllie, 1955, Electrical con-
ductance of porous plugs, ion exchange resin-solution
systems: Industrial and Eng. Chem., 20, 2187.

Staverman, 0.J., i952, NoneEqui1ibrium thermodynamics of
membrane processes: Trans. Far. Soc., v. 48, p. 176-185.

Uhri, D., (personal communication 1958).

Vacquier, V., Holmes, C.R., Kintzinger, P.R., and Lavergné, M.,’}
1957, Prospecting for ground water by induced electrical
polarization: Geophysics, v. 22, p. 660-687,

Wirtz, K., 1948, Platzwechselprozesse in flussigkeiten,
Zeit. f. NaturforschurgBand 3A, p. 672-690.

Wirtz, K., 1948, Kinetische théorie‘der thermoosmose: Zeit. f.
Naturforschung, Band 3A, p. 380-386.

Wyllie, M.R.J., and Southwick, P.F., 1954, An experimental
investigation of the S.P. and resistivity phenomena in
dirty sands: Jour. Petroleum Technology, 6, 4,




B | OGRAPHY

The author, Donald James Marshall, was born in
Marlboro, Massachuéetts on April 14, 1933. He attended
grammar school éhd'high school in Mariboro. In September,
1950, he enrolled_at.M.!.Tf_and was graduated in 1954 with
a B.§. in geophysics. In September, 1954, he enrolled at
California insfitute of Technology and received an M.S.
degree in geophysics in Juhe 1955. Since then he has been
a céndidatg for a Ph.D. degree in the Department of Geology
and Geophysics at M.1.T. |

~During tHe academic yeér 1957-1958 he was the ré-
cipient of the Standard 0il Co. of California Fellowship.
- The aﬁthof's experience in geopﬁysfcs includes one
summer with Phelps Dodge Cofporation carrying out gravity
‘SUrveys,‘two summers with Bear Cfeek Mining Company per-
forming e]ectromagnetjc surveying, and 6he summer with the
Geophysics Branch of_the U S. Geological Survey.

The author is a member of the Society of Exploration

Geophysicists. | |
. In September, 1954, he was married to Barbara S.Allen.
A son, Allen, was born in 1955. |
In October, 1958, the author acceptéd a pdsition with

Nucl ide Analysis Associates in State College, Pennsylvania.

153




