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ABSTRACT

A STUDY OF SOME ELECTRO-KINETIC PROPERTIES
OF ROCKS

In this paper the suthor investigopes the effects
and importance of streaming potentlicls in the measyrenent
of induced polarizotion.

Several specimens of sedimentary roclhs of
various pore slzes were invesiigated.

Water was pushed through solld and ground roclis
and the streaning potentlials neasursd.

Surface conductance appecred to be on inportant
foocter which was computed ‘o make the necessary corrections
in the é potentials of the various specimens,

In order to corrolste the streaning potentlials
with the determination of the % potentials and to
explein any discrepancies in the resulis, all the possidble
physical charscteristics of the roeks which might influence
these results (poroslty, permesbility, tortuosity), were

measgured.

The E, potentials computed from sollid rocks
seen to be very close of the % potential of the minersls



sonposing the rocks.

However the streaming potenticls were found
to be small and therefore thelr effects practically
negliglible when meacsuring induced polarization.

Thus, after measuring the streaming potentlal,
the % potentlal and the surface conduction, the
induced polarization ¢en be determined.
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I- INTRODUGTION

In about 1860, Quincke discovered that when

he forced water through a clay diaphragm a potential
developed accross 1t -« He realized that this effect

was a phenomenon inverse to electro-osmosis, which hed been
observed as early as 1807 by Reuss . The next significant
cintribution to a clarification of streaming potential -

in fact, to the whole fleld of electro-kinetics; was

made by Helmholtz in his classical theoretical analysis;

When a liquid flows through a condult, the
ions of the movable layer are carried along with the
liquid flow. If there is a aurpius of charge in the
displaced layer (subsequently referred as s displaceable

charge), a streaming current 1s generated.

Thie lonic convectlon current tends to cause
a deflclency of charge at the entrance of the conduit
and a surplus of charge at its exit. - To prevent the
formation of the defielency and surplus of charge at the
opposite ends, a conduction current develops through any
electrical path that may be present., If no external path
exists and the walls of the tube are 2 non conduetor, the
only path for the conduction current is through the bulk
of the solution,
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It was originally thought that this electro-
kinetic electrical prbperty of rocks might be of impor-
tance as 2 property of rocks that mlght cause induced
polarization type effects.

Although the first experimentaishowed no
important effeet from this point of view, it was dec’ided
t$ tlie down the effects enough so that one had a reaso-

nable understanding of the phenomena.

The general theory of elestro-kinetic effects
is made in the case of laminar fluld faow. However it is
possible to meke correctione in the case of surface

conduotion.

If the fluid flow 1s turbulent, the problem
of setting up an equation for the streaming potential
becomes difficult to handle mathematieally.

In order to explain the possible discrepancies
of the results, it was decided to measure all the possible
physical characteristics of the mocks which might play

a role.

The surface eanﬁnetanei, (the detatled conception
of this phenomenum will be given later), can be relatively
important in the case of low resistance of the liquid
circulation inside the capallaries.

This reslistance depends upon the conductivity



ﬂ}”

of the liquld eirculating inside the capillaries, the
cross section and the length of the capillaries,

The porosity and pewmeability give an impor~
tance of the pore size and allow us to get an 1dea of
the surface conductance, in comparison to the bulk
conductivity of the liquid inside the caplllaries.,

The todtuosity (the square root of the ratio

can be of importance as far as the law of liquid flow

inside the specimen 1s concerned,

A ealeoulation of the streaming potential can be
based upon the following considerations. The difference
of pressure applied to the end of a capillary (or to both
sldes of a porous plug) causes a flow through the capillary.
This liquid stream carries along with 1t part of the
charge of the "double layer” (a detalled conception of
this physical phenomenum will be given below) end so is

the bearer of an electric convection current.

As a consequence of thls transport of charge,
a potential difference arises between the ends of the
capillary, which couses a conduction ourrent through the

capillary directed oppositely to the convectlon current.
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In the stationary state, the convection ocurrent,
which 18 proportional to the pressure difference P, just
counterbalances the conduction current which is propor=-
tional to the potential difference E. Consequently the
sﬁreamins potential E is proportional to the pressure P.
The faetor of proportionality can be determined by a

reasoning glven below.

The electro~kinetic phenomena are based on the
properties of the double layer and the % potential,

The electrical double layer consists of excess
ilons (gr electrons) present on the solid phase and an
equivalent amount of jonic charge of opposite sign dise
tributed in the solution phase near the interface.

The charge on the solid "wall" is treated as
a surface charge smeared out uniformmly over the surface.
The space charge in the solution 1s conaldered to be
built up by unequal dilstribution of point-like ions. The
solvent is treated as 2 continuocus medium influencing
the double layer only through its dlelectric constant,

_ The Coulonb interaction between the charges
present in the system 1s described by Polsson's equation
2 aqn
Vi =- I3 (1)
between the potential 4, which changes from a certaln

value at the interface to zero in the bulk of the
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solution and the charge density
€ is the dlelectric conastant
V"Laplaoe operator.

It appears that, in all modes of calculation
the electrical potential in the slipping plane between
the fixed and the flowing liquid is determinative for

the electro~kinetic phenomena.

o This potential is usually ¢alled the Zeta=
potential (é) .

In the case of water pressed through a glass
capillary, the wall is negatively and the ligquid positi-
vely charged. These positive charges are carried with
the 1iquid (convection of electric charge); if the
length of the ecapillary is "1%, the radius of the circular

section (ry), the velocity of the liquid in the eapillary
is given by :

P 2 2
r) = ne-ry
Ury Tt C )
do . ._Pr
dr Z2prt

P hydrostatic pressure through the capillary
p viscosity of the liquid.

The gradient of the velocity at the wall is

Pr
(qu) F=r - —Zorﬁ
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The diffuse electric charge in the liquid is
slituated in the immediate neighborhood of the wall; the
thiciness of the diffuse layer is very small in comparison
with the radius of the capillary; therefore, in the cal-

culation of the transport of electiric charge by convestlon,
the wall of the capillary may be considered to be flat}

The velocity 4f the liquid in the immediate
neighborhood of the wall, at a distance x from the wall
will bve

g = Lo
s = (ZE)xao e
The electrie charge carried away per second
smounte to
oD -3
= - £ Prn_ g2+
7, = 27/'/7[ Sex) Opy of X 27700 ,7_2,7§ s YA

£ : dielectric constant of the liquid

oo o>
Nl " ____ + EPn* gt ax - € §72 2
2= 4l‘7ﬁ /- o 4172.’- ° I 49£

g : Zeta potentlal of the double layer.

This transport of ahéigp will cause an electrie
potential difference &, betwean‘the two ends of the
capillary, which will give rise to a current of condue-
tion /> gilven by :

Iz = £L 7R3

z .
stationary state iC‘*lCz?% E and therefore
E, . £5

=2 STTHX
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:X specific electric donduetivity of the liquid.

This 18 the Helmholtz~-Smoluchowskl equation ¢ the
length 4 and the radius 7, of the capillary do not appear
in the final equation.

a) €  the dleleectric constant of the liguid

in the regiop of an interface is amsumed to be equal to

that of the liquid in bulk., MNeasurements of the dielectric
of water in the presense of an electric fleld show that
for water can be lowered from s value of 80 to a value

’of 1 by placing the water in an electric fleld of the
order of 500.000 volts per centimeter.

Helmholtz and Quincke estlimated the’gistanw
ackross an interface to be of the order of J:lgﬂ& centineter,
that is the thickness of ¢he molecule. If the % potential
wiere then of an order of 0,2 volts, 1t 1s easily seen
that the 1liguid in the interfaclal layer 1s belng acted
upon by an extremely high electrical fiels and its dielectrio
constant might be greatly reduced.

According to the theory of Gouy on the exlstence
of a diffuse double layer, which postulates a much greater
distance between the centers of electrical charge thah that
estimated by Helmholtz, it seems probadble that the electrical
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field extant in interfacial regions may not be high
enough to entirely eliminate { £ ) from the equation.

b) v the viscosity of the liguid is assumed
to remain a constant for dilute salt solutions and to be
equal 4o that of the pure liquid in the bulk.,

Helmholtz's equation also leaves out of consie-
deration any effect due to slippage of the liquid layer
along the surface of the solid, assuming all motlion to -
be between two liquld layers, where ) would be the
only factor. LAMB, however introduces a term, '43
into all the equations of Helmholtz, where /3 = the
coefficient of slippage at solid-liquid interface and
linear magnitude of this slippage.

¢) ‘The flow of liquid.

As to the flow of liquid one postulates a
purely laminar flow, with a coefficient of viscosity,
having the same value throughout the whole systen,

There have been some differences of opinion
concerning the houndary conditlons of the movement of
the 1iquid. In considerations using Perrin's condenser
layer, the lfgumid is assumed to be at rest in a plane
coineiding with the charge on the wall.

Helmholtz and especlally Lamb have taken account
of the possibility of a slip aleng the wall, but no
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experimental evidence in favour of such a2 slip has ever

been found.

In 1928, Reichardt showed in his doetorzl thesis
that 1t 1s not necessary to assume that the entire liquid
flow be laminar in order that the displaced ions be moved
with constant velocity parallel to the wall. The basis
of his presentation was that a film exists 2t any liquid-
s0l1d interface whose flow is slways laminar even if the
flow in the interior of the liquid is turbulent; therefore,
the nesessary criteriunm 1s that the flow be established or
bve developed so as to cause the steady state.

Boequet, Sliepoevich, Bohr, in a recent paper
have checked experimentally this theory and found that
the Helmholtz~Smoluchowskl equation for the streaming
potential is valld for both laminar and turbulent flow.

d~ A the speclfic condustivity factor found
in the equation refers to that of the 11quidf In the
derivation of the streaming potential formule it will
be remembered that the solid phase 1s assumed to have a
negligible amount of conductivity. Also any surface
conductivity 1s disregarded.

The surface conduction is the extra eaﬁductivity
along the capillary.

This surface conductivity has for its-artgin:
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~ The double layer contains more lons that the .o
buik of the ligquid . These excess'ions cause the :gubface
conduactivity by their motlon ih-the”éleéctrical field. - -

PR
-

- The effeet of this surface conduetion is important
when the bulk resistance of the fluld inside the caplle
laries is smell. The pore size of the specimens can
play an important role and contribute to minimize oy

increase the surface conduction.

It 1e not diffieult to make the necessary corrections
for the surface condustance, 1f the streaming potential
1s determined by a capillary of radius (r).

In the case of a porous ggig {assemblage of
capillaries in parallel) the return current is proportional
to 7 TP A <+ RP7TrAq instead of 7z 777
and the corrected equation for the streaming potential

becomes ¢

£ . £8
P 4779(,\+~3/\-4)

r-

A @ bulk conductivity of the liguid

As: speocific surface sonductance.



The Onsager's principle deals with irreversible
phenomena. According to Onsager's theory the "forces"
are ceuses which can give rise to the occurence of

irreversible phenomena.

These forces are denoted by A (¢ = 1<, 3.-. A)

These forces cause certaln irreversible phenomens.
These are ealled together "fluxes" or sometimes flow or
ocurrent.

They are symbolized by I (&= H=2.3--Hr)

The irreversible phenomena can be expressed

by phenomenologleal relations of the general type.
-~

\72. s Z L"k XA‘ (l:- 61,3---/—,]
=/
Liw  (£,k 2/2.3---- /2)  apre the phenomenologieal
coefficients

Onsager's fundamental theorems states that
provided a proper cholce is made for the "fluxes® 7z  and
"forces" X', the matrix of phenomenologieal coefficlents

is symmetrie, 1l.e,
élxr = Lkl: (t‘/ k = /Jé, S .- ﬁ]

These ldentities are czlled the Onsager reeci-
procal relations.



In electro-ktinetic effects,the "fluxes" are
the electrical current ( I ) and the flow of water ( J ) i
the "forces" are the streaming potential AY and the
pressure gradient AP

The phenomenologleal equations are @

I:; L// .d"f +L/2 dP [//
Te Lz AF + L22 AP (2)

Lz = 42,

The streaming potential is defined as the
potentlal difference corresponding to unit pressure dif-

ference in the stationary state with zero electrieal current.

AH’) = =42
AP I=0 L,

Ly is an electrical resistance
L2 Ais connected to the é potential and the
double layer propertles

/ cleechAS»r
Ly = ______//-f.:—o:rjaaw% c
2 Ad
Ar (_7___ )
The sireaming potential can then be derived
directly from the Onsager's equations.

The second Onsager's eguation
T= L2 A -+ Lo ar

shows the liquid flow through a capillary does not depend
only on the pressure gradient 47 but also on the
streaming potential AJY

45> 18 the hydrodynamicsl reslstance of the



specimen.

Zz2 18 connected to the & potentlal and
the double layer property.

In the calculation of permeability and mate
of flow, we will come back later on, on the value and

importance of -‘%ﬁf‘ﬂ;f term.
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The purpose of this study is to shov
electro-~kinetic properties of sedimentary rock.
importance of streaming potentials in these rocks.

As was already noted in the previous part,
the streaming potential depends upon the general properties
of caplllaries or pdrous plugs.

The pore size and permeablility were found to
be lmportant fastors. They determine the importance of
surface conductance compared to the ilmportgnce of the
resistance of the 11qnid circulating inside the capilla-
ries and the type of flow that may be expected inside
the capillaries.

To eliminate the surface sonductance which
seemed to play an important role in the case of solid
rocks of relatively small porosity, we ground the rocks
and studied the streaming potentials in the ground particles
of rocks -~ We then measured the %; potentials of:rthale-

rocks.

1)~ EQUIPHENT

a) = The equipment shown in fig. (1) was used to
measure the streaming potential in oylindricals rocks.

The specimen is placed between two chambers

filled with water. One chamber (pipe 1), 1is connected



to an alr pressure plpe controlled by a gauge. Two
platinum wire electrodes dlp in the liquid one in each

shamber.

The voltage created between these two elece
trodes is chopped and messured yith an A<«C voltneter.

In order to kmow the polarity of the created
voltage, the circuit (fig.II) is connected in series
with the electrodes 1 and 2.

Many difficulties were ensountered in setting
up the equipment.

The flrst problem that had to be solved was
an electrode problen.

- The first electrodes used were the two brass
flasks A and B of the chambers ~ As soon as the measuring
circult was closed, a large polarization effect was

noticed (several hundreth of a volt in a few seconds).

It was therefore decided to change the brass

electrodes for a less polarizable metal.

It 18 known that the contact electrode-~liquid
can be represented as a resistance and a condensor in

parallel., This circult is in serie with the resistance
Vortrmeter W??

of the volimeter, 2M0
ANV c ——]
-——i ‘_» rs,‘ynq/

If the polarization resistance is small, the
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condenser iz shorted out ~ No problems of reading are

then encountered.

If the polarizetion resistance is big, one must
try to increase the time constant of the circuilt to make

the readings possible.

- The capacitancs of the eclectrodes muat dbe
large -~ as well g8 the resistance of the voltmeter.

For this reason, a relatively large surface
contact laquid-electiodes must be used.

- Platimm electrodes, two wires oi @ ),mmlength SOmm

were then used.
- An appreciable polarization was still noticed.

~ The surface area of the electrodes was then
inorecsed by soldering two thin plates of platinum to
the original platinum wires (length 30 mm - width 20 mm =
thickness 1/10 mm.) .

However the s¢lder complicates the cleaning

procedure and agaln some polarization was notlced.

The electrodes were cleaned thoroughly with
o standard cleaning solution (sulfuricacid + potassium
dichromate) and then dipped in nitric aeid for 15 minutes -
Finally the electrodes were bolled In distilled water for
one hour; the water was changed three times during that

t.ime .
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The platinum wire electrodes origilnally used
were finally adopted since a thorocugh cleaning minimizes
the polarization effect.

- The circult was kept closed only during the
minimum time required for the measurements.

-~ The entire equipment was made of plastic exe-
¢ept the parts A«B~C~D, which were in brass and insulated
from the electrical oircult,

- The cylindrieal surface of the specimens
was painted with a waterproof paint, deposited in thin

layers and dried in an oven at 90° c. for two days.

- Water leakage problems in the equipment
were solved after several trles by means of grease and
flax.

b) - In order to measure the streaming potential
in ground rocks the equipment described in fig. III was used.

The pressure 1s obtalned by a waterhead,

The ground rock 18 placed in a glass tube
( b 8 mm,) the ends of which are closed by two stoppers
of nylon cloth.

The platinum wire electrodes are the same as

those used in part 1).



No speclal equlpment was used.
The specimen 1s welghed when soaked with water
and when dry after remoining one day in an oven at 110° G.

« The difference of welghts gives the content

of water, and the volume of the porous part of the specimen.

The porosity is the ratio of this volume over
the total volume of the specimen.

The equipment deseribed in section 1) is used

t0 measure the permeabllity of the rock specimens.

A pipe of glass, ¢ / mm, is connected to
the plastic pipe 2.

The pipe 1 is comnected to an alr pressure

pipe ot the pressure 30

The water level rise 1s measured on the glass

tube.
- The rate of flow ocn be measured in ¢/73/,
The pemeabiliﬁy' in Darcys 18 glven by the
formula A= Pt

: PA
% : vale od dlowwsn -g.m-?/a



H]

rate of flow in

ressure in atmodphere

H

K]

&

M= viscosity of water in centlpolses
P=1p

Z =

= length of the specimen

It has previously been shown that the liquid
flow through a c¢apillary does not depend only on the
preasure gradient 47 but also on the streaming potential

T= L, AP +Lyy AP

The value of 4,2 4% and its importance
in the determinetion of "J® rate of flow shall be treated

later on.

The rock specimen after soaking in water
{conductivity A/ ) 1s placed under a high frequency
potential of 5 volt amplitude.

The measured current passing through the
specimen is X4

A high frequency voltage 1s used to minimize
the electrode impedance.

To the same specimen, after soaking in a
saturated salt solution (conductivity Az ), when the
same 5 volt potential 1is applied, the current passing
through the specimen 1s )///4
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In both cases the current is passing through
the speclimen can be expressed by the relation written

below
o =Kk (27TF Ay + TIP"A)

£ roofiss o? +the pores

A4 s8peelfic surface conductance for the roeck
sample

) bulk conductivity of the liquid .

We then get the system of equation
X= A (27TFA, + TTr°A,)
A (R7TrAq + 7TrAs )
-z__._-i')_‘ S Ny
2ZXd + A2
=

y=
X
Y

Knowing the currents Y and V , as well as
), and A5 , we can compute 2_,)?41

5)- IQRIUQSITY

If L is the length of the specimen and Le ,
the length of the flow path, the tortuosity is defined
a8 below

7= ( ‘4/_‘,3) i = tortuosity of the porous medium,

The resistance of a homogeneous porous medium
saturated with conducting fluld of resistivity f(= ’
may be considered to be the resistance of a volume of
fluld of length L., areaF 4, wherele> L and /Z 18
the macroscopic length of a porous medium of porosity &



Thus, the resistance of a saturated porous

medium 18 fe é%

However the reslstance of the volume of fluid
of the same external dimensions as the saturated porous
medium and measured using the same orientation of
electrodes 18 1@

Fluid resistance : (> f{'

Hence

F can be measured easily as shown in section IV

using a vallbrated reslstance in the AC measuring equipment.

The resistance of the fluld is easy to measure
vhen the dimension of the specimen and the conduetivity
of the liquid are known.

The & porosity is known (see section II).
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V - SPECIMENS

Five specimens of sedimentary rocks have been

used in the experiments.

1- SPECIMEN Ay

a) @Qrigin: South Maunie field
Palestine sand (Mississiplen)
White county (Illinois)

b) Mineralogy Quartz 90 % ~ 1Miea
o) Dimensions cylinder
length = 4 omj
@ = 2.8 cm.
"}d) Rorosity

Welght of specimen soaked wlth water: 59.99 g
Welght of dry speocimen:

Welght of water : 03.12 g
that is a volume of pore of 3,12 om?
porosity = 13. %
e) Permeabllity

Under a pressure of 30ps(, the rise of water level,
per minute in a tube of @ = 277 /5 LI rur

-3
rate of flow = O. /23 /107 cmS /)

A Pl
-8 PA

rate flow in Cms/d

Y Sl

viscoslty water in centlpoises = 1
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P atmospheres = 3A0.069
L=4 onm.

Under a pressure of 300S. , the rise of
water level, per minute in a tube of F=/7777 14 %Z e

-3
rate of flow = 0./23 . /0" cm3y

AC measurement.

- Calibration of our measurement apnaratus.
For 5 volts, high frequeney AC current, a
resistance of /00 000{2 corresponds to a reading of 32.5a04

1) Measurement with specimen soaked with tap

" water (conductivity —L— 2 7cm /)
Jozs

Resistance of specimen scaked with water
34200 L.

2) Measurement with specimen dipping in salt
saturated water (conductivity _‘;—/3—2 2~ ey,
We have recorded the variation of resistance
versus time, until the specimen 18 completely saturated
with 1liquid. ©See table I and corresponding ocurve

for specimen Ay

g) Tortuoslity

Resistance of fluid /250 02

-n

Reslstance specimen : I9200 L2
porosity /3 7

772 . 35



D

a)

b)

¢)

£)

g)
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SPECIMEN Ao
Orising: slaughter field
San Andreas (Permian)
Cochron Co « Texas
Mineralogy

Dolomite ~ caloite

Dimensions Cylindrical
length : 4,8 cm,
2.8 em

¢ s o0 Cl,
Borosity
Welght of specimen soaked with water: 81,66 g
Weilght of dry speciment 80.37 g
Welght of water 1.29 g

that 18 /29 e

Porosity = F &

Permeabllity ralse 26,5 mm in 7O minutes
4 parcys = /88 —_— Dareys

sistly meas
1) with specimen soaked with tep water (£ =

Reslstance of specimen S9000 42

2) specimen in salt water
see table (I) and curve for Ap

Iortuosity
Reslstance of fluld : /5002

Resistance specimen : SF000L2

Porosity < %
T™"%2_ /7

2 2%
/928

)
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5= SPECIMEN A3

8) Origins: West Seminde Fleld
San Andreas -~ Permian
Andrecas. Co - Texas

P) Hinerslosy Quartz essentially
¢) Dimensione Cylindrioal
£= 45 mm.
’ @ 28 mm.
a) porosity

Welght specimen soaked with water: 68.66 g
Welght dry specinmen : 63,17 &

5.49 g
that 18 599 crm S waler .

Porosity = 207
o) Bermesbility raige 120 mm in two hours
tube: 8 mm - pressure 30pS(
flow = 0-050:”1%

- L7 r0-~7
17‘”‘!/, = _270/-(50‘

f) Resis measu

1) epecimen soaked with tap water (/= 27'c™ )
R= /3&oos2

2) salt water - see table I and curve
g) Tortuosity
Resistance of fluld /oo 2
Reslstance specimen /3&00 {2
Porosity 20 7%
T%. 2



4~ SPECIMEN A4
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a) Qrisgin: Red saendstone - Massachusetts
b) Mineralogge
Mica - quartz - hematite (very dispersed)
¢) Dimensions
£ = 4,35 cm.
¢ - 21 Gl
d) Poroeity
weie;ht wet specimen: 69.00 g
Welght dry specimen: 67.23 £
Welght water 1.77 &
that 1s 1. 77¢m3 water.
Porosity = 7%
e) Bermeabllity
Water level rise 334 mm in 55 minutes
tube 1 mm. pressure J00¢
Flow : &./0°5 cm3y
.
Dareys = 2.73 /0 Dareys

1) Specimen soaked with tap water

L.
R 2

L. D~ cm~’!
/928

37, 300 (2

2) Specimen soaked with salt water
see table I and curve,

g) Tortuosity

Resistance of fluia /350L2
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Resistance specimen 37, 300 {2

Porosity : /%
vad v, /. 8

5. SPECIMEN Asg

a) Origin Unimown
b) Mineralogy
Shale
c) Dimensions
Z = 503 cm.
¢ = 208 cil,
d) Porosity
Weight wet specimen @ 90.51 g
Welght dry specimen : 90,16 g
Welght water 0.35 g

that is 0.38 crm?
Porosity = /7%

e) Permeabllity
Water level rise 7.1 mm in 131 minutes
@ tube 1 mm. Pressure J05s¢
Flow = /5 1077 A

&

= -4

) Resistivity measurement

1) Specimen soasked with tap water
Lz —te D crm
/1928

?3‘ 50’ OOOQ

2) with salt water
see table I and curve Ag



g) Tortuosity
Resistance of fluid

Reslistance specinmen

Porosity
/
/ 72 =32

/695 JS2

50/ 000 J2
/7

.



'}Zzb /e I

‘& .
1 .
Time Conductrion Ay gpecrnen Az specirnen Az JSpecrirnres A+ A5
Seluitron Corrent | Fresrstonce | Corrent R B aarrenE Zesrsiance | Gurrent Resrst, current | ®es)st.

Hours L 2~crn A 2 2z £ MA el MA 0 MA L2

0 /5,82 | 95 34,200 | 65 59,200 235 13,800 | 87 3,000 | 67 48,500

1 | 95 34,200 | 65 504000 285 11,400 | 92 35,300 | 69 47 480
a2 185 17,600 | 68 48,000 325 10,000 | 95 34,200 77 42,800

4975 225 14, 400 71 44,600 ‘435 7,840 | 160 20,300 89 36,500

8 265 12,300 | 77 42,300 530 6,140 | 205 15,900 95 34,200
11 320 10,200 | 80 W,m 710 4,580 | 260 . 12,500 | 148 22,000
19,50 515 6,300 | 85 38,200 960 3,300 | 425 7,650 | 195 16,700
23 600 5,400 | 80 44,700 960 3,390 | 470 6,930 | 198 16, 400
27 T30 4,450 83 34, 200 1820 1,790 | 560 5,810 225 14,400
31 870 3,700 | 84 38,700 2210 1,470 | 670 4,860 | 245 13,300
44 1600 2,030 86 #,Qoe 29620 1,240 | 910 34570 310 10,500
50 1750 1,860 86 3‘!,900 2,700 1,200 | 1120 2,900 335 9,700
69, 50 2100 1,550 87 + 400 2,820 1,150 | 1600 2,030 400 8,130
754 50 2230 1,450 87 ;}.m 2,820 1,150 | 1560 2,080 410 7,930
79,75 2270 1,43 | 88 38,900 2,900 1,120 | 1625 2,000 | 420 7,560
94, 50 2420 1,340 | 88 3%,900 2,880 1,130 | 1790 1,83 | 470 6,920
98 2400 1,350 | 89 38, 500 2,950 1,100 | 1800 1,810 | 490 \f,w




The streaming potentials c¢created in our roeck
samples were measured in order to compute an average

potential for these rocks.

Heuuwmnaa@dbandWxhg&zh¢~ana£aa¢~candu¢t¢ﬁanmwMu.

plays a very important role in these electro-kinetic

phenomena,

~ We then tried to make a correction for the

surface conduction, in the evaluation of the é patential.

~ The role played by surface conduction in
brought out by reslstivity measurements of each specimen
socked in liquide of dlfferent conductivities. If the
resistances of the 3émple do not vary proportlionally
with the specific resistivity of the liquids in which
they soak, we have a proof of'the role of surface conduc-

tion and a way to compute its influence.

The speocimen after soaking in water (conducti-

/
/926
potential of 5 volts amplitude.

vity £2¢m7') 18 pleced under a high frequency

The measured current passing through the



specimen 18 P54

vher ¢ 5 volts potential s applied to the some
specinen aftor soaing in o saturated oalt sotution of
mnﬁw.ﬁ. R2~7ermm~’ , the current passing throuwh

ko sample s.a 2-700,4.44
2)‘4 Y

3500 = 2z .
i ‘.27)4:,4 r

/

95 - 7925 7
L4200 / +A

.82
ie gt  A. 8. /073 027%cm~

Total conductivity

(0.52 + 8./073 J 2~ ern~’

Op after conversion In tho 0. «0ene OYoten g
882 .03 9. /0" = &52x9x /0 4 cgses wrly

e mow Trom edquation (@
53 Eanp (A + %—"\:{/
' Px €
H t evefficient of visoonity in poloexs Tor woter.

€ § the dleclectiric conntant of water haos beon consle
dered ae having the valne B0

7 3 sust be expresced in &ynes/
£ = in nillivelts

A» 224 oboerved in -1 ‘em~’ muct be multiplied by Ix /0"
to convort 1t Into C.reets uNLLE,

Averace for © = 15 m41livolts {Toble 1I)



ABY,

Aj; SPECIMEN ~ Rbck sanple

Streaming potentisls
Voltage | Veltage | streamuns| Voltage Voltage | strearning
Tost, ato {bsb‘ az‘.?o,a‘».s:. P,te,:.fra/ at 30psc |af a,'a.n 7o ter ‘f,'a/
sretts | milvetts \aptioatts \mivotts | mihvolts | murvores
1 38 24 14 28 44 16
2 38 22,5 15.5 25 39 14
3 36 21 15 23 39 16
4 36 20 16 24 %9 15
5 34 18 16 22 37 1%
6 32 16 16 20. 36 16
7 28 12 16 18 34 16
8 30 14 16 18 34 16
9 30 14 16 18 35 17
10 30 14 16 18 36 18
11 30 14 14 18 36 18
12 30 14 16 15 32 17
13 30 14 16 15 31 16
14 30 14 16 15 32 1%
15 %0 14 16 17 35 18

Average streaning potential
16 £ 1 millivolts

~
7

P polarity




TABLE TIY

Ay SPECIMEN - Ground rock

Streasming potential
Voltage Valfage | Strearming| Voltage Vollage | Skeaming
Tuts  |PeOemwater | R&Semw. | pokntial P IScrnwalen P demmwaltr| pofeptral
1 tullivalls \1n rotllivally | tn milivotbs| in millivolts | mmillivells \ir millirotts
1 18.6 17.4 1.2 17.4 19 1.6
2 18.6 17.2 1.4 17.2 19.4 2.2
B 18.6 17 1.6 16.4 19 2.6
4 18.6 16.4 2.2 16.4 18,7 2,3
5 18.4 16.2 2.2 16.8 18.8 1.8
6 18.2 16 2.2 16 18,4 2.4
T 18.2 16 2.2 16 18.4 2.4
8 18.2 16 2.2 16 18.4 2.4
9 18,2 16 2.2 16 18.4 2.4
10 18,2 15.8 2.4 15.8 18.2 2.4
11 18 15.8 2.2 15.8 18.1 2.3
12 18 15.6 2.4 15.6 18.1 2.5
13 18 15.5 245 15.5 18 2.5
14 18 15.5 2.5 15.5 17.8 2.3
15 17.6 15.2 2.4 15.2 17.6 2.4
Average streaming potential

2 1 v,

+ -

} 4 » polarity

- > Pressure




b} Ground speclimen

No evidence of surface conduction was noted. This has
been checked by measuring the resistance of a glass
tube filled with the ground specimen, impregnated with
1liqguids of various conductivitlies,
£- £ <n bk
p €

E=2rmv mgnie 111

/7= 0.0/ forsed

1,

= £ g /07
A = 5255 coses wrrl

&= &0 cgses eorels
b= B5cm water = 85 x 950.638 Aynres . «

2 x0.0lxPx/0 v
2600 v §§ r789. 838 x &0

=—/% rmilivolts

2- A, SPECIMEN

2) Reck specimen

Specimen after soaking in water (conductivity
L 2 )
1925

Potential SV -A4-< Current S5/ A

Specimen after soaking in salt water

(conductivity S ;2 12"6”’")

Potential OV A-C Current 5’9/4/7

Determination of surfazce conduction :



LE IV

Aa SPECIMEN - So0lid rook

Streaming potential

Voltage Vo/tage | streammg| Volrage vo/lage | streamins
peO pSi  |p=IOPSt |\ Bleptia) | bz SOPSL |p2OpSC | Rtenka/
£ 7 5 7z /n 7h n

Millhvolls — \Milsvolts | Millivolls | Muwolts | Milivolls | Millivolts

1 30 2645 345 34 38.5 445

2 33 30 35 38 3

3 36 33 36 39.5 345

4 35 32 36 40 4

5 36 3245 3.5 38 41 3

6 37 33 37 41 4

T 36 3245 345 36 39.5 3.5

8 36 32 35 39 4

9 36 32 34 38.5 4.5

10 35 31 35 39 4

Average streaming potential

4 % 1 nv.

polarity

S>>Pressure




IABLE V

A, SPECIMEN « @round roock

Stresming potentials

Vo/toge Vo/ I‘J;e Streaming. | Yottdge | Voltage f/red/n//?v/
_ : Omwater| po Focm wores pe feuntr o/ P S emuatd P ﬂcm,tr.’#‘r o fent1dls
tir millivolis| mitiivolis | millivotts | millivelts | myllivelbs | millivelts
1 14 9.6 bod 9.6 15.6 6
2 16 11 % 11 16.2 5.2
3 16.6 11.8 4.8 11.8 17 5.2
4 17 12,2 4.8 l2.2 17.2 5
5 17.6 12.6 5 4,2 9.2 5
6 18 13.2 4,8 13.6 18.3 4,7
7 18.2 12.6 5.6 12.6 16.6 4
8 16 11.2 4.8 11,2 16 4.8
9 15 10 5 10 15 5
10 14.6 10 4,6 10 14.6 4,6
11 15 10 5 10 i5 5
12 15 10.4 4.6 10.4 15 4.6
13 16 11.4 4.6 11.4 16.4 S
14 16.4 11.8 4,6 11.8 17 5.2
15 17 12.4 4.6 12.4 17 4,6
Average streaming potentials
5% 1 nmv,
polarity
+ -

‘—

Pressure




A= 32, 10-3R2 " crn~’

§ _ sanm (Ar 229
- hx €

B 324 millivolte

At 279 = (3297 0.82) /073 x Ix /0¥ 27 erm/
,—

all other factors see p (17)
é = -~ &30 rritltvolly
b) Ground specimen
No sufface conduction

= O0ecm walerz 0x 980.638 :dyne.r/‘.,ng

E= 487 milivolts

others factors, see section about Ay speocimen.

é, - 39 millivolts

3= Az SPECIMEN

a) Specimen after soaking in water

(conductivity ; glz = 2~'ermn )

Potential SV AC Current 235 /,(A

Specimen after soaking in salt water

, L R%m™~
(conductivity -1 )

Potential SVY. A C Current 2950///7



TABLE VI

As SPECIMEN - Solid roek
8treaming potentlalg

;@/ﬁa e | bo/fege | Sheaming | LAge | poltige ff:::zzj
To5s. =0 hos Pz 10p-50 | fobenitd] | 1OpS1 AR X Ve
qaitlivolty | miltivotty | mittivally | peilivolly | s livotty | milive/4.
1 20 X f 17 37 20 17
2 17 35 18 30 12 18
> 13 51 18 31 13 18
4 11 8 17 25 8 17
5 11.5 28 16.5 25 8 17
6 8 28 20 28 8 20
7 8 28 20 23 7 16
8 9 25 16 25 9 16
9 7 23 16 21 5 16
10 6 25 19 42 22 20
11 18.5 36 17.5 3 16 17
12 16.5 34.5 18 31 15 16
13 15 33 18 30 12.5 17.5
14 15 33 18 30 13 17
15 15 33 18 32 13 19

Average streaming potentials
18 £ 1 nv,
polarity

T4
{

Pressure

Y




A3 SPECIMEN - Ground rock

Streaming potentials
R A A R e R e
est. ot ///.: ol ' ,,,,.//,"”/,eg willivolly | willivolbt. | millipolty | millivelto.

1 8,6 / 6.4 2.2 6.4 9.2 2,8
2 9.2 6.6 2.6 6.6 9.6 3

3 9.4 6.6 2.8 6.8 10 3.2
4 9.8 7 2.8 T 10.2 3.2
5 10 7 3 7 1D.4 3eb
6 10.2 Te2 3 T.2 10.6 L34
7 10.4 Te3 3.1 T3 10.8 35
8 10.6 (X 3.2 7.8 11.2 34
9 11 7.8 3.2 7.8 11l.2 3.4
10 e 7.8 7.8 11.2 3.8
11 10.8 7.8 7.8 | 11.0 3.8
12 11 7.8 7.8 11.3 3.8
13 b S 8 3 £ 11.4 | 3.4
14 1.2 8.2 | 3 8.2 11.6 3.4
15 11.4 8.3 3.1 8% 11.8 3.8

Average streaming potentisals
3% 1av.
polarity

L
x4




, - 33 -
235 _ 7925 +A

=7
2950 —779'5""4

As 17.6 103027 crm~!
A 224 = (17.6 +0.52) 10732 e~ =180 107307 em ™
P

§= - 70 millivolts

b) @round rock

No surface canducticn‘
= 255{” WZ‘C/' = 85 x TE0. 638 a’ync.r/cmg_

£E = S mvyv
other factors identical to the ones used for

§ = = /6 rmillivolls

4w Aj; SPECIMEN

a) Boek specimen
Specimen after soaking in water (conductivity
! _ 2% cm™ )
/1925
Potential &V AC Current &7 A
Speocimen after soaking in salt water
A [ .Q"'/ crn -/
Conductivity F82
Potential SV AC Current /Poo 4
/
27 _ 7935 * *
/fO0 { +~ A
-7 22
A4 = 0.0/0 -Q—/Cm-/
Av 224 = (10+0.52) (073 2" ermn™

’—-

é= _ 82 rnullevolts



IABLE VIIY

Ay SPECIMEN - Solid rock

Streaning potentials
/?/fd e /?//d/{ || SHaman Vﬂ://':!/c ' //p'/f;/'j. f#:.m;‘{z
Tost. ViR L p3opst | poita Ol | p3onrs p oL poFntt 6/
wmillivel5 | mitlivalts | milt;vols | suattivelB | pillivolts | i w05
1 43 32 11 s 4§ 13
2 48 34 1 34 45 11
3 45 34 11 34 45 11
4 45 34 11 34 45,5 11.5
5 45.7 35 10.7 35 46.5 11.5
6 46.5 35 11.5 35 47 12
7 a7 36.5 10.5 36.5 u7 10.5
8 47,5 36.5 1 36.5 41.5 11
9 47.5 36.5 11 36.5 48.5 12
10 49 37.5 11.5 37.5 49.5 12
11 50 38.5 11.5 38,5 50 11.5

Average Streaming Potentials

11 z 1 nv.




IABLE IX
Ay SPECIMEN - Ground rock

Vo/twae Yoltage Sbeam. Volfoge Ve/todqe Sheqwin
p O wels | p. TS en waky | fO benbial P W e Wil | pocik woley | friZu £of
7est. wrlovelE | i llrvels | m/llivel/§ | millive/E | miftivel§ wi s el
1 57 .4 52.4 5 52.4 574 5
2 55 50.2 4.8 50.2 55 4.8
3 49.4 54.2 4.8 54.2 49 532
4 48 53 5 53 48 5
5 48 53 5 53 48 5
6 47.8 52.4 4,8 52.4 47.8 4.8
T 57.4 53 4.4 53 57.4 4.4
8 58.7 53.6 5.1 53.6 58.7 5.1
9 59 54.4 4,6 54 .4 59 4,6
10 59.2 54.2 5 54.2 59.2 5
11 59.6 54.6 5 54,6 59.6 5
12 60 54.8 5.2 54.8 60.2 54
13 60.2 55 52 55 60.3 5.3
14 38 33 5 33 38 5
15 %8 32.8 5.2 32.8 38 5.2

Average streaming potential

5% 1 nv.




E = S millvolts p= 75x 9£0. 638 C/yncs/cm,_

for other factors see previous ecaleulation,

; = =37 mullivolts

Specimen after soaking in water

oy L 27!
Conductivity G
Potential SV = AC Current 63514
,4_;{[-5,— saaking 1n Salt waler 29504
Surface conduectance determination
!
€5 - 7925 +4
90 L + A

=.32

A= 3L oS3
AN 224 = 3/.62 x/073

"
E= 2 millivolts

5--—40

~



IABLE X
As SPECIMEN - S80lid rock

Streaming potentlals
/’.T//a : ' V.o//a7e ' ﬁ"ﬂw‘n; /’0.//9' < /6./#474 . /A'e.aw'y
Tost. piopre |\ p 3000 /u/hﬁa/ prdopsi| potpts /,/an# /4

WitliyolS | watlivels | witlivate | willivolt | willrvel$ | pitlivels”
1 36 35 1 35 37 2
2 37 35.6 1.4 35 377 2.7
3 36 35 1 35 38 3
4 38 3645 1,5 3645 38.5 1.5
5 38 36.5 1.5 36.5 39 2.5
6 375 36 1.5 36 39 >3
7 38.5 37 1.5 3T 39 2
8 38 37 1l 37 40 3
9 40 38 2 38 40 2
10 40 38 2 38 40 2
11 40 38 2 38 40 2
12 40 38 2 38 40 2
13 40 38.5 1.5 38 39.5 1.5
14 39 37.5 1.5 37.5 39 1.5
15 39 3T.5 1.5 3T.5 39.5 2

Average streaming potential

-

1 nv.




IABLE XI
As SPECIMEN «~ Ground rock

Volte g Voltoge | /htouin Vo/ Fage Vo//d7¢ .I’;!dﬂl"'.
Tort C Vo wil% | p Blow wly | poulstl | g dlawgy | posen woley /w/a//a/
millevo!S | pittrvalt | wotivd/S | millivdlC | witiivo/§ | millyvel§
1 30 34 33 29 4
2 30 34 4 34 31 3
3 31 3445 3.5 >4 3147 2.3
4 32 35 ) 35 s2 3
5 31.5 35 3.5 34 31 3
6 31 4 3 >4 31 3
7 3 B4 3 34 31 3
8 3 34 >3 >4 31 5
9 31 4 3 >4 31 )]
10 29.5 33 3.5 3% 29 3
11 29 J2 3 31.5 29 2.5
12 29 32 3 31.5 29 2.5
13 29 31 2 31 g9 2
14 28 n 3 30 28 2
15 28 31 3 30 27 3

Average streaming potentfal

3 £ 1 av.




--35*

b) Ground roak
No surface conduction
é - E4mm )

5 €
E= Sy pP= 85 x 980.638 a’ynesém._

for other factors, see other specimens.

§= =15 pdlivolts

As we can see our results are very divergent,

even for 'f, potentials of the same type of rocks.,

In order to relate these results to the physical
properties of our rocks, 1t would be good to come back
again on the permeability factor from Onsager's equation.

As we have already noticed in the previous
sectlon, the flow of liquid passing through the porous
rocks depends not only upon the pressure factor, but zalso

upon the streaming potentisl set up.
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VI~ PERMEABILITY AND THE ONSAGER RELATIONS

I= L//d‘lo -+~ le arP
\7: Lz/.df -~ LZZ anrP

Let us first try to find the dimension formulas

of the coeffiolents £/, L2 ) L2/, L22 , we want to
compute
l1s @ current 4% a voltage AP g pressure

Equation (1) can be written

2
Ly= 22 L = 25
J 18 a volume of water per second.

Equstion (2) can be written
s FL
£ -t (F) (5

L2/ = .Q_'/?j L 22 = ._L_.s
T T
dimensionally L2/= 4,2

Let us see now the importance of the temm
in the determination of J, that is in the determination

of the permeability of our specimens of roclks.

a) JI= 4u a+ wher AP0

that is the case of our reeistivity measurement,
a voltage of 5 volts belng applled at the ends of our

specimen
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J 1s a volume of water per second.

)
Equation (2) can be written

L3, AL o4 £
— =45, L& 22 =%
T 7 L=
dimensionally

Let us now see the importance of the temm
in the determination of J, that ie in the determination

of the permeabllity of our specimens of rocks.

Let us consider the specimen A#.’

a)

that is the case of our resistivity measurement,
a voltage of 5 volis being applied at the ends of our

specimen.

L, 1is merely the conductivity of the sample

of rock.
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L, 1s merely the conductivity of the sample

of rock.
Resiatance of the specimen 37090 /0™ "cgsesunils
4
/ [
L, = 2 /0 Jes «wnuls
" 37500 ., 7 .
= 2.4 107 cgses whils
]: O A—f - - L/.Z.
AP Ly
AV /35 milivelts s L3S cgoses wnils
/ooox 300D

AP. 30x €947 cynes /com -

—L)y n —F2.1075

-s 3
Js F./0 e,

We then have :

£ 10°% = 16.10°7 4 L22 AP

We thus see that the term Z22 47 18 small
comporatively to J

and do not make any appreciable error by writing
f: L22 AP

All our determinations of permeabllity have been

made under this assumption. VWe shall eonsider them true.
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VII - DISCUSSION AND CONCLUSION

Ay A2 A3 A% Ag
ity | =93 mv | -830 70 mv | ~82 m¥ | -40 mv
g et “l4nv | =34mv | «16mv | -37 mv | -15 mv
Porosily 13 % 4 % 20 % 7% 1%
Ry preadittly 38,107 | 1.88.107|1.7.107% | 2.73.10]  3.107
Tortuosity Le 345 1.7 2 1.8 3.2
Bostoxos., | 34200 | 59000 | 13800 | 37300 | 50.000
e s 1350 36500 1100 1810 6.640
Jirfoce comad. | 8,107 324,107 | 17.6 101 10. 107*| 31,1 107
-__j 2~ s~/ -3 gy 3
Comctsct pipuig | 0652 10°| 0,52 10| 0452 10 0.52.10 | 0.52.107
2 Errr ™

The important role played by surface conductance

in electro-kinetioc effecets occuring in solid rocks 1is

shownn by these experiments.

This surface conductance effect seens to be an

important factor in eléstrn~k1netic measurenents vhen the

conduetivity of the liquid is very low, or when the

diameter of the pores lg small.

rhe‘% potentials computed from the streeming
potentials occuring in solid rocks lead to fairly good

results when the “aurface conduction" correction has

been made.
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The results are very close to those which have
been obtained with ground quartz,

1« Ag has a very small porosity and emall
permeability. The factor of surface conductance

is then very large ap expected.

2~ Ay and A3 are quartz samples. It is surpri-
sing to note that the surface conductance of Az 1is big
compared to Ay, even though the porosiiy and permeabllliy
of Az are blgger than that of Ay

It 1& possible that there are some additlional
minerals in one of the specimens which have caused this
discrepancy in the results,

The f potential we obtain are an average of
the % potentlials of the Alfferent minerals composing

each speclmen.

~ The toPtuosity 1s a factor which could affect
the type of flow of the liquid inside the caplllaries.

However, even 1f the flow is turbulent, it has

been proved to remain laminar in the double layer.

The shape of the erystals in the rock specimen
could also be a factor influencing the type of flow.

= The é potentials obteined from ground rocks
show very big diserepancles with the % potentials obtalned
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from solid reocks,

- These dlscrepanclies may be due to turbulent
flow, or just to flaws in the equipment.

It 18 ezsy to see that since the value of
streaming potentials are small, thelr importance will
be small in the measuremente of induced polarization

effects,

The Onsager equation glves the followlng relationship:

J= Ly 47 #Lp AP (1}

RN

In the induced polarization effects, the wvalue

18 measured.

Lz 4P seems to be a very small factor and

practia&lly‘gé} =4y can he employed.,

However, when the Zeta potentlal of the roclks,
a8 well as thelr surface conduction (ezsy to measure) is
known, the necessary correction c¢an be madesacoptiibng

to equation (1).
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