ROLE OF CLAY IN WELL-LOG INTERPRETATION

By M. R. J. WYLLIE *

Introduction. It is the intention of the writer to
discuss primarily the electrochemical properties of
charged membranes and particularly shales as natural
embodiments of snch membranes. Attention will be given
to the factors involved in the practical utilization of the
properties of shale membranes as tools in the interpreta-
tion of electrical well logs. Couversely, it will be pointed
out that the properties of electrical well logs appear to
give information bearing on the properties of the clays
in natural shales.

Attention will be given to the role that clays play in
the interpretation of electrical-resistivity logs. Whereas
in the interpretation of the S.P. (spontaneous or self
potential) log the presence of clay in shales appears
to give rise to a natural phenomenon of great practical
utility, the presence of clay or shale in permeable rocks
such as sandstones or limestones constitutes a major
bane.

Although the title induces no such limitation upon it,
the scope of this paper will not include the effect of
elz_i_vs on the interpretation of well logs other than elee-
trical well logs. This omission implies no derogation
of the importance of radioactivity and other logs, but
merely the recognition that the interpretation of elec-
trical logs, being presently of greater economie impor-
Fanee, has received more attention. The clay problems
in  electrical-log interpretation are certainly great;
analogous problems involved in radioactivity logging
may well be prodigious.

The Self-Potential Log. Electrical well logging, or,
as it was initially called, electrical coring, was invented
by the brothers Conrad and Mareel Schlumberger in
1927, and the first electrical log run was made in the
Pechelbronn field of Alsace. The initial logs consisted
only of electrical resistivity logs; that is, a plot of the
resistivity of formations as a function of their depth
below ground level. However, Marcel Schlumberger
noted evidence of a natural electrical phenomenon oe-
curring in the borehole, and in 1931, while surveying a
well in the Caucasus, Schlumberger engineers confirmed
the existence of this phenomenon, which they called the
self potential or S.I. From the beginning the S.P. curve
proved very useful because it enabled a simple distine-
tion to be made between permeable rocks and shales. Tt
provided also a more precise method than any previously
existing for determining the thicknesses of sandt and
shale sequences. Also, the characteristic shape of the
S.P. curve made it possible to correlate well logs over
large areas with a much greater precision than had been
possible when only electrieal resistivity logs of the erude
original type were available.

The method of running a self potential log is extraor-
dinarily simple. The basic equipment consists of a length
of insulated wire to which are attached two electrodes.
Generally these electrodes consist of lead wire bound on
an insulating mandrel, although non-polarizing elec-
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T “Sand” is used throughout this paper in the petroleum technology
«<ense of permeable rock.

trodes are to be preferred. In practice, one electrode is
anchored at the surface in the mud pit or a pit arti-
ficially dug adjacent to the well-head and filled with
fluid. The other electrode is lowered down the borehole
and the potential difference between the two electrodes
is measured and recorded automatically as a function of
the depth of the borehole electrode below surface level.
Since the contact potential difference between the elec-
trodes and the fluids in which they are immersed may
not be identical, it is customary to insert in the circuit
between the two clectrodes a means by which this po-
tential may be controlled. This control or bucking poten-
tial has no other role than to serve as a convenient
method of arranging for the potential between the elee-
trodes at any particular datum level to be such that it
can be plotted on the recording paper. During the log-
ging run it is essential that this bucking potential re-
main constant, and, as a consequence, what is recorded
on the paper is the natural difference of potential be-
tween the borehole electrode and the surface or reference
electrode as a function of the depth of the borehole
electrode below surface level. The general scheme is
shown in figure 1. It was found by the Schlumberger
engineers to be an empirical fact that as the borehole
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FicUure 1. Schematic drawing of basic 8.P, logging circuit.

electrode was lowered into the hole its potential changed
systematically with depth. In general, when the bore-
hole electrode passed a permeable bed its potential de-
flected in a negative direction; but when it passed into
a non-permeable or shale bed its potential changed in
the opposite direction. The most remarkable feature of
this phenomenon was the fact that when the potential
changed at the interface between a shale and a sand
bed in a negative direction and at the interface between
the sand bed and the shale below it in a positive direc-
tion, in practically all cases the magnitude of the nega-
tive change at the top of the bed was equal to the
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FIGURE 2. A typical shale
baseline.
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magnitude of the positive change at the bottom. If in
thin beds, for example, this did not occur, it was usual
to find that further down the borehole the potential
opposite shales had again achieved a definite value. This
definite shale potential, which is ecalled the shale base-
Tine, is in the view of the writer a phenomenon of tre-
mendous theoretical significance. A typical shale base-
line is shown in figure 2.

It may be shown that baseline shifts occur. Some of
these will be discussed below. Nevertheless, the most
striking feature of the S.P. log, and a feature which
must be reconciled in any theory of the S.P., is the
existence on almost all S.P. logs of a strikingly constant
shale baseline. The dominating significance of this fact
should never be overlooked in the consideration of S.P.
phenomena. :

Investigation of the nature of the S.P. curve, and
particularly the natural potentials which gave rise to its
existence, was first made by the Schlumberger organiza-
tion; and two early papers on the subject appeared,
written by the Schlumberger brothers and E. G. Leonar-
don (1934, 1934a). The first paper aseribed the S.P.
wholly to electrokinetic effects, that is, a streaming
potential oceurring as a result of the flow of mud fluid
from the borehole into a permeable formation. It may be
noted here that in modern rotary drilling the hydrostatic
head of the column of mud contained in the borehole al-
ways exceeds the hydrostatic pressure of the fluids in
permeable formations through which the borehole passes.
However, it was soon realized by the Schlumbergers and
Leonardon that electrokinetic phenomena, although they
might constitute a part of the S.P., could not be respon-
sible for the entire effect. These workers then investi-
gated in the laboratory the potential which was set up
at the interface between a mass of plastic gray clay and
a saline solution, and were able to show that a potential
existed at this interface. This they recognized as an
electrochemical potential and they ascribed the S.P. to
a combination of electrokinetic and electrochemical
effects. This early view is now generally accepted as cor-
rect.

Although there is reason to believe that work was car-
ried out within oil eompanies on the phenomenon of the
S.P., it was not until some 10 years had elapsed that
another paper appeared on the same subject. This paper,
by Mounce and Rust (1945), in essence duplicated the
early work of the Schlumbergers and Leonardon, but
showed more clearly and emphasized more definitely that
an electromotive forece was set up when a shale separated
two saline solutions. It was shown that a chain consisting
of a shale barricr separating two solutions differing in
ionic strength and with the two solutions in turn brought
in contact to form a liquid junction was capable of
giving rise to the passage of an electric current. Unfortu-
nately, Mounce and Rust made no attempt to assess the
reasons for the setting up of this current and more
specifically made no attempt to measurc the potentials
quantitatively as a funetion of the compositions of the
solutions separated by their shale membrane. Later II.
G. Doll (1949) discussed in considerable detail the
potential distribution which existed in a borehole if the
shale was able to act as a batterv and cause the flow of
electrical current. Doll showed that, since an electrical
current flowed at the junction between sands and shales


https://doi.org/10.1346/CCMN.1952.0010125

284 Crays AND Cray TECHNOLOGY

in a borehole, the action of the circulating electrical
currents at these interfaces would involve ohmic changes
in potential along the axis of the borehole. He showed
that it was these ohmie changes in potential which were
recorded by the borehole electrode. Doll emphasized that
the relative electrical resistances of the shale, sand, and
borehole components in the path of the ecirculating
currents had a dominant effect on the magnitude of the
S.P. recorded and on the shape of the S.P. curve. In
essence he was able to demonstrate that if sands and
shales had effective resistances in the path of the eircula-
tory currents which were small by comparison with the
resistance constituted by the mud in the borehole, the
changes in potential between the shale baseline and the
maximum deflections in the centers of permeable beds
were substantially equal to the total electromotive forces
giving rise to the cirenlation of electrical currents. Since
the effective resistances of the three legs of the circuit,
i.e., a shale bed, a sand bed, and a column of borehole
mud, were controlled both by their electrical resistivities
and by their physical dimensions, Doll demonstrated
that only if a bed were thick by comparison with the
diameter of the borehole or if, for any given diameter of
borehole, the resistance of the mud was exeeptionally
high by comparison with the effective resistances of the
shale and sand beds, would the total S.P. recorded be
substantially the same as the electromotive forece of the
cell giving rise to the circulation of current. Thus the
maximum S.P., as normally recorded, can never be
exactly equal to the emf of the cell which is generating
current, although in many cases it may be asymptotic
to this value. These complications arise because the shale
cell which gives rise to the potential is being measured
in ordinary S.P. practice on a closed electrical cireuit;
whereas for an exact measurement, as it would be made
in a laboratory, the measurement should be made poten-
tiometrically, i.e., on open circuit. This state of affairs
has been partially rectified by an ingenious device which
records the so-called static S.P. log (Doll 1950). This
device in effect makes in the borehole a potentiometric
measurement of the S.P.

It is not the intention of the writer to discuss in this
paper the geometrical effects of the formations on the
magnitude of the recorded S.P. These effects, though
serious in electric log interpretation, are purely physical.
They may be very largely overcome at the present time
by the application of static S.P. logging techniques or
even by the art of intelligent guess-work. For instance, in
figure 2 the S.P. of the formation at 6450-6472 is prob-
ably cut back because of the high resistance effect of
laminated thin beds. In an interpretation it would be
unwise to take the recorded S.P. at the level of this bed
as the true S.P. The maximum S.P. above and below
the bed is the same and probably is also the Static S.P.
of the laminated bed.

There is every hope that in the future the position
may be further improved. What seems to the writer to
be of critical importance is the nature of the mechanism
whereby the emf is set up, and particularly any quanti-
tative relationship which may exist between this emf
and the nature and composition of the fluids in per-
meable beds and in the borehole. It is imperative for
the proper interpretation of clectrical well logs that the
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electrical resistivity of the fluids within porous for-
mations be obtained. Thus any information concerning
these resistivities which can be derived from the S.P.
log is of major practical importance.

Practical Utilization of S.P. Log Date. It was pointed
out by the writer (Wyllie 1948) that if a portion of a
natural shale were interposed between two sodium chlo-
ride solutions, the potential which developed across the
shale appeared to be related by the Nernst equation to
the activity of the sodium ions in the solutions separated.

RT ay

E = In— (1)
a 222}

where

E = potential

RT
—— — thermodynamic temperature dependent param-
F eter

ay, @2 = single ion activities of the sodium ions in the
two solutions

Tt may be noted that the more dilute solution is positive,
whereas when an ordinary liquid-junction potential is
set up between the same solutions it is negative.

Table 1 shows some of the data obtained. In accord-
ance with the more recent findings of both Kressman
(1952) and the writer, the single ion activities which are
theoretically required by equation (1) have been re-
placed by activities based on mean activity coefficients.
These coefficients are taken from Harned and Owen
(1950). While the use of mean activity coefficient may
involve a constant potential error, the magnitude of
this error, if it exists, is not believed to be large. De
Witte (1950) seems to confirm the findings of the writer
regarding the applicability of the Nernst equation to
shales. However, the unorthodox method used by de
Witte to find the activity ratio of the sodium chloride
solutions he used and the uncertainty regarding the
absolute concentrations he employed (apparently these
were 0.01 N to 1.0 N) precludes the writer from giving
detailed consideration to his data.

Table 1.

Nernst |Observed
C1 molal{C2 molal ar a2 poten- | poten-
tial (mv)| tial (mv)

Shale type

Conemaugh__._____.__ 0.048 | 0.0112 | 0.0396 0.010 34.7 32.7
Woodferd.._______.__ 0.048 | 0.0112 | 0.0396 0.010 34.7 32.7
Conemaugh__.__.._._ 0.557 | 0.125 0.370 0.096 34.1 32.2
Woodford_ - ... _____ 0.557 | 0.125 0.370 0.096 34.1 32.2
Conemaugh.____.______ 1.000 | 0.400 0.654 0.270 22.3 23.0
Woodford ________.____ 1.000 | 0.400 0.654 0.270 22.3 23.0

Conemaugh_ .- 2.000 | 0.500 1.330 0.340 31.0 14.3

Conemaugh._ "7| 4.000|1.000 |3.132 | 0.65¢| 39.6 9.9
Woodford . ~_| 2000|0500 |1.330 | 0.340| 31.0| 34.2
Woodford .. 4.000 | 1.000 | 3.132 | 0.654 | 39.6 | 28.9

The data in table 1, which refer to a carbonaceous
Devonian shale (Woodford) cored at a depth of 6808
feet and a Pennsylvanian shale (Conemaugh) cored at
a depth of less than 100 feet, are typical of the labo-
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ratory data that are obtained with natural shale speci-
mens. Two features of the data are particularly stressed.
The first is that at low ionic strengths both shales give
the same potential and this potential is close to the
Nernst potential. At high ionic strengths the difference
between the potential observed and that calculated from
the Nernst equation inecreases, and this difference is not
the same for the two shale specimens. As will be shown
below, a failure to give potentials conforming to the
Nernst equation at high ionic strengths of the solutions
used is typical of an imperfeet membrane electrode.

The observation that shales separating sodium chlo-
ride solutions differing in activity give potentials which
tend to follow the Nernst potential suggests that the
S.P. log may be used to calculate the salinity, and hence
the resistivity, of subsurface waters in permeable rocks
penetrated by a borehole (Wyllie 1949). The method
has been further discussed and some of its limitations
outlined by the author in several publications (Wyllie
1949a, 1951, 1951a; Wyllie and Morgan 1951).

A cell in the earth which gives rise to an S.P. deflec-
tion may be resolved into the following components. A
shale barrier that separates two solutions of different
ionie activities and which gives rise to a potential of
the kind previously discussed. The two solutions are
respectively the mud fluid in the borehole and the in-
terstitial water in a permeable and porous rock. These
two solutions make contact in the interstices of the po-
rous rock thereby closing the electrical cireuit and giving
rise also, in ideal cases, to a normal liquid junection
potential. Current circulates from the shale into the
borehole, from the borehole into the permeable rock and
from the rock back into the shale. This is shown in
figure 3. If the activity of the fluid in the borehole is
less than the interstitial water activity, and this is com-
monly the case, cations move from the shale into the
borehole while anions simultaneously move across the
liquid junection formed in the permeable rock so as to
maintain an over-all electrical neutrality. The net effect
is the transfer of salt from the more concentrated solu-
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FIGURE 3. Schematic view of the potentials, current flow, ion
movement and S.P. curve for a permeable bed containing a solu-
tion of activity a., separating two shale beds and penetrated by a
borehole containing mud of activity am. ac>am.
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tion in the permeable formation to the more dilute solu-
tion in the borehole. The current flow is not large: in
typical instances, it is of the order of milliamperes. The
current density in the shale is very small.

The shale cell written in conventional fashion is

Mud//Interstitial water in the permeable rock/
Shale/Mud

If the mud and interstitial water are both assumed to
be sodium chloride solutions differing only in ionie
strength, and if the shale potential is considered to fol-
low the Nernst equation irrespective of the ionic strength
of the solutions separated, the cell may be formally
written

NaCl//NaCl/Na*electrode/NaCl (2)
as a aa

The expression for the potential of a cell of this na-
ture involving as it does both the equivalent of a sodium
electrode potential and a liquid junction potential is

RT a
E—=2 — In— (3)
F a2

where {_ is the transference number of the chloride ion
and ¢, and @, the mean ionie activities of the two sodium
chloride solutions.

For practical use equation (3) may be readily cast in
a form in which the potential E is related to the activity
ratio (@1/as) and temperature 7. For this purpose it is
only necessary to assume some reasonable average so-
dium chloride concentration for which the value of the
transference number as a funetion of temperature can
be found. If E is now identified with the maximum or
static S.P. on a log and the activity of the mud, as, is
measured, it is possible to arrive at a value of a4, the
activity of the interstitial water. Knowing this activity
the salinity and hence resistivity of the interstitial wa-
ter is easily found. Simple charts to accomplish these
steps have been published (Wyllie 1951).

Equation (3) thus forms the basis of a method of
computing interstitial water resistivity. The method has
been used with success by the author (Wyllie 1949a)
and is now standard practice in Gulf operations. A
similar method was evolved independently by Tixier
(1949) from a consideration of the S.P. phenomena and
interstitial water resistivities observed by him in the
Rocky Mountain area of the United States. Tixier’s
method, based purely on log data, so closely approxi-
mates the results of the writer’s theoretical analysis
that it may be construed as lending support to the analy-
sis made.

‘While the method is used with suceess within the
Gulf organization, others have not found it equally use-
ful.* A major difficulty is certainly that of obtaining
a fully developed S.P. deflection when geometrical ef-
fects, e.g., thin beds or excessive filtrate invasion, are
conspiring to reduce the maximum S.P>. deflection. The
formulae evolved by Doll (1949) for correcting the S.P.
for such geometrical effects are apparently too idealized
to be invariably successful in practice. However, static
S.P. logging will do much to overcome these difficulties,

* Dunlap, H. F., Personal communication, 1952.
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while the interpretation of conventional S.P. logs may
be greatly improved if the maximum consistent S.P.
deflection above and below (for preference) or in the
vicinity of the bed of interest, is selected. However, some
judement is required in the use of this technique, for in
some areas the salinity of interstitial waters may change
abruptly from bed to bed while in others the change is
gradual. Thus on the Gulf Coast the technique may be
reliable, but in California it is hazardous.

It is the experience of the writer and his associates
that in the United States the method may be used to
calculate a water resistivity sufficiently reliable for a
log interpretation in about 70 percent of cases. In an
effort to improve this situation and to determine to what
extent the results obtained have been fortuitous, atten-
tion has been given to the basic assumptions made in the
formulatioh of equation (3) and the degree to which
these assumptions may be relied upon in practical in-
stances. This program is still continuing, but has de-
volved into two basic lines of inquiry. These are an in-
vestigation of the existence and magnitude of potentials
other than electrochemical potentials which are recorded
on the S.P. log, and the mechanism of the electrochemical
potential. The latter problem has involved both the
theory of charged membrane electrodes and partieularly
the problem of the bi-ionic potential.

Electrokinetic Potentials. In drilling operations using
rotary rigs, the borehole contains mud fluid. This fluid
is designed to remove cuttings produced at the drill-bit
and to seal off permeable beds while drilling proceeds.
The density of the mud is maintained at a figure which
is sufficient to ensure that the hydrostatic pressure in
the mud column opposite any permeable bed exceeds
the pressure of the fluids in the bed. While this pressure
difference ensures that no bed yields its fluids into the
borehole during drilling, it inevitably leads to the steady
infiltration of drilling mud into all permeable beds. To
minimize this infiltration muds are designed to build on
the faces of permeable beds a filter cake having a per-
meability as low as the ingenuity of the mud engineer
can devise. Nevertheless, no filter cake is impermeable
and in all wells there is a steady flow of mud filtrate
from the borehole through the filter cake into permeable
beds.

The pressure differential causing the flow of filtrate
is a function of the mud density, the formation pressure
and the location of the bed in the borehole. While all
three factors vary, it may be said that in the depth
ranges now of interest in petroleum production the pres-
sure differential is always of the order of hundreds of
pounds per square inch and in deep wells it may be
several thousand pounds per square inch.

There is also a range in resistivity of modern drilling
muds, but the present tendency seems to be for them to
be progressively lowered. Resistivities of the order of
0.5 ohm-meters to 1.5 ohm-meters at a temperature of
about 70° F are now common, although figures both
above and below these limits are frequently encountered.
These resistivities imply ionic strengths of the order of
0.05 to 0.20 molal.

Such ionie strengths would not normally be eonsidered
as liable to give rise to electrokinetic potentials of any
magnitude, but experiments have shown (Wyllie, 1951)
that this assumption is not justified in well-logeing.
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Although the high ionic strengths of the filtrates which
are forced through the filter cakes sheathing permeable
beds are not themselves conducive to high streaming
potentials, they are more than outweighed in total effect
by the high zeta potentials of the filter-cake materials
and the very large pressure differentials causing fluid
flow. The filter cakes are largely composed of montmoril-
lonite clay, the exchangeable ions generally being so-
dium ; but probably some caleium also is present, partie-
ularly in the case of modern lime-base muds (Bergman,
1952). The cakes also contain weighting material in the
form of barytes, along with silieca and other solids arising
from the drilling operations. Oil in the filter cake is
characteristic when oil-emulsion drilling muds are em-
ployed.

It has been found that sinee it is deformable the
permeability of a filter cake is itself a function of the
pressure differential across it; thus the streaming poten-
tial across a filter cake is not the usual linear function
of the pressure differential inducing fluid flow. The
streaming potential appears to follow a relationship of
the form

E, = kpv (4)

Here E, is streaming potential in mv, k a constant which
depends primarily on the mud resistivity (and thus on
the mud filter-cake resistivity since these are interde-
pendent) and v is a constant for any particular mud
at a particular temperature. The value of y seems to
depend upon the deformation ability of the filter cake;
an average value is about 0.75. In ficure 4 are shown
some average values for the streaming potential-pressure
relationships of drilling muds of different resistivities.
The resistivities are expressed at a temperature of
25° C.

The fact that the constant & in equation (4) is approx-
imately proportional to the resistivity of the mud from
which a filter cake is derived is explicable if it is con-
sidered that the total non-conductive solid content of
a filter cake is largely independent of resistivity. The
solid content is probably related to the mud weight.
Hence k& would be expected to be proportional to the
mud-filtrate resistivity if the surface density of the
charge on the filter-cake particles were either constant
or filtrate-resistivity dependent. Data quoted by Mar-
shall (1949) seem to show that the surface-charge
density of kaolinite is practically concentration inde-
pendent when the clay is in the sodium form, and the
same may be true of montmorillonite. Thus in the range
of ionic strengths characteristic of drilling muds the sur-
face-charge density of the montmorillonite (bentonite)
which is invariably used may well be considered con-
stant. If this is so, the comparatively systematic varia-
tion with resistivity of the electrokinetic-potential char-
acteristics of muds of widely differing types becomes
explicable. Nevertheless, the effect of temperature on the
charge density is not clear (Wyllie, 1951) and remains
to be investigated further.

The charge on the filter cake is such that the filtrate
which penetrates a filter cake is positive with respect
to the mud from which it is filtered. This means that
when the electrochemical S.P. is negative, the S.P. de-
flection is numerically increased by the streaming po-
tential. The maximum S.P. or Static S.P., which is
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FiGURE 4. Average streaming potential-differential pressure
relationships for aquecus drilling muds.

assumed in the practical application of equation (3)
to be wholly electrochemical in origin, is in fact the
algebraic sum of an electrochemical potential and an
electrokinetic potential. The magnitude of the electro-
kinetic component of the total S.P. cannot always be
considered negligible as the data of figure 4 reveal. For
high mud resistivities in particular, and even for com-
paratively low mud resistivities if the pressure differen-
tial is high, the electrokinetic component may be far
from negligible. Thus in deep wells, particularly, it
would seem that allowance must be made for the elec-
trokinetic potential.

From a purely practical standpoint, assuming that as
an approximation no correction for the electrokinetie po-
tential is being made, it is interesting to note that the
error in the computation of an activity ratio from equa-
tion (3) will not be a function of the ionic strength of
the interstitial water. This fact is shown graphically in
figure 5. This figure reveals, for example, that the ratio
of apparent activity of interstitial water to true activity
of interstitial water is 1.65 whether the true activity
of the interstitial water is either twice or one hundred
fold greater than the mud activity.* It also shows that
to use equation (3) empirically, by arbitrarily adjusting
the value of 2t. RT/F to allow for the effects of elec-
trokinetic potentials, is not practicable since the em-
pirical constant would be a parameter contingent upon
mer, the error in the calculation of interstitial water resistiv-

ity is less for high absolute interstitial-water activities. Both the

shape of the resistivity-salinity curve at high salinities and the

nature of the activity-salinity relationship at high activities con-
tribute to this fact.
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the absolute activity of the interstitial water. This pro-
cedure is mentioned since it appears to have been at-
tempted in field practice.

The only practical method of reducing errors resulting
from electrokinetic potentials, without making a specific
correction for the clectrokinetic component of the S.P.,
is to lower the mud resistivity. This has been discussed
previously (Wyllie, 1951).

Another method of reducing the streaming potential
is to adjust the exchangeable ion on the montmorillonite
in the filter cake, possibly by substituting a polyvalent
ion for the predominant sodium ion. However, this seems
impracticable both because of the expense involved and
because the large zeta potential itself contributes de-
sirable properties to the mud as a plastering agent and
as a suspending medium for drill cuttings. Also, as will
be discussed below, the presence of any substantial
quantities of polyvalent ions in the drilling mud would
seriously complicate the interpretation of the eleetro-
chemical component of the S.P. curve.

Investigations of the electrokinetic component in
actual field operations are now being carried on using a
device (Wyllie, 1951b) which makes use of the hydro-
static pressure in the borehole to build a filter cake on
the exterior of a porous container. The container volume
is sufficiently large that its internal pressure is not seri-
ously increased by the accumulation within it of mud
filtrate. As the device is lowered down the borehole, the
streaming potential between a reversible electrode within
the container and a similar electrode outside is auto-
matically recorded as a function of depth. Since the
internal pressure of the container is almost constant,
the streaming potential across the filter cake is recorded
as a function of the external hydrostatic borehole pres-
sure. Using this device the electrokinetic potential char-
acteristics of muds can be logged in the borehole. This
procedure eliminates the effects of mud aging which may
oceur when mud samples are transferred to the labora-
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tory for testing. Also it is possible to attain readily
differential pressures of the order of thousands of
pounds per square inch. For technical reasons such
pressure differentials are not readily obtained in the
laboratory. Tests of this device appear to confirm the
aceuraey of equation (4). They may also lead to further
knowledge coneerning the range of pressure differential
over which the exponent y in the relationship I, = kPY
may be considered constant (Wyllie, 1951).

In cxceptional eases where pressure differentials are
very high and the interstitial water activity is lower
than that of the mud, it appears that the streaming
potential may be sufficiently large to effect an entire
reversal of the S.P. curve. Thus in figure 6 the S.P. of
the sand at 10,215 to 10,155 feet is —38 mv. Water
was actually produced from this formation and had a
salinity of 2,083 mg/1 of which 622 mg/1 were sodium
ions, 5.8 mg/l, magnesium and 23.2 mg/1, caleium. The
measured pressure differential across the filter cake was
1950 psi. For the mud resistivity used, 1.55 ohm-meters
at 25° C (mud filtrate resistivity 0.66 ohm-meters),
figure 4 indicates a streaming potential of about —60
mv. This implies an electrochemical potential of --22
mv, which for a formation temperature of 194° F leads
to a salinity, based on equation (3) and the curves given
in Wyllie (1951), of about 3,000 gm/l. The agreement
here is satisfactory, but it may be noted that no allow-
ance has been made for the possible effect of tempera-
ture on the electrokinetic characteristies of the drilling
mud filter cake. While preliminary experiments appear
to indicate that such a temperature effect is not large,
it is not yet possible to state whether or not this is gen-
erally true.

In fine, however, it appears that streaming potentials
cannot be neglected if equation (3) is to be used for the
purposes of practical computation. Thus methods of
logging the streaming potential in the borehole or of
otherwise allowing for it should be further investigated.
This is particularly true for regions such as Venezuela
and parts of California where the low natural salinity
of interstitial waters contributes to the use of relatively
high resistivity natural drilling muds. Where drilling
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FI1GURE 6. A reversal of electrochemical S.P.
which results from high electrokinetic S.P. (electro-
chemical S.I. at 10125-10155” is positive).
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it is probably permissible to forego any streaming po-
tential correction unless pressure differentials are known
to exceed about 1,000 psi.

Nevertheless, the practical use of equation (3), assum-
ing that a true electrochemical potential can be obtained,
is eontingent upon its validity. The question of the va-
lidity of eqmation (3) is diseussed below.

Shale as a Membrane Electrode. Wyllie and Patnode
(1950) suggested that the electrochemical properties of
natural shales could be rationalized if it were considered
that these materials represented natural embodiments
of charged membranes. They also presented a brief dis-
cussion of what they believed was the essential electro-
chemical structure of shale membranes, drawing an anal-
ogy between the structure of shales and the structure
of heterogenous membranes prepared by bonding arti-
ficial cation-exchange materials with inert and insulating
plastics. It is proposed here to amplify these concepts.
It may be noted that there has been no alternative to the
structure tentatively proposed other than one by Wil-
liams (Wyllie, 1949), who in a discussion of an early
paper by the writer, appeared to suggest that the electro-
chemical energy of the shale cell was less a function of
the properties of the solutions separated by the mem-
brane than a property of the membrane itself. In
Williams’ view the shale is in equilibrium with the saline
water contained in its interstices. He suggested that the
chloride ion is more strongly adsorbed than the sodium
ion, so that the former is constrained by adsorbtive
forces while the sodium econstitutes the counter ion.
When in contact with a dilute salt solution, the sodium
ions are conceived as diffusing away from the clay par-
ticles in the shale before the corresponding chloride ions
are desorbed. He suggested that the ‘‘leading’ of the
counter ions gave rise to the potential effects observed.
This view accorded with his belief that the shale poten-
tial was relatively transient. It also served to explain
his observations that the potential was in large measure
dependent on the nature of the shale membrane used.

While certain aspects of Williams’ theory are in broad
aceord with prevailing concepts of the action of mem-
brane electrodes, the statement that the potential is
transient is not in aceordance with other experimental
observations. Provided no physical leaks or cracks in a
shale occur, the observed potential is maintained if the
activities of the solutions separated by a shale membrane
are maintained constant. If, of course, the potential is
measured on closed cirecuit, the flow of current itself
tends to equalize the concentrations of the two solutions
and hence diminish the observed potential. Nor did
Williams appear to take cognizance of the quantitative
agrecment between the potentials observed and those
demanded by the Nernst equation. This agreement, the
potentials observed using sandy shale specimens, and the
behavior of shale membranes when in contact with solu-
tions containing cations other than sodium, all suggest
that a shale barrier behaves as a typical charged-mem-
brane electrode.

The Electrochemical Properties of Charged Mem-
branes. In any discussion of the properties of charged
membranes or, as they are sometimes termed, membranes
of high ionie selectivity, it would be invidious to neglect


https://doi.org/10.1346/CCMN.1952.0010125

Part VII]

to mention the pioneer work of Leonor Michaelis. For-
tunately, a recent review by Sollner (1950), who has
himself made a great contribution to the subject, gives
adequate references to work carried out prior to the last
two years.

Although imperfect in several respects, the best theory
now cxtant covering the properties of charged mem-
branes is the so-called Meyer-Sievers-Teorell theory
(M.S.T.) suggested independently by Meyer and Sievers
(1936) and Teorell (1935).

The membranes to be considered may be conceived as
being porous, the size of the pores being of the order
of a few Anestrom units. In their internal structure the
pores may be visnalized as being geometrically similar,
for example, except in their size, to the pores in any
unconsolidated or consolidated porous medium. However,
along the pore walls are irregularly arranged fixed
charges. These charges may be either positive or nega-
tive and are electrically neutralized by appropriate anion
or cation counter ions. Thus a charged membrane may
be expected to exhibit cation exchange, although the
magnitude of this exchange eapacity need not neeessarily
be large. Whether the charge on the membrane is posi-
tive or negative does not affect its fundamental behavior.
For convenicnce of presentation, since shale membranes
appear to be negatively charged, attention will here be
given to membranes of this type.

-

7. Cross-section through pores of a negatively charged

membrane of high cationie selectivity.

FI1cURE

In figure 7 is shown schematically a cross-section of
two pores in a membrane of high ionic seleetivity im-
mersed in an agqueous solution containing positive and
negative ions. The fixed negative charges shown may be
a residual electrostatic charge (analagous to the charges
on clays) or may be a negative group such as a sulphonic
acid group. The latter is characteristic of many synthetic
cation-exchange materials. Each negative group is bal-
anced by an adjacent positive ion, although these ions
may be conceived as possessing reasonable mobility. The
charge balancing is dynamic and statistical rather than
static and exact. Around each fixed negative charge a
zone may be conceived into which, due to electrostatic
repulsion effects, an anion cannot effect entry. If this
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zone of repulsion effectively filly 4 pore (i.e., fills it to an
extent which does not permit a particular size of anion
to find unrestricted passage between the periphery of
the repulsion zone and the pore wall), that pore will be
effectively blocked to anions. Clearly then, three factors
affect this situation; the magnitude of the negative
charge, the effective size of the anion and the manuer in
which the negative charge is disposed in relation to the
internal structure of the pore. These are the so-called
steric-geometrical effcets discussed by Sollner (1945).
If complete pore blocking is achieved, the membrane be-
comes impervious to anions and it will conduct only by
the passage of cations. This means that the cation-trans-
ference number is unity, the anion-transference number
zero. Such a membrane will give potentials which ohey
the Nernst equation exaectly when separating two solu-
tions having different activities but with a cation in
common. Such a potential will also be stable since no
continuous passage of cations through the membrane
can take place. This follows because the separation of
charge which would be involved would be too prodigious
to be permissible.*

A similarly perfect membrane separting two solutions
in which the cations are not the same would also give
rise to a potential, the so-called Dbi-ionic potential
(B.I.P.). Although reproducible B.1.P.’s are easily de-
termined, this type of potential is inherently unstable,
since the two cations will tend to diffuse through the
membrane until their mixed concentrations are identical
on both sides. There is no electrostatic barrier to this
mutual diffusion. The reproducible B.I.P. which is
initially measured (when no diffusion has occurred) ap-
pears to be a function of the activities of the cations
separated by the membrane and their transference num-
bers and activity coefficients within the membrane.

Membranes have been made in the laboratory by the
process of compacting a powdered artificial or natural
cation-exchange material (clay) wunder high pressure
and bonding the compacted particles by filling the inter-
stices between them with an insulating plastie. The best
of these membranes appear to be almost perfect. Such
membranes have a cation-transference number which is
very close to unity, i.e., they have only a very small
anion ‘‘leak.’” In general, however, most membranes are
not perfect and in such cases the passage of anions into
the membrane pores becomes possible. The distribution
of anions and cations within and without the membrane
ig then controlled by a Donnan distribution. In such a
distribution the product of the cation and anion activi-
ties inside the membrane is equal to the same produet
in the solution in which the membrane is immersed.
Owing to the presence of fixed negative charges within
the pores, it follows that the cation activity within the
membrane is higher and the anion activity lower than
in the external solution. The ionic strength is now also
a factor of considerable importance. The higher the ionic
* Tt is also of interest to note that if such a membrane has a finite

hydraulic permeability, water forced through the membrane will
not contain salt. This has been experimentally verified. Thus a
perfectly ion-selective membrane would be a perfect sieve to re-
move salt from water or to concentrate salt on one side. It may
be noted that if natural shale membranes are substantially im-
pervious to anions (as their electrochemical performance in-
dicates) they would affect the saturation of salts in water
expressed from them during compaction. This would serve to ex-
plain thermodynamically a property of shales that was postu-

lated as a necessity by de Sitter (1947) in his theory of the
diagenesis of oil-field brines.
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strength of the external solution, the greater the anion
activity (and concentration) within the membrane.

If a membrane of imperfect ionic selectivity is used
to separate, for example, two sodium chloride solutions,
then each face of the membrane adjusts itself so as to be
in Donnan equilibrium with the solution in contact with
it. Within the membranes is formed a liquid junction
potential between the different concentrations of anions
and cations characteristic of these two Donnan distri-
butions. If the ionic activity of the fixed charges within
the membrane, expressed as gram moles per 1,000 grams
of water within the pores of the membrane, is 4, it is
possible to compute the potential across the membrane
as a function of A4, the concentrations of the external
solutions and the mobilities of the anions and ecations
within the membrane. This caleulation forms the basis of
the M.S.T. theory of membrane behavior. The total
potential is composed of three separate components; a
Donnan potential at each membrane face and a liquid
junction potential within the membrane.

For NaCl solutions this may be represented as

——————Membrane —————>

A + VA T dai ; A + VAT F 4o
_—Iiagr=—

Solution 1 | Cl- = Solution 2

2 1 . 2
Nat = a Na+r=Cl- 4 A fNa* =CI- + A Nat = @
A+ VAT daz | A+ VAT To?
Clr=a = e} =} "= a
o a
2 . 2
Donnan Liquid Donnan
Potential Junction Potential
#1 TPotential #2
RT a1
Donnan Potential #1 = — 1n

F (A + VAT E 4‘a12)
2

RT - Uln [ VA% L da? + UA]

Liquid Junction Potential = —

rd VA% + 4a® + UA

RT az
Donnan Potential #2 = —-—1n

F A+ VAT a7
2

where Uy, and Ug are the sodium

UNa - UCI
UNa + UC]

and chloride ion mobilities within the membrane.
The total potential is thus
RT  ai- A4+~ A2+ 4a” RT [\/m + UA]

In— ————— 4+ —Uln
F a: A+ AT+ 4a? F vV A? T+ 4a? 4 U4
(5)

If A » a; or as equation (5) reduces to the Nernst
equation, RT/F 1n a;/as. On the other hand if 4 « a4
or as equation (5) reduces to the ordinary liquid-june-
tion potential £ = RT/F Uln a;/as. These potentials
thus represent the upper and lower limits possible.

Equation (5) shows that when a; or a2 are small by
comparison with A the potential developed across a
charged membrane may be expected to approximate
closely to the Nernst potential. The larger the absolute

Here U —

E =
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value of A, the higher will be the permissible activities
(concentrations) which may be used before the potential
developed seriously diverges from the Nernst potential.
Thus it may be seen that, qualitatively at least, the data
tabulated in table 1 are indicative of two charged mem-
branes of which one, the Woodford shale, has a higher
effective charge, A, than the Conemaugh shale. While
both shales tend to give potentials obeying the Nernst
equation when the activities a7 and as are small, the
Conemaugh shale diverges more from the Nernst equa-
tion than does the Woodford when these activities be-
come larger.

A more convenient way of showing this effect is to
maintain one activity, ., at a constant and small figure
and progressively to increase the activity a;. Then a plot
of potential on a linear scale against activity, a;, on a
logarithmic scale will give a straight line having a poten-
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tial change equal to (RT/F) or 59.17 mv at 25° C for
each tenfold increase in @y if the Nernst equation is
obeyed. Figure 8 shows some typical results obtained on
a series of somewhat sandy shales taken from different
depths in the same well. All but one of these shales
eive potentials which follow the Nernst equation when
the activities arc small. The potentials diverge progres-
sively from the Nernst equation as the activity of the
one solution is progressively increased. The potentials
at high activities are always lower than the Nernst
potential as would be expected if an increasing propor-
tion of current were being carried by anions.

Clearly the shales which gave rise to the data in
figure 8 are very far from being ideal membrane elec-
trodes. Although superior to these in their behavior, the
Woodford and the Concmaugh shales used to obtain
the data of table 1 are likewise not ideal. The writer
and his associates have now tested the electrochemical
performance of large numbers of shale samples obtained
from wells in all parts of the world, and it can be said
that only a few of these specimens were superior to the
Woodford shale specimen used to obtain the data of
table 1. The great majority of shale specimens gave
potentials, when separating solutions of high ionic
strength, which were considerably below the theoretical
Nernst potential.

The data obtained indicate that when measured in
the laboratory most shale specimens do not act as ideal
membranes through which electrie current is effectively
carried only by cations. The data and the previous dis-
cussion also serve to explain the observation of Williams
noted above. Unless a systematic investigation is made,
the potentials given by different shale specimens when
separating identical pairs of solutions appear guite un-
predictable and entirely a function of the nature of the
shales employed. And indeed these potentials are a func-
tion of the shales, or at least of their structure, since the
shale eomposition probably controls the extent of anion
leak. Alternatively, the physical and chemical nature of
the shales, following the lines of the M.S.T. theory, may
be said to control the magnitude of the charge, A, and
the cation/anion intramembrane mobility ratio.

It follows then, if all shale specimens examined in the
laboratory are found to deviate to greater or lesser ex-
tents from the ideal behavior quantitatively expressed
by the Nernst equation, that equation (3), which is
based on ideal behavior, is not generally applicable.
Specifically, apart from any other disabilities from
which it might suffer; such as the assumption that the
critical ions affecting the shale are sodium ions only,
equation (3) would be expected to hold fairly generally
only if interstitial waters were of low ionie strength.
From a practical standpoint equation (3) would then
be worthless.

Clearly the question of the ideality of shales as mem-
brane electrodes when in situ in the earth represents,
from a practical standpoint, the crux of the entire
problem.

The Ideality of Shale Beds in Situ as Membrane Elec-
trodes. To settle the question whether shale beds in
situ can be considered as substantially perfect negatively
charged membranes is not easy. Several approaches are
possible. Certain of these are direct, others involve

https://doi.org/10.1346/CCMN.1952.0010125 Published online by Cambridge University Press

Cray TECIINOLOGY IN THE PETROLEUM INDUSTRY 291

purely deductive reasoning. None are entirely satis-
factory.

The direct approach is clearly to check equation (3)
by actual measurement. That is, to compare salinities
computed using equation (3) with those actually meas-
ured. To achieve this satisfactorily and with the degree
of aceuracy required for a truly valid test is not casy. Tt
is imperative that the total S.P. be accurately measured
opposite a very thick clean formation if a standard S.P.
log is used, or preferably by using a static S.P. log. The
total S.P. must then be corrected for an electrokinetic
potential component if one exists. The activity of the
mud must be measured. This may be done using a syn-
thetic membrane electrode of very high ionie selectivity
(Wyllie and Patnode, 1950). While there are indica-
tions that a rather good activity may be derived from
the resistivity of the mud filtrate by considering the
filtrate as a pure solution of sodium chloride, sufficient
experience has not yet been accumulated to suggest
that this is invariably true. Some of the data obtained
to date are given in table 2. Theoretically, however,
unless the filtrate is composed only of soluble sodium
salts, the properties of the membrane must influence
somewhat the activity measured. That is, the activity
with respect to the measuring electrode is theoretically
not exactly its activity with respect to shales unless the
filtrate solution is monocationic. The reason for this will
be shown below. However, unless there is a considerable
percentage of ions other than sodium dissolved in the
mud the error is likely to be negligible by comparison
with other errors.

Table 2. Relationship between mud activity directly measured
using an Amberlite IR-100/polystyrene electrode (mud against
standard NaCl solution) and the activity computed from the mud
filtrate resistivity assuming the filtrate to be a sodium chloride
solution.

Mud resis- | Mud filtrate | ppo, | AUVl

Nature of mud tivity and resistivity and activity trate re-
temperature temperature molality sistivity

ohm-meters ohm-meters molality

Caustic-quebracho

Bentonite___________ 1.7 at 50°F 0.93 at 50°F 0.1045 0.1056
Bentonite_ _ ________._ 1.8 at 70°F 0.97 at 70°F 0.088 0.081
Bentonite_ ______ _-_.] 0.9 at 70°F 0.56 at 70°F 0.145 0.135
Bentonite______...__ 1.5 at 60°F 0.98 at 60°F 0.099 0.092

Natural . ____________ 7.9 at 76°F 5.9 at 76°F 0.0137 0.0105
Natural ____________. 2.0 at 76°F 2.0 at 76°F 0.053 0.038

Trials fulfilling these rigid conditions have been few.
The data from one, held in a well in Oklahoma, are given
in table 3. In table 3 the calculations of the electrochem-
ical S.P. were based on sodium chloride solutions of con-
centrations equal to the total dissolved solid contents of
the waters produced. The streaming potentials were
derived from laboratory measurements made on mud
samples taken at the time of logging. These samples were
heated during the measurements to the temperatures
which obtained in the hole opposite the formations. Mud
activities were measured with Amberlite TR-100/Poly-
styrene electrodes. Pressure differentials across the filter
cakes were determined by direct measurement of the
formation pressures and the hydrostatic pressure of the
mud column.
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Table 3. Comparison between theoretical electrochemical and electrokinetic S.P. and measured S.P.
Interstitial Mud activit Theoretical Theoretical Total Maximum
Section water activity AMudacuvity fe/8m electrochemical electrokinetic theoretical measured Trial number

ac Ban emf emf emf 8. P.

Feet mv mv mv mv
1254-1300_ . _ ... ___ 0.36 0.0688 5.24 52.0 6.2 58.2 55.5 1
1254-1300_ . ________ 0.36 0.0688 5.24 52.0 7.0 59.0 55.0 2
1254-1300. . _..___ 0.36 0.0879 4.10 44.5 6.0 50.5 46.5 3
1254-1300______.___ 0.36 0.0983 3.66 40.5 5.5 46.0 45.5 4
1254-1300______.___ 0.36 0.1185 3.04 35.0 8.5 43.5 43.0 5
2358-2375__.____.___ 1.65 0.0688 24.0 100.5 8.0 108.5 111.0 2
2358-2375_ .. ___.___ 1.65 0.0879 18.8 93.0 7.0 100.0 103.0 3
2358-2375_ .. _._____ 1.65 0.0983 16.8 83.0 6.5 95.5 86.5 4
2358-2375_ .. ___._._ 1.65 0.1185 13.9 83.5 10.0 93.5 108.5 5

Water analyses.

Ions (mg/l) 1254-1300 ft. 2358-2375 ft.
1,140 nil
18,364 96,780
381 24
11,691 48,082
446 8,310
210 2,254
34,050 156,350

The five trials recorded were made at intervals during
the course of about one month during which the hole was
being deepened. The formations were cored and were
found to be relatively free of shale or clay contamination.

Considering the assumptions made, table 3 reflects rea-
sonably good agreement between potentials based on
equation (3) and those actually measured. It may be
noted that the ionic strength of the 2358-2375 feet for-
mation water is large.

An analysis made by the writer (1949a) showed that
in a number of different regions in Kentucky, Oklahoma
and Illinois the agreement found between the S.P. mea-
sured and that based on equation (3) was good. In these
regions the salinities of the interstitial waters ranged as
high as 172,350 mg/l. Nevertheless, in this examination
no correction was made for possible streaming poten-
tials, and mud activities were not actually measured.

It has been noted previously that the total S.P. is
widely and rather successfully used in the routine em-
ployment of equation (3). While perhaps suggestive of
the basie accuracy of equation (3), this fact cannot be
considered a direct substantiation of its validity since
electrokinetic potential corrections are not normally
made nor accurate activities used. The possibility that
the agreement is dependent upon a fortuitous compensa-
tion of error has already been noted (Wyllie, 1951).

Indirect approaches to the basic problem, whether or
not shales * can be considered perfect membranes, may
now be considered.

* The writer is aware that a shale is difficult to define rigidly. At
what point does a shale become a sandy shale and the latter a
shaly sand? In this paper shale, unqualified, is deemed to mean
an argillaceous material which, if free of geometrical effects,
would give on a log a S.P. shale baseline. The classification is
admittedly arbitrary and could even be unrealistic geologically,
since a section of sandstone in which every pore was entirely
filled with shale could, under certain circumstances, give a per-
fect shale baseline.
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If a shale is not a perfect membrane then any shale
which is sandwiched between two horizontal permeable
beds which contain different salinities of interstitial
water would not only develop a potential between the
two permeable beds but would permit current to flow
from one bed to the other in a perpendicular direction.
The current would flow in such a direction as eventually
to equalize the salinities of the waters in the two per-
meable beds, The rapidity with which this equalization
would take place would depend upon the thickness of
the intervening shale bed and the difference in the
salinities of the waters in the two permeable beds. The
greater the salinity difference and the thinner the shale
bed, the higher the potential gradient across the shale
and the more rapid the rate of ionic migration. However,
for thick beds and for relatively small differences in
interstitial water salinities the rate of equalization would
not be high and even geologic time would probably be
insufficient to effect substantially complete equalization.
Thus the fact that shale beds are known to separate per-
meable beds which have interstitial waters of different
salinities is not valid evidence of their complete anion
impermeability. Indeed the fact that in many regions the
salinity of interstitial waters changes very slowly with
depth might tend to indicate rather that the contrary
were true and that shales were relatively inefficient as
anion impermeable membranes.

Perhaps the most suggestive fact which bears on the
question of the efficiency of shale as membranes is the
observed constancy of shale baselines on logs made in
every part-of the world. On the great majority of logs,
it is possible to draw a consistent shale baseline over
many thousands of feet of log. This baseline on the usual
log is drawn through the most positive excursions of
the S.P. curve, and it is defined in most reasonably
shale-rich sections by numerous shale beds. When the
fact is considered that any change in the contact poten-
tial of the borehole electrode with the mud fluid affects
the baseline, it may be said that each of these shale beds
possess an electrochemical property which, within a few
millivolts, 1s identical. Here, then, is a measure of con-
sistency which in any one well is possesed by shales
laid down at what must often have been widely differing
geologic times. Nor arc these shales physically identical.
They generally differ in the amounts of clays, organic
materials and silts which they contain and the extent to
which they have been lithified.
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For simplicity a clean, shale-free permeable bed
separating two shale beds may be considered. It will be
assumed, as seems generally to be the case, that within
the permeable bed the salinity of the interstitial water is
uniform. Then the S.P. deflection at the top of the per-
meable bed results from a chemical interaction between
the mud and interstitial water with the shale lying
above the permeable bed. This interaction leads to the
production of an emf which in turn causes the S.P.
curve to deflect a definite amount. If the permeable bed
is sufficiently thick, the ohmic potential changes in the
borehole which affect the borehole electrode potential do
not persist over the entire bed thickness. The S.P. de-
flection climbs to a plateau and the borehole potential
does not alter until the eleetrode is subjected to the
effects of current circulation which result from the elee-
trochemical interaction of the lower shale bed with the
interstitial water and mud. The potential change is now
in a sense opposite to that experienced by the electrode
at the top of the bed and the S.P. deflects from its
plateau opposite the permeable bed, finally attaining a
fresh value opposite the lower shale bed. If the poten-
tial opposite the lower shale bed is identical with that
opposite the upper, that is, if there is a constant shale
baseline, it follows that the potential given by the elec-
trochemical interaction of the lower shale bed is identical
with that given by the upper. By the same token, if the
shale baseline is maintained over thousands of feet, it
follows that each shale which separates a permeable bed
behaves in an identical fashion* eleetrochemically.

This point may be further clarified if it is noted, as
pointed out by Doll (1949), that the S.P. curve is sym-
metrical. A constant ‘‘sand line,”’ that is a line drawn
through the maximum negative excursions of a conven-
tional log, is not obtained unless all interstitial waters
in permeable beds are identical. Such sand lines are ob-
tained (fig. 2) but generally over small distances com-
pared with shale baselines. Thus, as noted above, the
existence of a constant shale baseline extending over an
entire S.P. log implies remarkable electrochemical ho-
mogeneity amongst all the shales in the borehole.

Now the electrochemical potential developed by each
shale above and below a permeable bed is controlled by
the same two fluids, the mud and the same interstitial
water. If the two shales are imperfect, this implies that
each shale possesses an identical anionie leak. On the
basis of the M.S.T. theory each possesses the same charge,
A, and the same ratio of cation and anion mobilities.
Figure 8 shows that leaky membranes do not show the
same electrochemical potentials when separating identi-
cal solutions except in the range of concentration in
which they follow the Nernst equation. Figure 8 may
be eonsidered typical of results obtained with imperfect
membranes. Even when membranes are made from iden-
tical percentages of identical cation exchange material
and plastic and are moulded in an identical manner, it
is extremely rare for two membrances to give identical
potentials in the concentration range in which the Nernst
potential is not followed. It is, however, pertinent to note
that in the range where the Nernst equation is obeyed

* The fact that certain thin shale beds do not return to the base-
line obtained in conventional S.P. logging is purely a geometri-
cal effect and does not affect the argument developed. Doll
(1949 ) has adeqnately treated this point.
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FicURE 9. Electrochemical structure of shale.
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the physical nature of a non-homogeneous electrode, or
the amount or type of eation exchange material it con-
tains are of no importance. This is to be expected the-
oretically and has been demonstrated experimentally
(Wyllie and Patrode, 1950).

The weight of existing evidence seems to indicate that
shales in situ in the earth do act as perfect membrane
electrodes. In this event equations of the type of equa-
tion (3) may be expected to be applicable to the electro-
chemical potentials developed when all conditions for
their application are fulfilled. Nevertheless, it must be
pointed out that if further research on the nature of
shales and on the structure of charged membranes should
disclose that the value of 4 and the cation/anion mobil-
ity ratio in all shales could reasonably be identical, this
conclusion could no longer be sustained. In this paper
the fact that shales in situ do obey the Nernst equation
will be assumed and the consequences of that assumption
will be examined.

A Tentative Electrochemical Structure for Shales. In
figure 9 is given a tentative two-dimensional physical
picture of the essential structure of shales from the elec-
trochemical standpoint. For this purpose the principal
constituents of shale are assumed to be silica, hydrous
mieca, and kaolin. These components, for the marine
shales which are of patricular importance in petroleum
exploration, have been found by the writer’s colleagues
to be typical. These components appear also to be in
essential agreement with the results reported by others
(Millot, 1952). In most shales, the silica particles vary
in size, many being similar in size to the clay particles.
The plate-like structure of the clays makes them tend
to orientate themselves parallel to the bedding planes
of the shale. In figure 9 the particles of hydrous mica
are drawn surrounded by a water sheath in which are
located the exchangeable ions. In this same sheath there
will, therefore, cxist a considerable negative electrostatic
charge, a force repelling anions. Between the partiecles
of clay and silica there is water containing dissolved
salts. In the figure the line of demarcation between the
water sheaths surrounding the clay particles and the
inter-particle water has been drawn for convenience of
presentation. Actually this is artificial and a swarm of
ions gradually changing in composition is to be expeeted.

Under the enormous pressure of compaction resulting
from the weight of overlying strata, the particles of all
kinds are forced tightly together. If the pressure is such
that all continuous paths for ions through the shale
involve at some point passage through the water sheath
surrounding a clay partiele, it will mean that within the
shale will P\]St a surface across which electrie current
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Frcure 10. Shale baseline shift of 60 mv apparently resulting from a gradation of interstitial water salinity.
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can only be carried by cations; i.e., the anion transfer-
ence will be zero. From a thermodynamic standpoint, if
there is such a surface in the shale, the shale will fune-
tion as a perfect negatively charged membrane.

It is, perhaps, not immediately obvious that the con-
centration of the connate water in the shale, which
largely controls its electrical resistivity, does not affect
the potential developed. Thus, marine shales frequently
show a lower resistivity than non-marine shales (Clau-
det, 1950) although electrochemically both shale types
may behave similarly. This fact may be demonstrated
if a system is considered composed of a number of per-
feet membranes separated by solutions of different con-
centration. For convenience all the solutions will be con-
sidered to consist of NaCl, but the result can be readily
generalized. Consider:

NaCl NaCl NuCl Na(l NaCl
a1 as as a4 as
M eml-)ranes

Then the potential is
RT a;y RT a9 RT a3 RT ay

B=—1n— 4 —1ln—f —1In—F —In—
F Qo b Qas 7 (123 Va as
RT [25%
=—1n— (6)
v as

That is, only the exterior solutions affect the over-all po-
tential developed. The electrical resistivity of the system
is a function of the resistivities of the membranes and
the solutions. If the conducting paths in the membranes
are small by comparison with the paths through the
solutions, the latter will be dominant. This appears to
be the physical situation in shales.

If overburden pressure is removed from a shale, a
certain degree of elastic expansion is to be anticipated.
This alone will tend to give rise to leak paths available
to anions, for the general effect will be to decrease the
effective charge, A, of the membrane. For while the
charges on the clays are not altered, the effective volume
in which they are disposed will be increased, leading to
a diminution in the molal activity, A. In laboratory
practice this effect is frequently reinforced by unavoid-
able drying and cracking of the shale which gives rise
to even larger leak paths. IHence it is not surprising
that the electrochemical performances of shale samples
when tested in the laboratory are often inferior to their
apparent performances in situ.

Experimental verification has been found of the postu-
lated effeet of pressure. Thus membranes formed by
moulding powdered shale in lucite under a pressure of
5,000 psi have been found to possess an electrochemical
performance superior to that of the shale samples before
powdering (Wyllie and Patnode, 1950). An analogous
effect appears to be obtained when using synthetic sul-
phonated phenol formaldehyde cation exchange resins
(Wyllie, 1952).

Shale Baseline Shifts. An abrupt shift of the shale
baseline is sometimes observed. Although the phenome-
non is comparatively rare it unquestionably exists. When
considering such shifts, it is wise to concentrate on those
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which are characteristic of a particular environment
and which are reproduced on all logs run in a particular
field. Isolated shale baseline shifts on logs are more often
the consequence of an instrumental fault in the logging
equipment than the manifestation of a genuine phe-
nomenon,

In figure 10 is reproduced a log which shows a well-
defined shale baseline shift. This shift is characteristic of
all logs in the area. From figure 10 it may be scen to
amount to 460 mv.

On the log there is a good shale baseline down to
1760 feet and another below 1875 feet. The maximum
S.P. deflection of the permeable beds above 1760 feet
is rather constant and amounts to —37 mv. The max-
imum deflection of the beds at 1835-1860 feet with refer-
ence to the lower shale baseline is -——97 mv., The mud
activity is 0.033 g moles/1000 ¢ water. Application of
equation (3) glves an interstitial water activity of
about 0.064 corresponding to —37 mv and 0.74 corre-
sponding to —97 mv. These activities in turn correspond
to NaCl solutions with salinities of about 5,000 mg/1
and 66,000 mg/1 respectively. At the formation tempera-
ture of 86° F, solutions with these salinities would have
resistivities of about 1.0 ochm-meter and 0.09 ohm-meters.

It has been established that in the section 1680-1780
feet the formation factor (1942) of the permeable sec-
tions is rather constant. Thus the slope of the resistivity
curves between these depths appears to reflect a rather
steady change in interstitial water resistivity. The re-
sistivity charge is from about 1 ohm-meter to 10 ohm-
meters, a ratio of about 10 to 1. This ratio agrees closely
with the ratio of the caleulated water resistivities, 1 ohm-
meter and 0.09 ohm-meters. Figure 10 appears to be an
excellent example of a shale baseline shift which results
because the salinity of the water in a series of rather
shaly permeable beds changes, so that the water in con-
tact with the shale which constitutes a part of the upper
shale baseline is very different from the water in contact
with shale which constitutes a part of the lower shale
baseline. However, both the upper and lower shales ap-
parently have electrochemically identical properties.

The change in salinity which is shown in figure 10
may readily be discerned on the log. Ience the conclu-
sions drawn from the S.P. curve can be easily cheeked
against the data of the resistivity curves. Were this
change to have taken place within a very thin permeable
bed, as may be possible under suitable conditions of
flushing from an outerop, conclusions based on the form
of the S.P. curve would be almost impossible to check
on the resistivity eurves and the shift would be corre-
spondingly more inexplicable, It is difficult to say how
many baseline shifts are the result of salinity changes
in permeable beds and how many result from genuine
differences in shale nature. Tt does not seem unreasonable
to expect a shale baseline shift at a facies change, par-
ticularly from marine to nonmarine, and it is believed
that these have been observed. Such effects appear to be
bound up with the theory of the bi-ionie potential.

It has been assumed in the foregoing discussion and
calculations that interstitial waters and mud fluids can
be treated as sodium chloride solutions. This is an over-
simplification and must introduce errors. The errors in-
troduced may be divided into two parts. Those arising
from the effeet of cations other than sodium on the
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potential across the shale and those arising from the
effect of both cations and anions, other than sodium and
¢hloride, on the liquid-junction potential which is
formed between the interstitial water and the mud.
When a formation is shale-free the latter may easily
be assessed if liquid-junction potentials between solu-
tions having compositions akin to those actually en-
countered in the field are computed. These potentials
may be compared with the liquid-junction potentials
computed for sodium chloride solutions of similar ionic
strength, The latter is the assumption generally made as
a practical convenience to permit the solution of equa-
tion (3). The error involved is generally minor,

If the formation is not substantially shale-free, the
error becomes more difficult to assess. Theoretically,
however, a shaly permeable bed is merely a shale with
large anion leak paths. This concept is given formal
treatment below.

The problem of formulating equations to define the
B.I.P. has been considered by both Marshall (1948) and
Sollner (1949). The work of Sollner is perhaps the
more extensive. Sollner considers that in a membrane in
which cation transference is unity the sign and magni-
tude of the B.I.P. are controlled- by the ratio of the
adsorbabilities of the two ions within the membrane and
by the ratio of their intramembrane diffusion velocities.
Steric hindrance effects within the membrane may also
play a part. For example, if certain pores in a mem-
brane are so small that they will admit only one of the
two ions being considered, the adsorbability of the
smaller ions in such pores will be much greater than
their adsorbability elsewhere in the membrane. Basi-
cally, however, Sollner appears to consider that the
distribution of the two ions within the membrane is
everywhere the same. Marshall has formally treated bi-
ionie potentials as a liquid junction potential to which
the Henderson equation may be applied. Anion mobil-
ities are considered to be zero. This treatment is quite
permissible thermodynamically and its validity is not
dependent upon any details of the electrode mechanisms
except for the implicit assumption that the distribution
of the ions to which the membrane is selective is identi-
cal on the membrane faces in contact with the solutions
and in the solutions themselves. This assumption does
not seem to involve any numerical errors when mono-
valent ion mixtures are considered. However, the concept
does not seem to be theoretically sound when mixtures
of monovalent and divalent ions are considered, for
in such cases it is well known that the divalent ion is
preferentially adsorbed by an ion-exchange material
when the ionic strength of the mixture of monovalent
and divalent ions is small. In general the distribution
of ions on the ion-exchange material is not identical with
the distribution of the same ions in a solution in contact
with the jon-exchange material but is a funetion of the
ratio of conecentrations of the two ions in the solution
and its ionic strength.

The potential across a perfectly cation selective mem-
brane which separates two monovalent ion solutions, for
example NaCl and K1, may then be considered as the
sum of two Donnan potentials at the faces of the mem-
brane in eontact with the solutions and a liquid junection
potential formed inside the membrane. This liquid june-
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tion potential is a function of the relative mobilities
of the ions Na* and K* within the membrane. This con-
cept differs from that of Sollner, since the distribution
of ions in a membrane when a B.I.P. is measured is not
considered to be uniform. In fact it is considered that
the membrane grades from a condition in which all its
exchange positions are filled by K* ions at its interface
with the KCI solution to a condition where all its ex-
change positions are occupied by Na* ions. The latter
condition exists at the interface of the membrane with
the NaCl solution. More generally for mixed solutions
of two ions of whatever valency, the distribution of
1ons on each membrane face is caleulable if the distribu-
tion coefficients of the cation exchange material of the
membrane is known for the ions considered. The liquid
junction potential is formed within the membrane be-
tween the ions on each face of the membrane.

These considerations give rise to equations analagous
to those of the M.S.T. theory if the membrane is not
considered to be perfectly selective to one type of ion,
e.g., cations. However, for ideally cation selective mem-
branes the equations simplify, since the anions then play
no part except for their effect on the activities of the
cations in the solutions. The following equations may be
derived (see Wyllie, 1954, and Wyllie and Kanaan,
1954).

1. Monovalent — Monovalent
e.g. NaCl versus KCl

Here ag, ay, are the ionie activities of the sodium and
potassium ions separated by the membrane, Ux/Uy, is
their ionie mobility ratio within the membrane (equal
to the ratio of their transference numbers).

I1. Monovalent — Monovalent + Monovalent
e.g. NaCl versus NaCl -+ KC1
RT (L’Na + ax (UK/UNa)

E=-—1n
F a”N,,

Here @'y, is the activity of the sodium ion in the mixed
sodium and potassium solution, @y, is the sodium ion
activity in the pure sodium chloride solution.

1I1. Monovalent — Divalent
e.g. NaCl versus CaCl,

RT Pxe  Uxe/Uce
1n e
21’7 42073 A Na

RT [ ANa I]Na Al\'a Ul\’a

E =

In
2F | AveUxs—2A40aUce | 24¢: Uca

RT azNa Ul\*a/UCa]
—=—1n *
2F Qg ANa
RT UN;, /Uca UNa
1n

2F UCa

UN(L/UCG —1
if Aoy = %ANG
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Here the symbols are as before with the addition that
Ag, is the activity of calcium ions within the membrane
when the membrane is wholly in the caleium form, and
Ay, the corresponding sodium activity when the mem-
brane is wholly in the sodium form. The assumption that
Ac¢, = YAy, implies that the activity coefficients of the
caleium ions in the calcium form of the membrane is
identical with the activity coefficient of sodium ions in
the sodinm form of the membrane. While quantitative
information concerning such activity coefficients is lack-
ing, this assumption may be in considerable error. Never-
theless the activity ratio, Ay./dcq is constant and the
approximate relationship given above based on a ratio of
unity may be useful for certain qualitative applications
of the relationship. The ratio Ay,’24¢, is probably
greater than unity.

IV. Monovalent 4 Divalent — Monovalent
e.g. NaCl 4- CaCl; versus NaCl
BT  a'x, Axe RT
E=—1n c—t
B a”Na aNaR '

r Uxe ] ( (ax.R) 2 Qe ] { Uxg ] _'
a;\'aR } | + l “‘*4 Na J ‘
I L UOaJ l (’IA'02 J L Z/YC’a
I [ UNa] [2<({N'aR)2'aCa] [ UNa}
I a/NaR ' + I '—44’\(1
I- L Ugq J L alyq® L Uca J
Uxa 2(ax )2+ ace
ClNaR + _—_—
Ca @'xd*
1n
UZ\'(L
ANa
UCa.

Here the symbols are as before. In addition ay, [ is the
activity of the sodium ions on the membrane when it
is in contact with a mixed solution of NaCl and CaCl.
which has a sodium ion activity in the mixed solution of
@'y, and a calcium ion activity of ag,.

This ecomplex equation may also be written in terms of
the exchange coefficient of the sodinm-caleium exchange.
A similar but not identical equation pertains to the
system monovalent -}- divalent versus monovalent.

V. Monovalent -+ Divalent — Monovalent -+ Divalent
e.g. NaCl + CaCls versus NaCl - CaCls

This may conveniently be written as

RT @y RIT a2"v.<R RT
E=—1n——+4-—1n 4+ —
F & va F 2y B F

Lv‘\'u 270@ 2"/0:1
R e
T Na U Cu YNa “YNa
1n

UNa 2YC(1 I x”l\'a [UNa 2'YCa 2Y0a
- =

UNLl YCa

UCa YNa

LUC(L YNa I_UCa Y¥Na

Y¥Na
11—91001
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Here o'y, and a”y, are the activities of the sodium ions
in the mixed sodium and caleinm chloride solutions sepa-
rated by the membrane ; 2’y R is the fraction of the ex-
change sites occupied by sodium ions on the membrane
face in contact with the solution containing sodium ions
of activity a;, and 2”y,R is the corresponding fraction on
the other membrane face. The ratio v, vy, is the ratio
of the activity coefficients of the calecium and sodium
ions when the membrane is in the calecium or sodium
form respectively.

Although still a simplification, the only cations in
mterstitial waters in permeable formations may be con-
sidered to be sodium and caleium. In general this is true,
but occasionally the magnesium ion content is not negligi-
ble. As a divalent ion, however, magnesium can probably
be lnmped with ealeium without the introduction of any
serious error. In most, but not all, interstitial waters,
the number of equivalents of sodinm ion greatly excceds
the number of equivalents of caleium ion.

In the mud fluid the principal soluble cations are also
sodium and caleium, with again the sodium ion predomi-
nating. Nevertheless, in modern lime-base muds the
amount of soluble calcium can be appreciable. This has
been shown by Bergman (1952).

A shale in situ may thus be considered to separate two
solutions which differ in ionie strength but both of which
contain sodium and calcium ions. The equation derived
as case V above should then be applicable.

Before the equation may be used it is necessary to
consider what values z'y,R, "', R are likely to have in
natural shales. Should these be identical it is clear that
the equation of case V reduces to

RT a,Nu
E—=—1n
F CZ”NG

Thus if the fraction of exchange sites occupied by
sodium ions on the shales in the borehole is identical with
the fraction of exchange sites occupied by sodium on the
shale face in contact with the interstitial water in the
permeable formation, the shale will obey the Nernst
equation for the sodium ions in the interstitial water
and the mud. In this case the only effect of the divalent
calecium ion will be to increase the ionie strengths of the
solutions and otherwise to affect the sodinm ion activ-
ities.

Now the magnitude of z’y,I2, the fraction of exchange
sites occupied by sodium on the shale face in equilibrium
with the interstitial water, undoubtedly varies both with
the ratio of sodium to calcium ions in the interstitial
water and with the absolute concentrations of these ions
in the water. Work by Case (1933) and Taylor (1929),
shown in tables 4 and 5, suggest that although this
fraction is variable it has an average of something over
0.7 in marine shales. Limited data obtained by the
writer’s colleagues tend to confirm this fieure. By and
large the ratio will tend to be highest, for any Na/Ca
ratio in an interstitial water, if the interstitial water is
highly saline, and lowest in waters which are compara-
tively fresh. In the extreme case of shales in the zone
of surface waters, it appears from table V that «'y,R
approximates zero.

In the borehole the situation is more difficult to assess.
Although the usual Na/Ca ratio in the mud will be
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Table ). Data of E. M. Taylor (1929).
Company Location irr)lef‘;t:: Horizon Na Ca Peﬁ:nt Peg:nt
3,300 Top Cromwell ______ 12.4 5.6 69 31
3,303 Top Prue.__._.____ 7.2 0.8 90 10
2,048 Chattanooga._.____ _ 5.7 4.0 59 41
Osage, Okla.___ . ... ________ 2,584 Simpson__.._______._______. 7.7 4.2 65 35
Marland Grant, Okla..______._____. .

Amerada Smith, Okla..______.______. R 5,317 Over Woodbine_ . __________. 16.8 2.3 88 12
Amerada Smith, Okla.._- P 5,112 Over Woodbine. ___ R 19.0 6.6 74 26
Atlantic__.____________ Navarro, Tex._.___..____ I 2,985 Eagleford__________ 13.8 6.5 68 32
W. G. O. Kern, Calif.__ . 2,590 i 11.2 4.1 73 27
W.G.O. Kern, Calif..______________ - 3,612 Miocene. ________ [ 6.3 4.2 60 40
W.G.O.. Kern, Calif. . N 3,613 Miocene_________._________._ 6.3 4.4 59 41
W.G. 0. Kern, Calif I 3,595 Miocene__________________ .. 8.7 1.8 83 17
W.G.O. Kern, Calif. I 3,597 Miocene_____.___._. _ _____ 7.3 3.4 68 32
W.G. 0. Kern, Cabif.______.__________ 3,598 Miocene_ . 5.8 2.2 83 17
Gulf_______ Caddo, La._- 2,393 Tokio___..______ 17.6 6.6 73 27
Std. of Calif Kettleman_. .- 6,386 ) S 27.7 9.9 74 26
Std., of Calif.? . | imm i 29.6 7.1 81 19
Average____ . o} e e et e e e 73 27

(Na and Ca as me./100 g.)

much higher than in the interstitial water, the equilib-
rium caleium fraction of the clays on the faces of shale
formations in the borehole may not greatly differ from
the fraetion on the faces of the same shales in contact
with interstitial water. This would be the case because
the low ionic strength of the usual drilling mud would
lead to preferential divalent ion absorbtion. Hence in
most cases the difference between «’y.R and z”y,R may
be extremely small. The ratio of z'y,R to x"x.,E would
then approximate unity.

For a baseline shift to oceur in crossing a permeable

sible. Further work on the properties of clays in shales
and their variation from shale bed to shale bed in a
geologie eolumn is necessary before the probability can
be assessed. If, however, as stated by Millot (1952)
kaolinitic minerals are characteristic of fluviolacustrine
continental facies and illite of saline lagoonal and basic
continental facies, it is not unreasonable to expect a
baseline shift when a borehole passes from a non-marine
to a marine sequence. Within each facies the baseline
should be essentially constant.

As previously noted, if

bed in which the interstitial water is uniform, the ratio BT a'ye
'y =a2"y,R, E =—1n .
xlNaR F a/”Na
of ———— for the upper shale bed would have to be . .
2" vo R In this event, the potential across the shale and therefore

different from that for the lower shale bed. If the type
of clay in these beds is similar, as seems to be the case,
it seems possible that the exchange constants of the two
.’I?,NGR

for the
.Z;’/N(LR

two beds are virtually identical. Thus no baseline shift

beds are similar and therefore the ratio

UNa Yca
and
UCa YNa

differed

would oceur unless the ratios

greatly. This would fit observations on logs.
If, however, two shales differed in their exchange

the entire S.P. measured will be less than that given by
equation (3), which assumes that the total salt content
of the interstitial water behaves as NaCl, not merely the
actual NaCl content of the interstitial water. If, how-
ever, 2"y, R is not equal to #'y,R the potential is given
by the equation of case V.

Assuming z'y,F = 0.7 and that when using high
sodium /caleium ion ratio drilling muds the clays of the
shale face in the borehole will be enriched with respect
to sodium ions, the potential change may be calculated
if certain assumptions are made. It will be assumed that
2y, = 1.0, ie. all divalent ions on the shale in the
borehole are replaced by sodium, the worst possible case.

’ UNa
X NaR . . - . . R
constants they could give rise to different ratios Experiments with shales indicate that may be about
x”NaR UCa
when separating the same two solutions containing 5, although other experiments with synthetic membranes
. . . ) Uxa now in progress indicate that pressure may increase this
sodium and caleium ions. Probably in such cases v
U . . L .
Yo oo ratio considerably. The ratio —— is difficult to estimate
@
and would also differ. Such an effect may be pos- Y¥e »
YNe and for convenience will be considered to be unity.
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Table 5. Data of L. C. Case (1933).
P t P t
Well ane;:‘te}: Horizon—remarks Na Ca eIr‘Ic:n eéc:n
Roxana No. L. ____ o _ 3,635 Tonkawa series___. ________.- R PSR P 4.3 3.7 54 46
Gypsy core drill_ __ 646 Lower Permian red shale._ ... .. ... .. 11.5 4.5 72 28
Blackwell No. 1____________ 2,923 Lower part of shale_______ - 8.2 3.1 73 27
Gypsy Petros No. 4_ .. _ .. _______. 2,510 20’ above Gilerease sand. ... _____.____ _____ 11.8 3.8 76 24
Gypsy Toge No. 4 __________.___._. 2,810 Aboveshalysand____.____ . . __ . ____ I 15.5 4.0 79 21
Pine Tiger No. 1__________. . ___.____ 3,890 Woodford, just above Hunton hmestone. 4.2 1.6 72 28
Gypsy Toge No. 3 ._______. __.__._. 2,837 In contact with oil sand___ ... ___..__. 19.5 6.7 74 26
Sinclair No, 2._______ . __.______.__ 2,677 Between two streaks of Cromwell sand_____ . ___.________ 15.6 3.7 81 19
Average 73 27
Tulsa outerop, 6 below base of Checkerboard limestone. __ . 0.0005 5.6 <0.1 >99.9
Tulsa outcrop sample, 25’ below Checkerboard limestone. - - 0.0013 8.1 <0.1 >49.9
Tulsa outcrop, underclay of coal 12/ below Checkerboard,
2-6"" below coal . _____________________._______ - 0.0064 12.3 <0.1 >99.9
Tulsa outcrop, as above but 0-2/7 below coal..._ o 0.0059 10.8 <0.1 >99.9 -
Other Tulsa outcrop samples. . ... ... ____. 0.0045 6.8 <0.1 >99.9
0.0079 5.12 <0.1 >99.9
(Na and Ca in me./100 g.)
RT LA i salinity which are somewhat too small. It will serve best
Then — 1n ——— — 9.2 mv and the expression, when applied to waters having a high primary salinity.*
F JJ,Nali

RT [7_“1//(;('(1 — Y(a "/’/A\'(L _l

T T /
F LU I\’a/lf Ca — 2YL‘u/’ YNa

7

Uy 7 Ca YCa

U S
J',J\'uR Ucq Y Na Y¥a

1n — —_ = —6.5 mv.

'’ > r
vl Uy YCa Yea

R

U(?a YNa Y¥Nea

The increase in the S.P. (actually an inerease in the
negative S.P. recorded) would be 2.4 mv over that obtain-
ing if only the sodium ion activities in the two solu-
tions were affecting the shale potential. For 2’y = 0.5
a similar ealculation gives the increase in negative S.P.

5.6 mv. 1t is seen that these effects are not large unless
2’y R is very small by comparison with «”y.F. In muds
which decrease 2”y,2 below z'y,R (as may oceur with
some lime-base muds) the negative S.I>. will be somewhat

- RBT a/,Na
reduced below the — 1n
F @ va

figure. It may be noted

that these potentials are not dependent upon the actual

interstitial water salinity except inasmuch as this salinity

affects the value of #’y.R. Thus their effects are greater
a/,Nu

is small than when

percentagewise when the ratio
aI/Na

it is large, and may be expected to be at a maximum in

the case of relatively fresh interstitial waters.

In general this analysis indicates that the electro-
chemical S.P. is likely to be more a function of the
sodium ion content of the drilling mud and interstitial
water than of the total saline contents. Thus equation
(3) may be expected to give values for connate water

https://doi.org/10.1346/CCMN.1952.0010125 Published online by Cambridge University Press

The Electrochemistry of Shaly Sands. The effects of
a laminated sequence of thin shale and clean sand beds
on the shape and magnitude of a S.P. eurve have been
adequately discussed by Doll (1950a). In the treatment
used by Doll it is assumed that the thin shale lamina-
tions are electrochemically perfect, i.e. are perfectly
cation selective. Since these shales are subject to the
full pressure of their overburden the writer believes this
assumption to be justified. An experimental verification
of Doll’s equations using log data from the Corpus
Christt area of Texas has recently been made by Poupon
(1951). The agreement calculations based on log data
and on Doll’s equations was good and lead to the con-

2t RT
clusion that the value of —

in equation (3) was

about 80 mv. This value scems to indicate that the thin
shale laminae were cation selective. Whether Poupon’s
isolated data are indicative of the general truth of Doll’s
assumptions is not certain.

The influence of interstitial shale or clay in a per-
meable bed is more difficult to assess quantitatively. On
the assumption that each individual shale or clay particle
acts as an individual shale cell when it separates mud
flaid from interstitial water, Doll made approximate
caleulations to show that the S.P. opposite a shaly sand
would be less than the value it would have opposite a
clean sand containing identical interstitial water. Doll

* It has recently been found (Wyllie, 1952) that with many artifi-
cial membranes Ca** ion appears to behave as a monovalent ion,
possibly as Ca (OH)+ The data of McLean, Barber and Mar-
shall (1951) given in Table I of their paper for potassium
against mixed solutions of potassium and calcium ions are also
explicable if the calcium ion bhehaves as a monovalent ion with
a constant mobility with respect to potassium of about 1.96. The
membrane used by these workers was a 600° C Putnam clay
membrane. However, shale specimens so far tested give a nor-
mal divalent reaction with calcium ions. Were calcium to behave
as a_monovalent ion in the earth, the arguments given above for
baseline shifts would remain substantially similar, However the
potential across the shale would then tend to exceed that given
bv equatxon (3) particularly for interstitial water rich in cal-
cium ion. The equations of case IT are applicable.
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demonstrated also that the S.P. would be further
diminished if the shaly sand contained hydrocarbons.

The correct interpretation of beds containing inter-
stitial shale particles is peculiarly difficult since the S.P.
is diminished but not necessarily altered in shape. A
shape effect is often observed in the S.P. opposite inter-
laminated shale and sand sequences unless the laminae
are extremely thin. When the S.P. curve indicates lami-
nations the log interpreter is at least aware of a probable
diminution in the S.P. deflection. The effect of shaly
sands on the S.P. is more insidious and this is the more
unfortunate since such sands are frequently of economic
importance.t

A mathematical approach to the problem of a shaly
sand containing interstitial clay material may be based
on the M.S.T. theory. In this analysis the structure of
a shaly sand will be analagous to that shown on figure
9 for a shale.* However, in a shaly sand not all con-
ducting passages may be considered to be blocked by
the effects of cleetrostatic repulsion. Rather the clays
may be considered to exist in the pores and on the grain
surfaces in the manner suggested by Grim and Cuthbert
(1945). Their effect will be to introduce in the pores
a charge as defined in the M.S.T. theory. If this average
effective charge is fairly large the shaly sands will be-
have as inefficient membrane electrodes. The potential
they give when separating two solutions will lie some-
where between that for a perfectly anion-impermeable
membrane and the ordinary liquid junection potential
between the two solutions.

The term average effective charge, A, is used because
of the steric hindrance effects which must always be con-
sidered in membrane phenomena. Thus a clay particle
located in a pore constriction in the permeable bed will
have a rather large effective value of A, since the effec-
tive volume in which the negative charges on the clay
are disposed will be the volume of the pore neck rather
than the entire pore volume. Conversely the same clay
particle located in the pore itself would have a relatively
small effective charge A. Thus the amount of clay in a
permeable bed in a shaly sand is far less important from
an electrochemical standpoint than is its disposition. In
all cases, however, if the amount of water in the pores
is diminished the effective charge A will be inecreased,
sinee A is expressed as a molality and is dependent to
some extent on the water content of the permeable bed.
Thus the addition of oil to the pores will serve to in-
crease the effective value of A and thus to increase the
efficiency of the shaly sand as a membrane. Since the
total electrochemical S.P. is the algebraic sum of the
shale potential and the potential between the mud and
interstitial water in a permeable bed, an increase in
the membrane efficiency of a shaly sand implies a de-
crease in the total S.P. In the earth the sign of the ordi-
nary liquid junction potential is such that this potential
increases the S.P. If, however, the efficiency of the shaly
sand as a membrane becomes sufficient to reverse the
t Note added in proof: An investigation of the S.P. and resistivity

phenomena shown by dirty sands has recently been published by

Wyllie and Southwick, 1954. This investigation obtained data

that provide answers to many of the problems that were un-

answered in 1952. '

* This approach will be found similar to that used by deWitte
(1950), who apparently was unaware of the M.S.T. theory or the
work of Sollner. However, deWitte found no concentration de-

pendence of the potential of the type shown in figure 11. This
is not in accord with all other work on membrane electrodes.
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¥icure 11. The form of the variation of potential with abso-
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membrane separating NaCl solutions of constant activity ratio.
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liquid junction potential, this potential will actually
oppose the shale potential. The decrease in the total
S.P. may thus be very great.

Figure 11 shows a typical curve for a shaly sand
separating NaCl solutions having an activity ratio of
10: 1. The two limiting potentials are the Nernst poten-
tial of about 585 mv at the temperature considered,
and the liquid junction potential of —11.5 mv. Here
the positive sign is applied to the solution of lesser
activity. When both solutions are very dilute, i.e. as is
small, the potential developed approximates to 58.5 mv.
‘When both concentrations are large, the curve is asymp-
totie to —11.5 mv.

For the optimum application of equation (3) the po-
tential should be —11.5 mv. Figure 11 suggests that
shaly sands will involve least error in the use of equa-
tion (3) when interstitial water salinities are high, and
that in all cases the error will be decreased if the mud
salinity is maintained at a high figure. In the case of
very shaly sands allied to very low interstitial salinities
it would appear desirable to increase the mud activity to
a figure greater than the interstitial water activity and
to record positive S.P. deflections.

Low mud resistivities, that is high mud aectivities,
seem extremely desirable. They should improve the ac-
curacy with which the electrochemical S.P. approxi-
mates to equation (3), they serve to diminish the elee-
trokinetic potential correction, and they assist in the
interpretation of focussed current resistivity logs. When
running conventional S.P. logs these advantages may be
partly offset by the short-circuiting effect of the con-
ductive mud, which serves to reduce the S.P. This may be
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overcome by using a Static S.P. log, and the case for the
wider use of this device seems strong.

If nearly all permeable formation contain some inter-
stitial clay and have in consequence an appreciable
charge A, as is suggested by deWitte (1950), a previous
suggestion by the writer (1951) that the electrokinetic
potential in many cases now serves to counterbalance
the reduced S.P. receives support. Against deWitte’s
view is the fact that on many logs a consistent maxi-
mum S.P. extending over many formations may be
drawn. This implies that all such formations contain
clay dispersed so as to give rise to identical electro-
chemical properties. This seems improbable. It seems
more probable that a consistent S.P. of this type. cor-
rected for electrokinetic effects, will yield on calculation
a salinity which eclosely approximates that of the NaCl
content of the interstitial waters in the formations.

The Effect of Clays on the Resistivity of Permeable
Rocks. The formation factor conecept, introduced by
Archie (1942), is now an essential part of any system
of electrical log interpretation. Its validity is implicitly
dependent upon the assumption that within a porous
rock the conduction processes are all electrolytic and
furthermore that electrolytic conduction oceurs only
through the network of saline solution filling the pores.
It is also implied that the properties of the saline solu-
tion filling the pores are uniform; that there are no
surface conductivity effects. Provided the salinity is
maintained greater than about 0.1 molar this assumption
is justified.

Patnode and Wyllie (1950) pointed out that in prac-
tice it appeared that these conditions were not always
fulfilled, and that in certain instances the matrix strue-
ture of porous rocks had an appreciable eonductivity.
This conductivity appeared to result from the presence
of clays in the rock. The clays could be disposed as thin
shale laminae or as interstitial clay.

Tt was suggested that the resistivity of a saturated
rock containing clays (the so-called ‘‘conductive solids’’)
was given by the expression

Cpo—=0C;+Cp=0C;+C/F (6)
where

Co = apparent conductivity of the rock saturated
with fluid of conductivity C,

C; = conductivity of the conductive solids as dis-
tributed in the rock

C,; = conductivity of the saline fluid as distributed
in the rock

F — formation factor applicable to all the solids
both conductive and non-conduective.

It may be noted that in equation (6) Cs/F’ may be
substituted for C;. Here C, is the actual conductivity
of the conductive solids and F” their formation factor,
ie. F' == Cs/Cwa when C, is zero. (This expression
assumes that in a dry rock C; could be measured. Physi-
cally this would probably be impossible.)

Equation (6) implies that the conductivity of the
conductive solids as distributed in the core is a constant,
independent of the magnitude of C,, and that these
solids may be treated as if they constituted a constant
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resistance in parallel with the resistance offered by the
liquid filled pores. Typical data to test the validity of
equation (6) are plotted in figure 12. In this figure core
conductivity is plotted as a function of the conductivity
of the saline water used to saturate the cores. If equa-
tion (6) is followed, the data should plot as a straight
line with slope equal to 1/F and intersect with the core
conduetivity axis at zero if there are no conductive
solids present in the core and at C; if conductive solids
are present. Figure 12 shows that these conditions are
only partially fulfilled. If the saturating water conduec-
tivity exceeds about 0.5 mho-meters (50 mho-cms) a
reasonably straight-line plot results, but for conduectivi-
ties lower than this the points curve towards the water
conductivity axis. A satisfactory solids conductivity may
be obtained from the C; derived by extrapolating the
straight line to cut the core conductivity axis.

The reason for the observed curvature is not yet clear.®
It may represent experimental error, but the regularity
with which the phenomenon has been observed seems to
preclude this as a sole explanation. The observed data
indicate that the conduectivity of the conductive solids
appears to decrease when the saturating water conduec-
tivity becomes less than about 0.5 mho-meters.

Now the data shown in figure 12 were obtained at
room temperature using solutions of sodium chloride as
the saturating fluids. Tables 4 and 5 indicate that the
clays in a core, which probably constitute the condue-
tive solids, are almost certainly not in equilibrium with
a pure sodium chloride solution. When the core is re-
moved from the ground the mere act of saturating the
core must alter .the ions on the clay from a mixture of
calcium and sodium to wholly sodium if flushing of the
original fluids is prolonged and complete. Thus no value
of C; obtained in laboratory experiments can be correect
since the conduectivity of a clay in the caleinm form is
less than its econduetivity in sodium form. By and large
then, any value of C; found in conventional experiments
will be too large.

Tt is customary to saturate clay-containing cores first
with concentrated sodium chloride solutions. The forma-
tion factor of the core containing the highly saline fluid
is then determined. Later measurements are made with
solutions whose ionic strength is progressively reduced.
The object of this procedure is to maintain sufficient
permeability to permit the core to be flushed with dif-
ferent solutions. Were the operation commenced with
the most highly dilute sodium chloride solution used
the core would be plugged and rendered impermeable.

These physical difficulties show that the solutions used
alter the physical form in which the clays are disposed
within the cores. The clays swell and disperse, particu-
larly in dilute solutions, thus leading to plugging of
the pores of the core. If clays change in volume in dilute
saline solutions and if the clays move from their initial
positions, then the assumption that C;—= C,/F’ is con-
stant and independent of the salinity of the saturating
fluid is untenable. If the clays expand C,, since it is a
conduction per unit volume, will decrease. Similarly F’,
which reflects the initial configuration of the clay in the
rock, will alter if this configuration alters. Whether
F’ will increase or decrease is less easy to predict, but the

* The explanation is given by Wyllie and Southwick, 1954.
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probability that Cg/F’ will alter as the clays swell and
disperse certainly seems great. That Cg/F’ should show
an overall decrease along the lines indicated on figure 12
is quite possible. Clearly these considerations require
more detailed investigation.

Tt may be noted that the determination of C; without
altering the ions on the clays is a matter of considerable
practical difficulty unless the Ca/Na exchange constant
for the clay present is known. Possibly this constant is
the one applicable to illite, but this is, of course, pure
speculation. If the exchange constant were known it
would be theoretically possible to adjust the Na/Ca ion
ratio in the saturating solutions at values appropriate
to their ionie strengths. From the standpoint of utilizing
the method of Figure 12 in routine operations such a
procedure appears inherently undesirable. The writer
would recommend that the magnitude of the error re-
sulting from ion-exchange effects be investigated. Con-
ceivably this error will be found too small to be of
practical significance. It may be noted that if the error
is not negligible it will effect also the acecuraecy of caleu-
lations which are based on the resistivity of the mud-
filtrate invaded zone surrounding the borehole. In this
zone cation exchange may take place as previously dis-
cussed for the case of the S.P. curve.

Equation (6) applies to formations containing only
conductive solids and saline water. If it may be con-
sidered reasonably valid when the ionic balance on the
shales is not upset and the clays are not dispersed, it
implies that if the net water conductivity were altered
C; would not alter. Thus

Cwa == C/ + Sawn- CC/F (7>

In Equation (7) Sw represents the fraction of void
volume between the solids, both conductive and non-con-
ductive, occupied by water, the fraction (1-Sw) being
occupied by oil or gas. The exponent, n, is the resistivity
index exponent having a value dependent upon rock
texture but averaging about 2.0. Equation (7) implies
that a plot of F (C,,-Cy)/C, against Sw on double loga-
rithmie paper would have a slope n. Data reported (14)
have verified this in some cases.

DeWitte (1950a), however, disagrees with the form
of equations (6) and (7), at least as general equations,
and presents data to show that equation (7) can give
rise to impossible results. In essence deWitte maintains
that when oil is introdueed into a core C; is no longer
a constant, but is a function of the water saturation, Sw.
The experimental evidence presented by deWitte is in
good accord with this view. Certainly the evidence does
not support equation (7).

The fact that equation (7) has been confirmed by the
use of other data implies, since deWitte’s data appear
convincing, that there are cases to which it applies.
Tentatively at least it may be said that equations (6)
and (7) will apply to shaly sands in which the shale is
definitely laminated and the sands between laminations
are shale-free, while deWitt’s equations will apply better
to cases where the shale or clay is truly interstitial. In
such cases deWitte’s basic approach, that of consider-
ing the conductive solids to constitute a part of the con-
ducting water system in the pores rather than a distinet
and separate conducting solid network, may be the more
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rewarding. This approach, which considers that the con-
ductive solids and conducting water together constitute a
conductive slurry, gives rise to a formation factor for
a roek containing conductive solids which is the quotient
of the rock resistivity and the computed slurry resistiv-
ity. To the writer, however, this approach seems unde-
sirable, since such a formation factor seems to be related
only to the texture of the non-conductive solids in the
rock. From the point of view of fluid flow it is the tex-
ture of the entire solid matrix, both conducting and non-
conducting, which must be determined.

In fine the problem of shaly sands is far from being
solved, This is the more true since both the equations of
Wyllie and Patnode and deWitte are not well adapted
to practical computations based on log data only. From
a practical standpoint the final solution may be in the
appropriate combination of electrical and radioactivity
well-logging data (Wyllie, 1952a).

The Radioactivity Log. The detailed study of radio-
activity logs is still in its infaney, but the writer would
pose at least two problems which urgently need elucida-
tion. Is the generally higher gamma-ray activity of shales
vis-a-vis sands contingent upon the cation-exchange ca-
pacity of the clays in shales, or is the difference merely
an indirect measure of shale compaction? That is, was
the initial deposition of radioactive material per unit
volume of mud and sand sensibly constant and are the
present differences in radioactivity between shales and
sandstones merely a reflection of the greater compaction
that shales have undergone by comparison with sand-
stones? What are the neutron interaction properties of
clays and shales? Such knowledge would greatly assist
in the interpretation of so-called ‘‘dirty’’ sands, since
in these it will be necessary to distinguish water held in
true rock pores from water constituting a part of hydrat-
able clay minerals.

Summary. The electrochemistry of the shale cell in
the earth has been examined in the light of modern the-
ories of charged membranes. The fundamental impor-
tance of a constant shale baseline has been stressed. It
has been shown that the constancy of the shale baseline
appears to indicate that shales, when subjected to pres-
sure, tend to behave as anion-impermeable membranes. A
tentative electrochemical shale structure has been pre-
sented.

The problem of the bi-ionic potential has been consid-
ered and new equations given for the bi-ionic potentials
which may be involved in S.P. log data indicate that the
exchange constants of clays in shales are either all very
similar or only change slowly with depth in a particular
geologieal column. The problem of the shale baseline shift
has been examined.

If the caleium ion behaves in situ as a divalent ion
then the formula previously proposed by the writer to
compute interstitial water salinity from the electrochem-
ical S.P. curve is likely to give a salinity more closely
related to the monovalent ion salt content of the inter-
stitial water than to the total solids. Thus the method
should probably be applied only to waters which have a
high primary salinity.

The problem of shaly sands has been considered from
the standpoint of the Meyer-Sievers-Teorell equation.
For optimum praectical results in log interpretation the
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advantages of using saline muds when logging has been
stressed.

The effect of shale content on the resistivity of rocks
has been briefly examined. Equations that have been pro-
posed to account for such shale effects have been dis-
cussed. It has been pointed out that the effects of cation
exchange and clay dispersion have been ignored and that
the entire problem of shaly sands and their resistivity
effects deserves further study.

Acknowledgment. The writer’s thanks are due to
Dr. Paul D. Foote, Executive Vice-President, Gulf Re-
search & Development Company, for permission to pub-
lish this paper. He would like to acknowledge also the
assistance afforded by Miss Shirley 1., Kanaan in carry-
ing out the basic experimental work on which certain of
the theoretical results have been based.

DISCUSSION
W. E. Bergman:

‘Wyllie has made reference to the theory of membrane electrodes
to well-logging problems and he states that he has made measure-
ments of ion activities in colloidal solutions. Since there is consid-
erable doubt as to the significance of such measurements in col-
loidal systems, I would like to know his interpretation of the
significance of the pH, Na=ion activity, and similar activities of
drilling fluids.

M. R. J. Wyllie:

‘We have measured the activities of muds and of the filtrate from
them and have found no appreciable difference between the two
activities unless the tip of the calomel electrode becomes contami-
nated with clay. Indeed, this result might have been anticipated.
Consider a case where a mud has overlying it a layer of filtrate.
Assume that the membrane electrode is in the mud and the calomel
electrode in the filtrate. Then the potential across the membrane
is RT/F 1n amua/AReterence, While the phase boundary potential be-
tween the mud and filtrate is RT/F 1n ariitrate/anna. If the
calomel/filtrate junction potential is zero, what is measured is

aMud AFiltrate Ariltrate

RT/F 1n = RT/F 1In

AReference aMud dReference

If the calomel electrode is actually pushed into the mud, exactly
the same potential as in the case above may be measured. This
occurs if the liquid junction between the saturated KCl and the
mud takes place in the electrode tip in the absence of clay par-
ticles. If the KCl leaking from the calomel electrode forms a
junetion in the clay suspension itself, an indeterminate phase
boundary potential is added to the membrane potential. In this
case the overall potential measured may be appreciably different
from the previous case. If this potential is interpreted as a mud
activity, the answer may be quite erroneous.

W. J. Weiss:

Wyllie stated that the resistivity of the drilling fluid should not
be more than two times the resistivity of the water in the forma-
tion for electric logging purposes. Since this is contrary to com-
monly accepted practices today, I would like to have Wyllie expand
upon this point.

M. R. J. Wyllie:

In the past, conductive muds have not been considered desirable
for two reasons. First, if the activity of the conductive mud is the
same or nearly the same as the activity of the connate water, little
or no S.P. curve is recorded. Seccond, extremely low apparent
resistivities are recorded for low resistivity beds and the curve of
registivity is hardly distinguishable from the zero line on the resis-
tivity log. This latter situation may be improved by the use of
amplified resistivity scales.

Reference was made primarily to the use of conductive muds in
conjunction with guard or focusing logging systems. In using this
type of logging system true resistivity is obtained directly, with a
reasonable degree of accuracy, if there is either no invasion of a
formation or if the invading fluid is of nearly identical resistivity
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to the fluid already in the formation. It may be argued that, by the
use of resistivity departure curves for such devices, reasonably
accurate true resistivity may be obtained even when the mud
resistivity is four or five times the resistivity of the interstitial
water. A reference to the appropriate departure curves will show
that while this is theoretically true if all the parameters are known,
in practice a ratio of filtrate to interstitial water resistivity of two
is necessary if true resistivity is to be found accurately and simply.

If formation factor is to be determined from devices with short
depths of investigation, the more conductive the fluid in the invaded
zone, the less is the lowering effect of conducting solids on the
formation factor calculated. In the case of the S.P. log, it is ex-
tremely desirable to minimize the influence of conductive solids by
the use of conductive muds.

M. P. Tixier:

Twenty years ago fresh mud was considered necessary to obtain
good definition on both S.P. and resistivity curves for correlation
purposes. In recent years the use of salty muds has become de-
sirable where logs are to be used to deduce reservoir character-
istics. Thus it is generally necessary to achieve a compromise and
although a value of two is desirable, a value as high as five times
may be used except where a large amount of eclay is known to
exist in the formation. The Wilcox formation in the Gulf Coast
region is an example where the use of salty muds (or preferably
termed brackish muds) have overcome the difficulties of colloidal
material in the formation. Salty muds have not been used ex-
tensively in California because of the fresh waters encountered in
many formations.,

W. C. Goins, Jr.:

Maintaining mud at resistivities desired by Wyllie for well
logging is not easy. Changing salinity of connate water with depth
makes it difficult to maintain resistivity ratios between 2 and 5
over long drilling intervals. In deep wells several logs would have
to be run with different resistivity drilling fluids in each case.
Instead of trying to control mud resistivities within the desired
limits, has any consideration been given to the use of saturated
salt water mud? This would give a very low resistivity fluid which
would not be confused with high resistivity hydrocarbons and, al-
though the S.P. curve would be reversed, it should still be subject
to interpretation.

M. J. R. Wyllie: -

It is difficult to foresee the problems which might be encoun-
tered in the interpretation of resistivity curves when the ratio of
interstitial water to mud resistivity is, say, ten to one. The meas-
ured resistivity will then undoubtedly be too low in the case of
both oil and water sands, but the error will be greater in the case
of oil sands. A positive S.P. kick will be obtained but it will
be necessary to resort to the “static” S.P. logging method to ob-
tain a good curve because the shortcircuiting effect of the mud
column will be considerable in a saturated salt water mud.

M. P. Tixier:

Extensive use of saturated salt water mud would probably not
be desirable at the present time because the change would be too
drastic for those using present day logs. The reversed S.P. curve
obtained would be of very low magnitude, the kicks seriously
rounded and the definition very poor. It bas been found through-
out the country that connate water salinity does not continually
increase with depth but that it reaches a maximum at about 9000
feet. Below this depth, the salinity actually decreases in many
cases. Thus the use of extremely salty muds is not necessary and
the range of connate water resistivities is not so great as to pre-
sent undue difficulties in mud resistivity control. The use of brackish
muds should also be considered from the standpoint of well com-
pletion. Overcoming or minimizing the swelling of clays in reser-
voir sands by the use of brackish muds, may greatly improve well
performance,

E. S. Mardock:

Wyllie posed two questions regarding the influence of clays on
radioactivity logs. The first question concerns the mechanism by
which clastic sediments acquire radioactive properties, and the
second question concerns the mechanism of the effect of these
sediments on the neutron log. The correct answers to these ques-
tions should be of great value in the interpretation of radioac-
tivity logs, but neither question can be answered at the present
time.
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Part VII]

It is my opinion that the distribution of radioactive material
in shales cannot be accounted for exclusively by either of the two
hypotheses suggested by Wryllie, i.e. (1) a hypothesis based on a
primary deposition by which radioactive material is first uni-
formly distributed in the sediment and a subsequent compaction
period which apparently induces a degree of non-uniformity with
respect to the distribution of the radioactive component; (2) a
hypothesis of a primary deposition process based on a cation-
exchange which accomplishes the deposition of radioactive material
in a manner dependent on the cation-exchange ability of the clay
minerals.

Each of these mechanisms may sometimes account for the dif-
ferences observed in the gamma-ray activities of a particular
shale. In addition, however, a third factor, the chemical composi-
tion of the minerals present, is thought to play an important role
in determining the gamma-ray activity of shale.

With regard to the effect of clay minerals on the neutron curve,
it is our belief that this effect combines effects of the hydrogen
contained in chemically bound liquids, e.g., oil and water, plus the
“chemical effects” of certain of the elements making up the clay
mineral itself, such as iron and possibly some of the rare earths
which have relatively large capture or scattering cross-sections for
neutrons. These “chemical effects” sometimes influence the log
in a mueh more decisive manner than a hydrogen-containing
liquid.

An application of the work done on these problems is discussed
by Bush & Mardock (1951).
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