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ABSTRACT

This thesls describes the results of experimental
studies on the characteristics of the electrochemical
potentials encountered in drill holes and registered by
electrologging apparatus. |

The experiments were carried out by bringing samples
of sediments into contact with two solutions of different
salinities on opposite sides and measuring the difference
in vpotentials between the solutions.

The following coneclusions were drawn from the measure-
ments thus obtained:

The potentials are independent of the amount of material
involved. They are proportional to the logaritim of the
concentration ratio of the two solutions. The potentlals
decrease slowly with time,

There is no sharp demarcation between the electrochemi-
cal behavior of sandstones and shales, but rather there
exists & complete continuity in the potentials exhibited
scross sediments of the sandstone shale series.

This continuity is explained using the concept of
"apparent ion mobilities™.

To clessify sediments according to thelr electrochemi-
cal behsavior, the electrochemical formation coefficient, C,
is introduced. Dense argillaceous shales have a formation

coeffieient of 1. 1Inert clean sands have ¢ = 0., It is



shiown however that in practice sands may very seldom be
considered inert,

A correlation exists between the formation coefficient
and the ratio of the amount of conductivé solids or argil-
laceous materials over porosity (see references & and 13},
The influence of temperature on self potentials 1s computed
theoretlically and confirmed experimentally.

It is pointed oﬁt that dense formations may glve
considerable self potentiasl kicks on electrologs. This
conclusion is confirmed by measurements of the potentials
across quartzites.

The general conclusions concerning the character of
the electrochemical potentials are extended to the selfl
potentials across calcareous formations.

The application of the enalysis of the electrochemiceal
potentisls to electrolog interpretation 1s outlined, Also
the possibility of electrochemical testing of sediments as

a new tool in surface geology is indicated.
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INTRODUCTION

Since the early days of commerciel application of
electrologging, attempts have been made to relate the
spontaneous potentials registered on the electrologs to
some of the basic characteristics of the formations tra-
versed, such as porosity and permeability, and (or) to
the'camposition of the connate waters and drilling fluids,

In spite of the many theories and hypotheses put forward
on this subject, the spontaneous or self potential curves
still defy in many cases any quantitative analysis.

One of the first attempts to explain the presence of
spontaneous potentials in drill holes was made by C. and M,
Schlumberger and B, 0, Leonardon, In thelr first paper (1)
they attributed the potentials almcst'entirely to electro-
filtration effects, Drilling mud, under its own hydrostatic
pressure infiltrates the porous formations. This gives
rise to so~called "streaming potentials" between the mud and
the formations., Such potentials depend on the surface char-
acteristics of the porous medium and are proportional to the
pressure difference across the medium in which the infil-
tration takes place, They are independent of the porosity
of the formation. ‘Although these basic characteristics were
recognized and clearly stated in the above quoted peper, the
authors nevertheless used the term "porosity disgram" for

the self-potential log.
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After the publiecationo f this first paper it soon be-
came apparent that spontaneous potentials often occurred in
cases where no pressure difference existed between the mud
and the formation waters. This phenomenon wes explained in
a secénd raper by the same authors (2), as the effect of
other electrochemical processes of which the most important
were the diffusion or liquid junction potentials. Apart from
these, contact potentisls of unknown nature, existing at the
boundaries between pervious and impervious formations were
recognized as influencing the 8.P.'s (éalf potentiala),

| Furthermore, they showed experimentally that the combined
effect of the boundary and diffusion potentials could be ex-
pressed as:

By ¥ K logyg gf—_ | (1)
where Ry and Ry are the resistivities of the connate water
end the mud respectively.

Thelr axperiments were carried out using a coarse sili-
ceous sand and e plastic gray clay and solutions of sodium
chloride. For.thia combination they found K =~ 17.

Regarding the diffusion potentlal set up at the contact
between the coarase porous layer and the mud (or free electro-
lyte) the following &escriptien was given:

-”There is a aontabt between sweet snd salt water in a

medium where the pores have large dimensions, and where the
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mobility of the lon 1s not appreciably hindered, by the
presence of the porous material. Experience shows that the
electromotive force is the same a8 though the contaet took
place directly between the two fluids alone."

Regarding the nature of the boundary potentials at the
contacts with the impervious roeck no statements were made.

This uncertainty and many other difficulties- encoun-
tered by subsequent investigetors in attempts to eiplain
the electrochemical 8., P.'s has been mostly due to the
failure to recognize the continulity in the geologlic series
of sedimentary rcéks. Coarse gands and fine argillaceous
shales are physically only extremes in a completely contine
uoug series of sediments., It is therefore loglical to expect
that in all physical characteristics the same principles
underlie the behavior of sands and of shales. Factors
ﬁhat mey be important in the behavior of shales may be
negligible in the case of coarse sands and vice versa, but
in principle they are present and in between the two ex~
tremes there will be a continuous gradation of the charac-
teristics. In studies of sedimentation and lithology these
facts have been considered obvious end are universally
recognized. Yet in the studies of electrochemical phenomena
most authors have only considered "eleen sends" and "pure
elays or shales" and treated them as two entirely different

media that have nothing whatsoever in common,
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Thus, although the above authors realized that coarse
sands do not influence the mobility of the ions in their
interstitial water to any appreciable extent; they did not
assume that shales might have a very noticeable influence
on those mobilities, and that in shaley sands and siltstones
this influence might vary from the one extreme to the other
with the lithologic variations of those sediments.

The first attempt to correlate the S.P., kicks with the
character of the sediments, beyond the classification of
dands and shales was made by S, J. Pirson (3).

Pirson explains the S.P. curves by considering the
potential differences between the solid frame-work of the
rocks and the surrounding liquids, due to the preferential
edsorption of ions from the solutions by the rock.

These electrochemical or thermodynamic potentials (K)
are independent of‘the salinity of the connate water, but
strongly dependent on the character of the rocks and the
mud salinity.

Shales having a strong preferentiel adsorption of Cl
ions would give large voltages. Pure sands exhibit the
ssme phenomena, but to a much lesser extent. In this way
shales would be the main sources of the potentials observed
on S.P. logs. The magnitude of the 5.P. kick would be
mostly indicative of the amount of clay present in the

sediment,
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Diffusion potentiels and electro filtration potentials
are considered by Pirson as secondary phenomena, which will
mostly only change the magnitude of the "shale-potential™
kicks,

Although several objections may be raised against Pir-
son's theory, it has the distinction of recognizing the im-
portance of the influence of the character of the sands on
the magnitude of the S.P. kicks,

The main objection to Pirson's theory is that it does
not properly account for the influence of the connate water
salinity on the magnitude of the self potentials.

The 1dea that shales are the main seat of the natural
potentials was originated by W. D. Hounce and W, M. Rust
(4) who showed experimentally that shales placedin contact
with solutions of different salinities at opposite sides
exhiblted potentiels of a magnitude comparable to those
found in o1l wells between the two solutions. They also
noticed thal pure sands did not have this characteristic,
“or only to a negligible extent.

An important contribution to the understanding of the
shale potentials wes made recently by M. R. J. Wyllle of
the Gulf Research end Development Co. (5).

‘Wyllie conducted extensive experiments on the potentials
across shale barriers between solutions of different saline-
ity. As in all afore-mentioned experiments, NaCl sclutions

of' various concentrations were used,



Wyllie showed that the potential across a shale

barrier can be represented by E = K log ;i (2)
2
where al and a2 are the ionic activities of the two

solutions,

FPor dilute solutions these may be replaced by the cone
ductivities or the inverse values of the resistivities,

K was found to be close to 59,15 at 25° ¢, which cor-
responds to the value of the constaent of the Nernst equation

for a metal in contact with electrolyte solutions:

E = 3% m log o {3)
a2

where R 1s the gas content, ¥ the Faraday, T the abso-
lute tempersture, and m = 1/10@16 e {e = base of natural
logarithm),

Wyllie assumes therefore that the shale acts like a
sodium electrode, in the sense that sodium ions are eble to
diffuse through the shale from one solution to the other,
*hile the high negative charges on the shale particles re-
pel the chloride ions, This causes the less saline solu~-
tion to become positive with respect to the more saline
solution, Wyllie also recognizes the diffusion or "boundary"
potentials in the case whers saline interstitial water
within 2 sand is in contact with less saline mud,

In the cell, Mud / Interstitial water in the porous

beds / Shale / Mud (see Fig. 1) the diffusion potential and
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the shale potential aet in the same direction. The total
E.M,F, of the cell equals therefore the algebraic sum of
the two potentiasls, As for NaCl solutions, the diffusion

&
potential may be represented by Ey = 11.5 log E% s the

total B.M.F, for the cell (E.) becomes
) ) aq ay  _ aq

By ® 59.15 log'gg + 11.5 log B 70.65 log 35 (4)

This formule is a good representation of the electro-
chemical component of the 3,.P, curve in cases where very
clean sandstones are in contact with dense arglillaceous
shales, In practice such conditions will seldom be found,

It must be pointed out here that the E,M,.F, exlisting
across the mud - sandstone - shale - mud cell 1s not neces-
sarlly equal to the potentiél,difference measured on the
85.P, log. Actuélly the E.M.F, gives rise to a sustalined
current flow, the so-called $.P, current and the 3.7, log
registers the ohmic drop in the mud column due to this
current, For thick beds of low resistance, this ohmic drop
is very nearly equal to the static E,M.F., In all other cases
it is smaller. The relations governing the relative magnie-
tude of the ohmic potential drop, as & function of formation
thicknesses and resistivities have been very accurately and
completely described by H, G. Doll (6).

The sctual E.M,F, which would be equal to the 3.P,

measured on the logs if the effect of the S.P, current could
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be neglected (for instance if insulating plugs were placed
in the mud column) was termed by Doll the "static %.p."

In é later paper (7) Doll treated the selfl potentials
of shaley sands by representing these by a series of thin
clean sand layers interbedded with layers of pure arglilla-
ceous meterial, Although the calculated results seem to be
in qualitativé agreement with the S.P, logs of shaley sands,
the assumptions are geologicelly untensble.

The main ebject of thisz thesis is to show experimentally
the relations between the magnitude of the statie 3.P. and
the character of the sediments involved.

Important conclusions are reached regarding the nature
of the electrochemical phenomena and some possibilities of
practical spplication of the observed relationships are

pointed out.
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PART I

EXPEBI%ENTAL BQUIPMENT AND PROCEDURE

- The measurements of electrochemical potentials across
sediments were carried out, using samples of approxinmately
the following dimensions:

Height 1" ; Length 1% ;' Width 2%,

These were mounted with gzophar wax in a small castheter
tray of 13" x 8" x 21", leaving on each side & volume of
approximately 20 cm3, which were filled with the solutlons
to be used, |

| The solutions were made up by mixing ¢.p. NeCl with dis=
tilled %ater. |

Two solutions of different NeCl coneentration would be
poured in the end sections of the tray simulteneously so
that imbibition of the sample would take place equally from
both sides, .

As soon as imbibition was completed, the potentisal
measurements were started. _The change of the potentials
with time were measured over periocds of several days, the
measurements being spaced according to the rate of change
in the potentials.

The cirecuit used for the measurements is represented

sechematically in Fig, 2.
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The solutions on each side were connected to small
beakers containing identical solutions by means of two
liquid bridges with capillary end tips, also filled with
the same solutions. In the two smsll beakers two calomel
half~cell slectrodes were placed., The electrodes were
saturated ECl fibre~tip electrodes of the type used with
the Beclman pH meters (Beckman #270 electrodes). Care was
taken to prevent pollution of the KCl by NaCl, while the
pollution of the solutions in conbtact with the saumple by
KC1l from the electrodes was minimized by the use of the
- ligquid bfidges.

The potentiémater arrangement used was & Leeds and
Horthrup type K students'potentiometer in combination with
a Rubicon high sensitivity spotlight gelvanometer (type
3418},

This gelvenometer has an internal resistance of 3800
ohms, a sensitivity of 0.0006 miero emperes per mm scale
division, a period of l seconds and an externsl eritical
demping resistance of 55,000 ohms, The accuracy of the
measurements depended somewhat on the total resistance of
the sample and the liquid bridges, but was always better
than 0,5 V, |

The current through the potentiometer was delivered by
two 1.5 Volt dry batteries in series, and adjusted to a

velue of 0,01 ampere by a four dial rheostat and a slide
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wire., The smallest divisions of the rheostat were .1 ohm,
which means that using the rheostat alone the voltage across
the potentliometer, to be checked against the standard cell
voltage, could be adjusted only with an accuracy of ;5 m
Volte As both the stendard cell calibration and the potens»
tiometer dial setting permit a better accurscy, the glide
wire was addsd in series with the rheostat, The wire cone-
sisted of 6 ft. of no, 18 copper coated steel wire with a
total resistance of ,15 ohm or spproximately 002 ohm per
inch, This permitted adjustment of the voltage across the
potentiometer, when checking against the standard cell, to
901 m Volts Veriations of the position of the movable cone
tact of the slide wire of less than one inch gave galvan=-
ometer deflections which could no longer be read, Therefore
using the slide wire to vary the resistance, the current

ad justment depended only on the accuracy of the potentiometer
setting and the galvenometer gzero reading,.

The standard cell had a voltage of 1,01598 Volt. Both
the standard cell and the batteries were packed with glass
wool in & tin cen to insure equithermlic conditions for all
parts, The tin cens in turn were pascked with glass wool in
wooden boxes to keep temperature variastions at an sbsolute
minimwmn,

Before & messurement was started, current was allowed to
pass through the potentiometer for approximately one half

hour, to stebllize the battery output, Then the potenti=
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ometer dials were set at the value equal to the standard cell
voltage and the current through the notentiometer adjusted
untll the galvanometer gave zero deflection, which indicated
that the current had the value of 0,01 ampere, ithile checking
against the standard cell, two tap keys K1 and Ky were used
(see Plg, 2). Vhen Xy was tapped a protecting resistance of
of 100,000 ohm was connected Intc tvhe galvanomeber clrcult,
goarse adjustment was made using Kl md therealfter fine ade
justment was made using K, thus omittlng the 100,000 ohm
resistance, For accurate zeroing of the gslvanometer by
means of the resistance slide wire Ko could be locked,

ihen the current was adjusted, the switch 5 was placed
in position (2) connecting the L.M,F. to be measured to the
potentiometer circuit, The potentiomster dials were set at
zero, Then Kl was tapped and the deflection noted, The
galvanometer was ﬁhen zeroed by varying the dlsl setting
on the potentiometer and from the latter the B.,li,F. was read
directly in milliveolts., If incressing the potentiometer
voltage from its zero starting point would increase the
galvanometer deilection, switeh 8, would be nlaced in reverse
position, In this wey when meking the readings, the positive
side of the unknown E.M,F, would alweys be connected fo the
galvanometer,

After each measurement, the liquid bridges were taken out
of the tray and placed scross two small beakers containing

solutions identical to those in the bridges., This was done
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to prevent alr from entering the capillary ends of the
bridges, which would bresk the fluid contact continuity
for subsequent readings. The tray was then closed by a
snugly fitting 1id to prevent evaporation of the solutions.
The electrodes were taken out of the solutions, wiped off
with tissue paper and sealed with their protective rubber
caps and sleeves,

The salinity retio of the NaCl solutions could be deter-
mined by measuring the resistivitlies using a four electrode
A.C, circult deseribed in another thesis by this author (8).
A more convenient method however was to measure the liquid
junetion potential between the two solutions, This was done
in the following mannef:

The 1liquid bridge containing solution C; was placed on
one side in a small béaksr filled with the same solution
and on the other slide in a besker containing solution Cp,

The fluid level of (¢, was placed momentarily slightly
above that of Gy so that fluid would flow through the bridge
toward Cqe This pulls up the liquid Junction in the capilile-
lary end of the bridge, to obtain “"cylindricel symmetry" of
the boundary layer which improves stability of the liquid
junction potential (9).

The potentiel between the solutions in the two beakers
was then measursd as the 1iquid junction potential, using

the half cell calomel electrodes as described before.
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To study the influence of temperature on the magnitude
of the self potentials, the tray and specimen were heated
in a water bath to approximately 185°%, For these elevated
temperatures a different type electrode had to be chosen, as
the #270 Beckman eleectrodes do not function properly above
45°¢ (113°F),

The electrodes used were Beckman #1170-~71, sleeve type
calomel electrodes,

The normal temperature range for these electrodes is =5°
to 60°C, However, if carefully checked and constently kept
filled with ssturated KCl they may be used up to temperatures
Just below the boiling point of water,

The electrodes were inserted directly in the solutions
on both sides of the specimen, The liquid bridges were not
used in this cage, to avoid excessive difficulties in the
control of the temperature of the system and the evaporation
of the solutions, The evaporation of the solutions in the
tray was minimized by keeping the tray coversd by its 1lid.
The temperature of the solutions was measured with a thermo-
meter graduated in °F,

Pollution of the solutions by KCl from the electrodes
might be the sourecs of errors, The electrodes were therefore
taken out of the solutions directly after esach méasurement
end during the measurements the outflow of KCl was minimized
by keeping the rubber stoppers in the filling holes of the

electrodes., Readings of the E,H,F, and the temperature were



made before and during the heating of the system,

After a reading was made at the highest temperature at
which the system could be maintained in the thermic equilie-
brium, the system was allowed to cool slowly. Successive
measurements of the E,.M,P, and preveiling temperature were
theﬁ made untll room temperature was reached, In this manner
relieble measurements were obtained over the tempersture range
from 65° to 185°F, which corresponds very well to the renge of
temperatures normally occurring in oil wells,
| To measure the E.M.,F, across
specimens of high resistivity ( 25,000 S) resistance across
the speciﬁen) a D,C, current amplifier‘was useds (The ampli=-
fier circult is represented in Fig, 3,) Current amplificae
tion was especlally necessary for the measurements on dense
limestones, marbles, and quartzites, all of which have very
low permeabilities snd high resistivities,

The specimens used for the self
potential determinations were mostly sediments taken from
outcrops, Some black shales obtained from cores from a depth
of approximately 8000 ft, were also used,

The samples were either cut with & diamond saw and air-
dried or cut with s rotary wire brush,

The latter procedure was used for all the less consoli-
dated sedlments,

For several limestone samples the following determinations

were made:
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1. Porositys Determined by imbibition with water and
measuring the difference between wet and dry welght,

2, Insoluble residue: A weighed sample was dlssolved
in 20% HCl, The insoluble residue was weighed and computed
as weight percentage of total,

3« Clay fraction: From the insoluble residus the clay
fraction was determined by pivette snalysis, as the fraction
of particles with a dismeter less than 5 miecrons. For the
analysis the residue was mixed with 10O ce of 0.01 ¥, sodium
carbonate, The mixing was done with a high speed soill dis=
persion mixer,.

After the miﬁing the digpersed}r@siéue was ellowed to
settle for 1 hour and 1l minutes (this was the settling time
for particles of 5 micron dismeter, for a depth of 10 cm),
Then 20 ¢c of sample was withdrewn by pipette from a depth
of 10 cm below the surface of the fluid, This fraction was
bolled dry in & beaker and weighed., The total c¢lasy frection
vwas then found as &%% = 20 times the weighed fraction., All
welghing was done using a sensitive chain bealance which

gould be read to 0,1 milligram,
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PART II

PRELIMIVARY MEASUREMENTS

A. Determination of influence of the quantity of materiels

involved,

To determine whether or not the amount of material used
In the experiments Influences the magnitude of the electro-
chemical potentials the following test was made,

A block of Saugus ss was divided 1nto two parts, From
these parts were cut one sample of 10 x 8 x § om (volume =
LLoo om3) end one sample of 5.9 X 5.7 X 3.5 cm (volume =
118 cm3).

The larger sample was placed in a large trey which was
£il1led up with 625 em3 of NaCl solution on sach side of the
samaple,

The smaller sample was mounted in e swell tray and 110
em? of NaCl was poured into the tray at each side of the
sample,

The solutions at corresponding aldes of the two samples
were identical, The ratio of the salt concentrations on
opposite sides of the sample was 5.7.

The E.M.F. aseross the samples upon completion of imbibie-
tion of the salt solutions was measured for both cases at a

temperature of 69°7,
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The reading for the potential aeross the sample in the
large tray was 2.6 m Volt.

Across the small sample & pobentlial of 25,2 m Volt was
obtained, The difference in the readings is probably mostly
due to small differences in phe composition end (or) texture
of the samples and to experimental insccuracies, It is ob-
vious however that the amounts of material involved do not
govern the magnitude of the potentiels across the samples,
as long as the samples are large enough to give a good statlise
tical representation of all components and characteristics of

the rock from which they are taken.

B, Comparison of methods of determination of the concentram

tlon ratio between the solutlons on opposite sides of the

samples.

To determine the concentration ratio between the salt
solutions on both sides of the ssmple the following methods
can be used:

1. Weighing of the amounts>of HaCl and distilled water
used in the preparation of the solutions,

o M@asuremaﬁt of the resistivities of the sclutions.

3. Measurement of the liquid Jjunction potential, Eg,
between the two solutions, vhen they are brought into con-
tact with each other in san inert porous medium or inside a

capillary tubs,
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It was shown by Wyllie (5) thet the electrochemical
potentlials acfoss shale barriers depend more dlrectly on
the activities of the solutions invelved than on their
concentrations. The potentials were found to be directly
proportional to the logarithm of the ratio of the activities
of the salt solutions,

As the liquid Jjunction potentials are slso proportional
to this same perameter, it is preferable to use method no. 3.

In the interpretation of self potential data from elex~-
trologs, the resistivity ratio is used instead of the ratio
of activities, This is based on the well-known faet that
resistlivities of galt solutions are nearly inversely propore
tional to their concentrations, and that for dilute solutions
the differences between the ratios of the activities and the
concentrations of the two solutions may be neglected,

To obtaln some idea of the validity of these approxima-
tions, two solutlons were prepared and comparison was made

R a
between the three parameters: log §§ ¢ dog E% , and 1og'§§

(as determined from the liquid junction potential).

The following results were obtained:

Cy
0 ¥ 15,300 ppm g2 = 510 ppm log G5 = 1.477
R Q 2 !
Ay % hoflem R2 = 9903Lem log g; = 1.394
a
- . ' § o 39
B, =17.0 m Volt 3 11.6 log v log a5, 1,161



VWie see that using the resistivities instead of the
actlvities may introduce some error,

A8 the measurement of the liquid junetion potentlial re-
quires no extra apparatus and csn be done in & few minutes,
method no, 3 was used for all messurements referred toc here-

after.,

C. Relation betwsen the actlivity ratio of the solutions and

the magnitude of the electrochemlcal potential.

As mentioned before, Wyllie has shown by extensive experi-
ments that the E,.M.F, across a shale barrier mey be represen=-
a
ted by E 2K 1og-5§ (2)
The questlion arises whether this relation also holds for
Sediments, which are neither pure shales nor inert clean sands.
This was tested agaln using a sample of Saugus ss. As-
suming equation (2) to holdtrue, we can calculate K from one
messurement of Ed and the corresponding E.M.F, Knowing K

we may compute the E,l,F, that should be obtained for any other

a
value of Ej or 1og-5% « The results are shown in Table A,

Table A
Eq (m Volt) log 81 L, 4.F. (m Volt)
82 calculated measured
-8.15 0,702 23.6
«21.5l 1.857 62,1 61.0
b3 0.371 12,5 12,7
~11. 7 1.269 42.5 43.1
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The data presented in Table A show that for all prace
tical purposes equation {2) may be applied also to sediments
that are intermediasbte between sands and shales

The measurements were carried out at temperatures ranging
from 77 to 81°F and in the computations the effects of the

small temperature variations are neglected,

De E.M.F. across a shale barrier,

To check whether our method of measuring the electro-
chemicel potentlals across sediments gave similar resilts
to those obtalned by the investigations of Wyllie, who used
e different metlod of mounting the specimen and bringing the
solutions in contact with the specimen, the E,M,F., across a

pure argillaceous shale was measured,

Wiyllie had found E ~259.15 log gl (3a)
2

Using equation (3a) we can compute the LE.M.F. for any value

a
of log 4 {obtained from measurement of Ey) and compare the

a2
computed E,M.F, with the potential difference across the

ghale. iherresults of our measureme ts are shown in Table B,

Table B
8. z
. 1 . EJM.F, (m Volt)

By (= Volt) log EE temp., (°F) calculated | measured
-11.6 1.0 73 59.15 60.9
"1608 l.l{.s 72 8509 82%,03
~15.0 1.29 73 76.4 75.5
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The results show that our method of measurement is

equivalent to the one ussed by Wyllie,

E. The effect of time on the E,M.F. across sediments.

All measurements made of the E.M.,F, across any type of
rock showed a decrease of the absolute potential difference
with time. FPig. L shows some typical graphs of the magni-
tude of the E,M.,F.,'s versus time. The sign of the potentials
is established arbitrarily in the same direction as the po=-
tentials found in drill holes,>that is for shales the less
sallne solution is positive. For inert sandstone the less
saline solution is negative (same sign as that of the liquid
junction potentisl). A negative potential will become
larger negative with time,

Wie see from Fig. l. that the slope of the first part of
the curves varies from rock to roeck. There seems to be some
indication that the decline is steeper in the more porous
rocks and less steep in the tight formations,

After the first twelve hours the decrease Decomes very

uniform end almost negligible,

F, Effects of temperaturs

The electrochemical potentidls scross rocks are dependent
upon temperature. However, the variation with temperature is
not the same in gll cases., As the effect of temperature on

the potentials has an importent bearing on the ectual nature
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of the potentials, the experimentally and theoretically
obtained date on these varliations will be discussed later
in a separate section. At the present it suffices to state
that the variations are small enough so that the changes in
the measurement of potentlials due to fluctuations in the

room temperature may be neglected in most cases,
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PART III

POTENTIALS ACROSS SEDIMENTS OF THE SANDSTONE SHALE SERIES

As pointed out in the introductlon to this theslis, there
exists a continuous series of sediments between pure quartz
sands and argillaceous shales, 1f clasgsified according to
the texture and lithologic composition. It is expected
therefore that these sediments also show continuity in
their other physical properties, such as the electrochemical
pobential across them, when placed incontact with salt so-
lutions of different concentrations.

To prove that such continuity does exist, measurements
were made on a large number of specimens of sandstones, silt-
stones, shaley sands, and sandy shales, As was expected,
velues of self potentiasls were found renging over the entire
interval between those for inert clean sands and those for
pﬁre shales,

To be able to classify sediments according to their
electrochemical behavior, the following parameters are now
introduced:

1. The absolute self potential (A.S.P,). This quantity

1s defined as the electrochemical potentlal across
the sediment at any arbitrary concentration contrast

of the solutions in contact with the sediment, as-
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suming always the more saline solution to be at

zero potential. This means that if the more saline
solution is positive with respect teo the less saline
solution the A.S5.P, is negative, This will be the
case for very pure sands., For most other sediments
of the sandstone shale series the A.S.FP. is positive.
The electrochemical formastion constant, k, which i1s

defined by the equations

!

A;‘Sth - k 108 EE (5)
where 8y and a, are the activities of the more
seline and less saline solution regpectively.
k¥ ealways has the same sign as the absolute self
potential and is at a given temperature, charac-

teristic for & given rock, as long as we use

.solutions containing a given tvpe of ions.

For WeCl solutions, we have for inert clean sand,
at 25°¢, kx = -11.5, anfl for a pure argillaceous
dense shale k = 59,15,

To asceribe sediments of the sandstone shale series
e fixed place In this serles, based on their elec~-
trochemical behavior, we introduce the "electro-
chemical formation coefficient" or "formation co=-
efficient™, C. This quantity is defined by the

relation:
70.65

c
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where k25 is the electrochemical formation constant

for the rock in question, for NaCl solutions at 2500.

Por inert clean sandstones C = 0, and for pure shales

C = 1,0,

From the definition of k we see that we may write:s

11,
k - TE—d?ZS X E-MoFo

&d)ZS denotes the diffusion potential between the so-

lutions in question at 25°C,

(7

Using relations (6) and (7), the formation cosffi-

cients have been determined for a number of widely

varying sediments.

)

The results are listed in Table C.

Table C

Description of sample C Description of sample C
Pico {(lower Pliocene)ss Mint Canyon shaley

quartzitic 0.126 siltstone 0. lulyly
Beree (Mississippian) sq40.142 | Modelo ss(San Fernando)|0.472
lint Canyon friable ss |0.,107 | Mesozoic dense ss 01477
KMint Canyon ss 0.2l | Mertinez (Eocene) ss 0.484
Coconino (land-laid) ss|0.252 | Modelo shaley ss
Pico (lower Pliocene) ' (upper liocene) 0.592

siltstone 0.282 | Saugus (Pleistocene, landt
liodelo ss (Castaic) 0.350 laid) caleareous ss |0,640

0.410 | Jurassic gray slate 0.896

lodelo sandy shale 0.1t30 | Black shale 1.0

We see from the data giﬁen in Table C that the sedimen ts

of the sandstone shale group form indeed a continuous series

with reaspect to theirAalectrochemical behavior, with inert

clean sands at one end and pure arglllaceous shales at the

other extreme,

We see however that normally sands cannot be
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considered to be clean, in the sense of being inert electro-
chemically. This is well demonstrated by the coefficients
of the Berea ss and the quartzitic Pico ss,

From resistivity measurements described elsewhere (8)
it was found that a correlation exists between the amounts
of conductive solids present in the rocks and the electro-
chemicsal formatibn coefficlent,

It was also found by this author (10) that a correlation
exists between the formation coefficlent and the total inter
stitial aurfaée area per unit of bulk volume of the rocks,
One of these relations is a logical consequence of the other
as the conductive solids sre mostly the minerals that are in
the colloldal state and have a much larger interstitisl sur-
face area per unit volume than any of the other minerals
present,

We now want to consider the nature of the absolute self
potentials. Wyllie explained those of inert clean sands as
being simple 11qu1d7junction potentials and those of the pure
shales as being "sodium eiectrode potentials.™

Thia abstract separetion makes it difficult to understand
the continuity of the potentials throughout the sandstone
shale series.

We will therefore firast discuss the basic character of
both potentials, giving due consideration to the factors

they have in common,
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The liquid Jjunction potential arises when two solutions
of different ion content are brought into contaet with each
other, In our oase; the solutions will differ mainly in
concentration only and for simplicity's sake we will 1imit
our discussions to the potentisls due to the presence of two
NaCl solutions éf different concentration,

When two such solutions are brought intc contact with
each other, for instance in the interstices of an inarﬁ,
porous medium, ions from the more concentrated solution will
diffuse into the more dilute solution., For NaCl solutions
the Cl ions diffuse more repidly than the Ne lons,

Shortly after the contact of the two solutions is estabe
lished, an electriec charge will set up across the boundary
as more negative lons than positive lons cross the contact,
The dilute solution will therefore become negatively charged
with respect to the more concentrated solution. This charge
will retard the migretion of negatlve ions and accelerate the
migration of positive ions, until a dynamic equilibrium is
reached, at which both migrate at the same speed, or rather at
which equal numbers of positive and negative ilons diffuse into
the dilute solution, per ﬁnit time,

The magnitude of the potential across the boundary at
which this dynamic equilibrium is reached is given for NaCl

solutions by the equation:

=BT Av-1u !
Ea = e in T3 (8)
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where v and u are the ionic mobilities of the chloride ions
and scdium ions respectively, and 8y and ap belng the mean
activities of respectively the more saline and the less
saline solution,
If we erbitrarily consider the concentrated solution agein
at zero potehti&l, the potentiel of the dilute solution be-

comes

<o gy S 3 (9)

EZP (u+v) 2%

Y . -.’1
At 25°¢ Yoy © 76.3 and U 55 b 5 en?

or T 2 0,20 sand f{—{{*:—# = 59.6

’ .
The constant factor R = 1498 x 10™ practical units.
F 108,46 :

This leads te.Ed = «11.5 log ;% m Volts.

When diffusion takes place across a shale barrier, the
chloride ions are prevented from migration by the negative
charge on the shale lattice, therefore in equation (8) we

can make the chloride ion mobility equal to zero, which

glves:
a

It is obvious that the gctual ion mobllity of the
chloride ions does not change, only the "apperent mobility"
of the echloride ions in the esteblishment of the boundary
potentials scross the shale barrier, is zero,

Bgquetion (10) is the same expression as the llernst equa-

tion for monovelent metals in contact with solutions containe



ing ions of the metal, as was pointed out by Wyllle.

The sbove presentation however eliminates the impression
that two entirely different processes are involved in the
establishment of the shale potential and of the simple liquid
junction or diffusion potentlial.

As in the case of the liquid junction potential, eguilils
brium is reached for the shale pobtential when the migration
of both ion Lypes occurs ab the same rate. This means equili=
b ium 1s reached when the migration of the sodium lons has
been halted completely, too. |

For all intermediate members of the sandstone shale series,
we must conclude that the physiecal effects of the rock {ramee
work on the solutions influence the migration of the ions,

The magnitude of the resulting potentials  is such that the
negative ions must be retarded or {(and) the rate of migration
of the positive lons increased.

This results in an analytical expression of the form:

oz BT @ty - &My 48
= - ortu + &K'V 1na2

RT (u ~-v e
or 7 e %w {ﬁ“:};;% in E%’ (11)

where 0 {X {1

X depends upon the texbture and composition of the solid
rock and can be directly reléted to the electrochemical fore
mation cocefficient, C.

Possible ways in which the solid framewoﬁk ¢ould influ-

ence the epparent mobilities of the ions in the solutlons
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were discussed with Dr. S. Frankel,

Based on sﬁggestions by Dr. Frankel, a very plausible
mechanism was worked out, which will be explained, using the
illustration ag given in Fig, 5.

Fig. 5 represents a portion of a thin section of Pico
sandstone. We note that some of the interastices are inter-
connected by open passages, indlcated by "0", while other
connecting passages are filled with fines, marked with "p",
These fines are mostly clay minerals and comprise in general
the conductive sollids present in the rock. The correlation
between ¢ and the amount of conductive solids indicates that
the latter must have a direct bearing on the magnitude of the
electrochemical potentials. This occurs in the Tollowing
manner: Through the open passages, both C1” and Na* ions
cen diffuse, at rates corresponding to their mobilities,
Through the passages blocked by fines, however, only the Na*
ions cen migrate, while ﬁhe Cl™ are preventéd by the negative
charge on the clay particles from paasing through. The pas-
sages filled with fines act therefore as miniature shale=~
barriers, The presence of the cley passages causes the over-
all rate of migration of the Ha* lons to be larger in compari-
son to the rate of diffusion of the €1~ ilons, across the
boundary between the solutions, than in the case of a free
liquid junetion, This means that the apparent mobility of
the Na*t ions is increased or thet of the C1  ions is de-

ereased., The extent of inecrease or decrease in the apparent
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mobiliﬁies-depends upon the number of passages filled with
fines in proportion to the number of free passages., This
explaing very clearly the relation between the electro-
chemical formation coefflclent and the amount of conductive
solids, if the latter is expressed as a fraction of total
porespace,

The method by which the amount of conductlive solids is
determined was described in another thesis by this authorr‘
(8). The correlation is shown in Fig, 6.

The above interpretation shows that the apperent mobilie
ties are completely statistical quantities. As polinted ocut
before, the electrochemical formation 6oefficient is there=
fore only defined for samples of & rock large enough to give
a good representation of the statistical characteristics of
the rock:

As was shown on page 20 the expression

B sz log ;%
gives a good approximation for the potentials across sediments
of the sandstone shale series. This means that for the range
of coneentrations used in our experiments (1 N te 0.01 N) the
variation of the Pelétive ion_mobilities with concentration

are small enough to be neglected,
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PART IV

THE VARIATIONS OF SELF POTENTIALS WITH THMPERATURE

From equations (9), (10) and (11) 1t is obvious that the
electrochemical potentials vary wlith temperature,

The potentials across a shale barrier (equation (10)) are
directly proportional to the absolute temperature if we assume
that the effect of temperature on the mean activities of the
two soiutions in question is the same and therefore cancels
out in the factor 1n ;% .

For the liquid junction potentials and all the potentials
of the intermediste members of the shale sandstone series, the
dependence upon tempersture is more complicated, This is
cauged by the fact thét the ion mobilities vary with tempera=
ture. '

Table D shows values of the ¢1~ and the Na* ion mobilie
tles as given in the Physikelisch Chemische Tabellen (11)

for various temperatures, Also listed are various other

quentitlies that enter into equation (9).

Table D
. Temperature ‘Ibl | ‘jﬁ& jél'é%a éél‘ Na
°F] °¢ | %K | onm~lom? | omm~lem? | Zg1+Zya | Zoi¥ 7w
32 0 273 26 227 62
ol | 18 291 S.i h3.45 .202 58.8
77 | 2% 298 76.3 50.9 »199 59.5
122 | 50 323 116 82 172 55,5
167 | 75 348 160 116 «159 ss.é
212 | 100 373 207 155 AUl 53.
262 | 128 Lol 26 203 J131 52,0
313 | 156 h29 31 29 122 B2.1
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We see from Teble D that the overall effect of tempera-
ture on the liquid Junction potentials is a slow decrease for
increasing temperature. It should be pointed out that with
our selection of the sign of the ?otentials this means that
the liquid junction potentials become smaller negatlive with
inara&sihg temperature, This tendeney becomes of ilmportance
when potential differences between solutions in contact with
adjacent formatlons are compared.

The actual changes in the electrochemical potentials,
with variations in temperature, are best represented by com-
puting the electrochemlcal formation constant k, as a function
of temperature, k equals the absolute selfl potential when

log ;% =1, Using aqu&tion (10) we have

>y

RT v»q 401 £ KL
k= gom by +a(l'/g3_ with O£ 1
‘ by ""‘[Gl
or k= ,198 4T withﬂ m (12)

if the A.3.P. is expressed in m Volts.

Values of ¥ as & function of temperature are shéwn in
Fig. 7. The liquid junction potentiels are represented by
the k values for inert clean sends.,

Variation with temperature of the electrochemical poten-
tials for all the intermediate members of the sandstone shale
series may be computed in the same manner as for the liquid

junetion potentials, using equation (10).

[ »o(l .
Table E gives 4 = 1;’32 ...o(jg;:

andKT/g

for various temperatures and different values of & .
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Table E

Temperaturd o€ = 1/2 oC= 1/3 X = 0.2 Kz 0.1

(¢ o

F K A T | 24 | TH 4 3 | A T3
2 1273 [.115 | 31.2 |.307 | 8 .51l 1 140.5 | .728 | 198.5
77 | 298 «lh3 24 334 9 5 .533 159-7 » 739 | 220.2
122 328 g’}r zﬁ-h +359 -S(S) «751 2%29'5
167 | 3k .370 Z .568 Z 8 |.758 | 2 8.8
212 b 73 * 1995 77 014— «392 ‘ : 28
262 01 |.211 +395 150 5 «770 | 309
52 | 195|130 | oh.6 | 1062 | 15208 | 1203 | 2hes | 172 | 392

*ff

From the values of TA we can compute the corresponding
values of k, using equation (11). The k's thus computed are
represented as a function of temperature for X =1, 1/2,

1/3, 0i2 and'o;l by the theoretical curves in Fig. 7.

Fig, 7 also shows four curves for k as a function of tem=
perature, compubted from experimental data, using equation (7)s
These relations are represented by solld lines,

The theoretical'felations shown in Flg, 7 have been
plotted with the aid of -equation (12) and the values for the
lon mobilities listed in Table D assuming « to be independent
of tempersature, The latter assumption is equivalent to the
gssumption that the effective ion mobilities in a clay mem-
brane will change with temperature in the seme way that they
do in free solution, Establishment of the validity of the
assumption would be subject to a detailed theoretical analysis
of the principles governing ion mobilities in clay membranes.

The close agreement between the experimental data and the

grephs computed from equation (12) suggest however that no
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serious errors are introduced by assuming o to be independent
of temperature,

The effect of temperature on the absolute self potentials
may be summarized as follows: |

Por pure sheles the potentials are preportional to the abe
solute temperature,

For all other sediments the temperature effect depends
upon the absolute temperature, the ilon mobilltiles at the pre-
vailing temperatures and the electrochemical formation ceefl-
ficient,

Por inert clean sands (C = 0; = 1) the effect due to
variation of ién mobilities ié gl ightly larger than that
directly due te the increasse In absolute temperature and of
opposite sign., The overall effect of temgarature is a slow
decrease of the magnitude of the negative potentlals with
inereasing temperatures.

Fér all relatiVQly clean sands (C < .30) the effect due
to the variation of ion mobilities becomes rapidly larger for
inereasing C's. The slope of the curve giving the A8.P. or
the electrochemical formation constant as a function of
temperature becomes steeper.

For less clean sends, shaley sands and sandy shales
{.30 { ¢ < 1.0) the effect of temperature due Lo changes in
ion mobilities becomes smaller and smaller snd the direct
effect of the increase in absolute temperature becomes rela-

tively more predominant, The slope of the curve representing
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the A.3.P, versus temperature still becomes steeper for in-
creasing values of Ce The inerease in potential expressed
as a percentage of the potential at H0°F however becomes
much smeller than in the case of the sands having a formation
coefficient of aspproximately .30. This last point may be il-
justrated by the following example:

Using for simpllicity's sake values of k instead of the

absolute self potentials, we have for « = 1/2 (C = .28):

4]

which means an increase in k or in the A.S.P. of 100% for =&
temperature inerease from 60°F to 212°F,.

For €= ,1 (¢ =.78) we have:

(k) g zppop = 42 and (k) _oq0p = 56.5
which indicates en incresse in the A.5.P. of less then 35%
for the same increase in temperature from H0°F to 212°F,

The above conclusl ons have an important bearing on the
analysis of static self potentials as found from slectrologs.
The latter are equal to the difference between the A.3.P. of
the ghales and those of adjacent permeable formations en-
countered in drill holes (Ses Fig l). Wyllie, assuming the
sbsolute potentials of the permeable formations to be equal

to the simple liquid junction poteﬁtials, used the formula:

Smt

RT U - Vv i "
Epotal - 2+303 ZF (1 * U r v) 08 =75 (13)

where 2.303 1s the conversion factor introduced by using the



-38-

logarithm to the base 10 instead of the natural logarithm;
z is the valency of the ionsz and fmf and § ¢ 878 respec-—
tively the resistivity of the mud filtrate and of the connate
water.

The potentials as calculated from squation (13) corres- |
pond to the differences in k vslues between the curve for
X = 0 and the curve for & = 1 in Fig. 7. It is readily seen
from Pig. 7 that for all practical cases, where t,hé sands may
not be assumed to be electrochemically inert the el fect of
the temperature on the statié S5.P.'s is much smaller.

This will be illustrated again by en exemple:

Asgume log —f?m% T 1 so that k = &.3.P,
we then Pind at 60°F the static S.P, for an inert saﬁd equals
71 m Volts and at 212°F the statie S.P. for the same case
equals 85,5 m Volts, with means an inecrease of 1li.5 m Velts.

Por a send with a formation ceeffieient of C = .28
(x=1/2) we have at 60°F S,P, = 51,3 m Volts and at 212°F
S.P. ® 59,8 m Volts, which correspond te an increase. of
8.5 m Volts. |

If we consider the incraase in terms of a nercentage of
the S.P. velue at 609F the contrast becomes less marked.
Ye find for ths two cas—@ respectively an inerease of 20.4%

and 16.5% of the S.P. valueat 60°F,
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PART V

SELF POTENTIALS OF DENSE ROCKS AND OF LINESTONES

The Influence of Compaction on the Self Potentials

In parts IIX and IV of this thesis, it was shown that
for sediments of the sandstone shale series the self poten=
tials are not governed direstly by the porosity or permea-
bility of the formations but by effects of the solid frame-
work on the spparent mebilities of the ions,

It was also auggaatediﬁﬁat the greater part of the effect
of the solid fremework on the moparent ion mobilitlies is due
to the presence of arglllaceous materisl or conductlive solids
in the.inteﬁsticss of the rock, The arglillaceous materials,
because of the negative charge on their particles, decrease
the apparent mobilities of the negative lons in the solutlons,

It is & known fact however that most erystal lattlces have
surface charges due to unbalanced velenciea, As shown by ox-
periments on cataphoresis, finely ground qﬁartz particles
exhiblt negative surface charges and will move under the in-
fluence of an electric fleld.

It might therefore be possible that if the pores in a rock
are small enough, the small surface charges of erystal lattlces
other than those of the conductive solids may become of lmpor-
tance in determining the apparent mobillty of the negative

ions. Such effects, 1f present, might cause large positive
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A.S.P,'s for dense limestones and other tight rocks iike
quartzites.

To check on this possibility, measurements were made on
two types of quartzites,

The first specimen was a metamorphic pure quartzite,
namely a sample of Lorrain quartszi te from Bell Lake, Ontario,
From measurements of the resistance across the specimen it was
found that the formation factor® was epproximately 300. The
electrochemical measurements gave k ® 1,22 and C = 0,147,

The second semple was a gray quartzite formed mainly by
siliceous cementation, The formation factor in thls case was
found to be approximately 600, This quertzite gave k = 43,74
and C = 0,218,

We see that the absolute self potentlals for these very
dense quertzites are small and compare in magnitude to those
of relatively clean sandstones. The Lorrain quartzi;a has a
porosity of .02l and the gray quartzite 1s even less porous.
It must be concluded from the obtained values of € that even
for the exceedingly small pores of these quartzites the ef-
fect of the negative charge on the quartz crystal lattices on
the apparent ion mobilities is still very small.

It 18 believed however that the effect though small is

present, as in the case of the Lorrain qusrtzite the compo=-

¥por rocks containing little or no conductive solids, the

formation factor may be defined as the ratio of the resis-
tivity of the rock saturated with an electrolyte, over the
resistivity of that electrolyte. The formation factor is

usually denoted by P,
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sition was practically 100% quartz snd no conductive solids
could be detected at all, Theelectrochemical formation co=-
effielent of 0,147 Indicates that oc=s0.7 which means that
the spparent chloride ion mobility 1s only 0.7 timss the
value of thg normal chloride lon mobility. This would mean
statisticelly thaet in 3 out of 10 pores the chloride ions are
prevented from migration,

From the results of the above measurements it is clear
that the static S.P.'s for the guartzite beds in contact with
shales are of the seame magnitude as the statlc S.P.'s of
permeable and porous sandstones in contact with shales. This
fact rules out the conventional assumption that dense formaw
tions do not give $.P. kicks., It is true that because of the
high resistivity of the quartzite beds, the ohmle potential
drop in ths'fermation, due to the S,P. current may not be
neglected end ﬁhé actual 8.P, kick as registered on an elec=-
trolog will be smaller than the statie S.P. Doll (6) calcu=-
lated fhe magnitude of the deviations from the static 3.P.
for various ratioz of the fanmaﬁibn resistivity over the mud
resistivity and various thickness of the formatlons, ex~.
pressed in terms of the hole dlameter.

These computations show that for thick beds the actual
'8,P. kicks for highly resistive quartzite beds will still

be oonsiderable.

For example, assuming %@_ % 10 and Byp ¥ Ry
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(vhere Bpyy, Ry and R, are respectively the resistivities of
the mud filtrate, the connate water and the drilling mud)

we find from ﬁall's data the lollowing values:

For F = 600 we have Ry = FRy = 60 Ry if Ry denotes the
formation resistivity.

If the bed thickness d = 8d, (where d, 1s the hole di-
emeter) the S.P, kick equals 0,63 times the statie S.P. For
d = 32d, the 8,.P, kick equals 0.9l times the statie 8,P,

For a hole with a diameter of 10" & bed thickness of 32d,
is 1éas than 27 ft., which 1s not regerded as a thick bed, in
most cases. Still we find the 3,P, kick for a gquertzite bed
of that thickness is very nearly the same as the S.P. kick
for a permesble water sand, assuming that In both cases the
ratio of the mud filtrate résistivity to the connate water
registivity is the same,

It should be realized however that in a dense formation
with very fine pores a small amount of conductive solids will
suffice to block a large percentage of the avallable péssagea |
and therafore create a high absolute self potential, This 1s
{1llustrated by the dense Jurassic sandstone (see Table C)
which has a formation coefficient of 0.477, while the percent-
age of conductive solids is estimated to be of the seame order
aé for most of the Plco sandstones (C = 0,126 to 0.282).

The above deseéribed behavior of the self potentlals of
denge formations is of great importance to the understanding

of the self potentials of limestones, In calcareous forma-
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tions, dense and porous zones will alternste in an unpre=-
dictable manner, The theory that dense formations give no
selfl potential kicks has.baen found in practice completely
unrelisble, and often the sell potential log of calecareous
formations is regarded as practlcally of no use for purposes
of interpretation of formation eharactariatics and fluid
contents,.

If the solid fremework of a pure limestone cen be regarded
again as praaticglly'inert in the establishment of electro=-
chemical potgntials in its interstices, the magnitude of the
aelflpotentials acfoss calcareous rocks would depend agaiﬁ on
the presenée of élay particles aﬁd the proportion of the
latter to the porosity of the rocks. |

The fact that the limestone framework is Inert if no clay
particles are present was proven by measurements which will
be diseusaedvin one of ﬁhé"fallowing paragrephs, fhe emount
of olay present in limestones can ba-éetermined by anslysis
6? the insoluble residues. This would offer a convenient
méthmd of checking the correlation between the magnitude of
sléctraehemical potaﬁtials‘awress limestones and the amount
of clay particles present, It must be realized however that
not all of the ¢lay particles present in a rock take an active
part in the establishment of the electrochemical potentials,
Only those particles blocking or partly obstructing the pas-
sages in which diffusion ﬁ&kea place influence the potentials.

In poorly cemented sandstones this will comprise most of the
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clay fraction. In well cemented sandstones and even more so
in limestones a large unknown fraction of the clay particles
will be surrounded completely by inert rock and will be of no
importance in the establishment of the electrochemical poten-
tials, This lesds to the conclusion that there will be no
direet'correlation between the absolute aelf potentials and
the total elay fraction of sediments as determined from insole
uble residues and'meehanical enalysis.

On the other hand the amounts of conductive sollds as de=
termined by resistivity measurements ineclude only those par=
ticles thet take part in current conduction and are therefore
capabie of providihg passage to the positive lons and blocking
the négahive ions in diffusion processes,

The above conclusions will be illustrated by expérimental
dats obtained on three limestone samples, Table F glves the
results of the electrochemiocel measurements, poroslity deter-
minations, end the pipette analyses of the insoluble residues.

‘The clay fraction was taken as the total amount of particles

‘with a dlameter smaller than 5 mierons.

B Table F
Deserip~ |Porose | insoluble Clay frec- ?f/ Formation
tion of ity,P | resldue tilon(P g p | coefficient,
sample | (vol%) | (weight) | (weightf) c

Red |

limestone 8.0 2.16 0.694 .087 0
Gray

dolomitic _ '

limestone | 16,7 0,67 0.423 L0251  .037
Dense gray '

limestone | 0.6 0.332 0.195 324 297
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We see from Table F thet no consistent correlation exists
between the ratioc of the clay fraction and porosity and the
electrochemical formation coefficient, although the dense
limsetone with a high factor, Pp/P, also has a relatively
high formation coefficient,.

No resistiviby date were avallable on these limestones so
that the correlation between the electrically determined
amounts of conductive solids and the formation coefficients
could not be checked.

Another outstanding fact thet can be noted from Table P -
is that pure limestones are}"cleaner" than clean sends, that
is, they give much lower formation coefficients, The red
limestone of Table I was found to be completely inert, electro=-
chemically. Dense limestones, 1f pure, will have a low A.8.P.
and when in contaet with shales, considerable S5.,P. kicks may
be registered on an electrclog. From the example of the dense
limestone shown in Table I it 1s evident, however, that an
extremely small fraction of clay particles will suffice to
make the absolute self potentials of dense limestones relative-
1y high, and accordingly the 3.,P. kicks on the electrologs
will become small.

An exsmple of an eleciralog showing an $,P, klck in front
of & dense limestone of the ssme magnitude as the kicks in

front of porous limestones was given by LeRoy and Crain (12)

in their book on subsﬁrface geologie methods, The phenomenon

was termed by these authors en unexplained anomaly.
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Influence of Compacgtion on the Self Potentlaels

The increase of the absolute self potentisls with inw
crease in density spplies as well to shales as to any other
type of rock, This mesns that a poorly compacted shale which
st11l contains a portion of free &ater ﬁill have a lower for-
mation coefficient then a dense shale or slate. This accounts
in part for the low formation coefficient of the Modelo sandy
shales, which was found to be only 0.l3.

A very striking example of the influence of compaction on
the self potentials was found by measuring the A,S.P, across
loosely packed pure Bentonite clay. The formation coefficlent
for thié elay was only 0..26,

In the light of these data, it becomes very clear why ﬁhe
@xperiﬁants ma&e by the Schlumbergers (2) gave statile potén~

tisls following the relationship

S.P, = 17 log gé
If the sand used in their experiments had a formation coef-
ficient equal to zero, the formation constant for the clay
would be 17, which gives ¢ = 0.L0L.

A result of the effect of compaction on the shale poten-
tigls willl be that the 3.P. kicks on electrologs for poorly
consolidated formations will be lower in general than those
for well consolidated strata.

The effect of compaction on the A.3.,P.'s of sands will

be much less than in the case of shales. This results from
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the large differential compaction between sands and chales,
Sands when buried under sn overburden of [,000 ft. will de-
erease in volume only approximately 2% due to compaction,
For the same depth of buriel, clays decrease approximately
W& in volume (1)). A more important factor governing the
S3.P.'s of sands i1s the amount of cementation. As explained
before, a sand with a glven amount of conductive solids will
give a higher A.5.P. when tightly cemanted than when only
slightly cemented.

It must be realized that compaction is an irreversible
process, A shale once compacted will maintaln its density
when brought c¢lose to surface by later erosion of the over=-
burden. Corresyondingly, dense slates and shales which are
now found in surface outerops still have high formation co-
efficients, As an example we may usge the Jurasslc slatea
tidesn Tros & éurfaca outerop, which had a formation coefficient

of 0.896,



PART VI

APPLICATIONS OF THE ANALYSIS OF

ELECTROCHEMICAL POTENTIALS ACROSS SEDIMENTS

A. Application to Electrolog Interpretation.

In the computation of fluid contents of formations from
resistivity logs, some quantities are involved that cannot
be solved from rasistivity data only. The most important
of these unknown'quantities is th@ connate water salinity
or resistivity. Another unknown is the amount of conductive
solids iniﬁhs porous formétion‘

lie have seen that both these quantitles enter in the
determination of the magnitude of the absolute self poten-
tials and the S,P. kicks on electrologs.

The relations between resistivities, connate water
salinity end amounts of conductive sollids in reservoir rocks
were first treated by Patnode and Wyllie (13) and have been
elaborated upon by this author in a before-mentioned thesis
(8). |

At the present we will not enter into the detalls of
these relations but merely outline the proposed use of the
S.P. curve in the interpretation of the resistivity logs.

The role of thé conductive solids in the determination

of the resistivity ef a water sand will be represented by
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a parameter N, It can be sghown that

N = f (Ry, Rgs Hmfs Ry) (up)®
where Ry, Ry, Ryup and Ry, are respectlively the resistivities
of the infiltrated zone of the water sand, the undisturbed
formation, the mud filtrate and the connate water,

Ry and R¢ can be determined from the resistivity log and
Rge c&RD be measured gseparately.

This means that for & given water sand we can plot N as
a function of Ry,

A second relation between these guentities is furnished
by the S.P. log.

From the 3.P. log the maegnitude of the differentiel kick
in front of the shales and sands can be measured.

This value must be corrected for bed thickness and for-
metion resistivity, as outlined by Doll (6), to obtain the
static self potential, (SP)g.

We then wmay write

(SP)g= Ky 1eg.§§£- (16)

where Ky depends upon the electrochemical formaetiocn constant

of the formation in question and the temperature,

*The actual relationshipns are (Reference 8, p. 102, equa-
tion 6-18)

1=t - (15)
N Ry{Ry-Ry) Bpp(Be ~Ri)
and P . RfP where Pg 1s the fractlon of conductive solids
FOOw

per»ﬁnit bulk voiume of roek, P is the fractional norosl ty
and Ry is the bulk resistivity of the conductive solids.
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In genersl we have for the absolute self potentials of

the shales:

end for the formation in question:
R

- mf’

where Iy is the electrochemical formation factor at the
prevalling temperature.

For the differential static 3.P, we obtain:

Ry
(8P)g = ( (kt)ghale = (kt)formation) log—g— (17)

From (16) and (17) we see thats
Ky = (Xgdanmre = (Kt)formation (18)

In Fig. 8 the variations of lt wilth temperature are
given for various values of the formation coefficient, C.

Assuming that the shales are dense argillaceous shales
(C = 1) and using equation (18) and the data from Fig. &,

L

we can find‘ény glven temperature, t,, the values of Ktl

as a function of the formetion coefficient C of the formation
in question, using equation (18). If»thé shales are sandy or
poorly comnacted, their formation coefficient should be deter-
mined in the laboratory from core samples, and the corres-
ponding curve for {ky)g,a1e C8n be found by interpolation

in ?ig. 8. Using the values of (ki)gnga1e thus determined,

K, wmay be computed as a function of € in exactly the same

manner as in the case where cshale = 1.
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The relation between Ky and G can be comblned with the
relation betwsen C and the amount of conductive solids or
¥, which was given in Fig. 6,§ bo compute the relationships
between N and K; at varlous temperatures, Curves repre-
.senting these relations are shown in Fig. 8, for.cshale =1
end for the case where Cg,o14 F «80.

Pinally using the corrected (3P)gs equatlon (17) and
the data from Fig., 8 we can make a second plot of ¥ sg a
function of Ry

At the Intersesction point of the two plots of ¥ versus
By, the ordinate and sbsclssa are respectively the true
values of ¥ and of R e

The interpretation nrocedure may be summarized as
follows:

1} ¥rom the resistivity data find ¥ as a function of

Ry {(using equation (15)).
2} TPor the tempe rature of the formation In qiestion and

the prevalling velue of ¢ e+ interpolate the graph

shal
for K, as a function of N, using the curves of Fig. &

3) Heasure the S.P. kick on the log and correct it to
obtalin the static self potentisl, (SP)g.

L)} Using the interpolated graph found under 2) and the

values of (s?)s determined under 3), mske a second

#The ordlnate in Fig., 6 was given in terms of 'f = 2_; (see
P B

footnote on page 19}, Rf is nearly & constant and in the plot
of Fig. 6 the value of Ry = 3352 cm was used.



plot of W as a function of Ry with the ald of the

equation

Ry
(SP)g = K; log §;‘

5) Find the intersection point of the graph made under
1) end the graph obtained under L),

6) Read the values of Ry and ¥ corresponding to this
ihteraectian'paint as the true values of the connate

water resistivity and the parameter N.

Numerical example,

The following is & numerical example teken from an elecw-
trolog of a well in the Los Angeles Basin. Sand thickness
4 = 50 ft, Formation temperature 1l5°F, Cghale 8Ssumed
to be 1.0, d, = 9". S.P. =35mV.
R oo Bype = 2,52 N2m Ry/R, = 1.9

Ry/R, = 6 {as determined from the rssistivity log)

The above values give Ry = L6 2m and Ry = 1.6 m,
For Ry/R, = 1.9 end d4/d, = 67 SP = (SP)g
Lquation (15) gives:
R i
1w - -
Rg(Rg-Rg)  Rup(Ri-Rg)

or -3-'0 = :élé -~ ¢603
X,

H

From this relation ¥ 1s plotted as a function of Hy.
The resulting graph 1s shown in Fig. 9, curve (a)., (Note:

as all resistivities in equation (15) are given in Sl m's
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the computed values of N are also inf{lm, in contrast to
the N values given in Fig. 8 which are in Slem.)

For Cqna1e = 1 and t = 145°F we have found the correspon-
ding relation between Ky and N by interpolation between the
curves of Pig, 8 (see dotted curve in Fig. 8).

oo L

rom (SP)s = K 1053w

2.i2
we obtain 35 = K, log R

From this we cen find K, as a function of Ry and using

the interpolated graph for Ki wersus N we can compute again
N as a funetion of Ry.

Some computed points are listed below.

R, m) Kg N( m)
'ﬁ 38. 120
R L) .8 155
: o i
7 65 970

Using these values a second plot is made of W versus Ry
{see Fig. 9, curve (b)).
For the intersectlion point we find:

Ry = «342m and N = 1.38mnm.

B. Application to Surface Geclogy

Ag the electrochemlical formation coefficlent 1s charac-
teristic for any given sedimentery rock unit, electrochemicel
testing of samples could be applisd in many surface geolog-

ical problems,
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For instance, identiflcation of a certain bed by measire-
ment of its formation coefficlent may help in tracing certain
horizons where outcrops are few.

Displacements on faults may be measured by sampling beds
on sach side, determining the formation coefficients and
finding the offset in the series.

FPinally, at unconformities where sandstones of one forma-
tion lie against sandstones of another formatlion, electro-
chaﬁical testing may be used to locate the contact where
other methods fail. A striking illustration of the applica-
bility of electrochemical testing to the latter type of
problem was found in distinguishing between Mint Canyon and
Hartinez sandstones in the Elizabeth's Lake Canyon area (near
Castale, Californis). The Hartinez sandstones are older and
marine, while the Mint Canyon sandstones are landlald. Both
rocks however are derived from the same source material, have
the game tan color, and weather in the same fashion. Visusl
inspection fails completely in most cases to distingulsh be-
tween the units, when trying to locate the contact.

Rlectrochemicel tests showed that the formation coef-
ficients of the lower Mint Canyon sandstone beds varlied be-
tween .15 and .25, while the upper Martinez sandstones gave
values between .[iS and .55,

It is realized that these tests serve only to dlstinguish
between similar looking facles. This is, however, where an

additionsl aid in identification is needed most,
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