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INTRODUCTION

This dissertation is a study of the cause of certain
‘anomalous readings observed on a microlog at the level of
shale formations. With this problem, a brief study was
made of the potential difference that is developed when a
shale sample separates saline solutions of different con-
centrations. (As a background'forithe~prob1em, a brief re-
~view of ~the microlog and its behavior opposite shale sec-
“tions 1is presented.)

A microlog is a depth record of apparent formation-
resistivity measured by three electrodes one inch apart.
These eleetrodes are mounted in an insulating pad which is
“pressed against the wall of the drill‘hole'by bow springs.
The electrodes are essentially in contact with the forma-
tion or with the mud cake between the pad»énd the formation
‘and are shielded from direct contact with the drilling
fluid. A typical micrologging system is schematically

shown in figure 1.
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Current of known magnitude is introduced into the
formation at the lower electrode A. The potential of M"
relative to the reference electrode N and the potentialA
difference between M' and M" are measured. The instrument
is calibrated -so that the pbtential differences are read
directly as resistivities. The NM' reading is affected by
a greater microvolume of the formation than is the M'M™
reading. The recorded NM" readings are called the 2" nor-
“mal mierolog, and the M'M; readings, the 13" 1éteraleicro-
log, or microinverse logew “

The difference between the apparent resistivities
recorded on the 2" normal microlog and on the 13™ lateral
microlog 1is ealleé *departure® or “separationﬂ' ﬁhen the
longer spacing giveé a‘larger&valué of resistivityg the de-
parture is called "positive®; when a smaller, it is célled
*negative? "

u Ideaily,'the resistivity of a shale section is later-
ally uniform (see figure 2a) i. e., it should not vary with
the distance from the pad. Thus both spacings should record
the same resistivity value. However, in practice, both
positive and negative departures are observed.

As far-as this writer knows, no worker has investiga-
ted the cause of departures recorded on microlog in front

of shale formations. Some workers have speculated about

the cause of ™departures® For example, Doll (1950, p. 157)
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Figure 2. Lateral Re31stiv1ty Distribution of the
. Shale Formatlon

= lateral distance from the pad

Ry =Specific resistivity of ground at distance x
= True resistivity of the formation

Rp= Resistivity of the mud
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writes:
For intermediate values of the resistivity,

and because of the limited dimensions of the pad,

a separation between the microresistivity curves

is sometimes observed on impervious beds, but, in

that csse, the separation is negative.
Maurice Martin (1955, p. 110) writes that cavings are
most often encoﬁntered at thé level of shale beds. He
further states that if the caving is deep, the two readings
are equal to the mud resistivities, while if the caving is
not-very deep, a positive separatibn is observed which may
be interpreted erroneously as indicating permeable streaks.
He also writes:

When there is no ecaving in the shales, the

pad again is separated from the formations by a

thin mud film. The reading is equal to, or more

often smaller than, the resistivity of the shales.

The separation may be-negative, zero, or slightly

positive. This behavior of the microlog at the

level of shales is not entirely explained. It is

assumed that the occurrence of a negative separa-

tion may be due to the anisotropy of the shales.

Martin's explanation is debatable. It is hard to be-
lieve that ﬁhe anisotropy of shale is the dominant cause
of departures. Departures may be explained on the basis
"of “ionic diffusion between the mud filtrate and the con-
“nate water. This diffusion hypothesis proposes that when
drilling mud comes in contact with shale, ions diffuse
from the connate water to the mud filtrate or from the mud
“filtrate to the connate water depending upon their relative

concentrations. The aiffusion process does not significantly
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affect the resistivity of drilling fluid, because of its
relatively large volume and high diffusion rate, but it
does affect the resistivity of a very thin layer of the
‘shale- formation. Thus the resistivity of;tﬁe shale is
not in the ideal form shown in figurgmaa;/but'takes the
form shown in figure 2b or 2c¢.

When a shale has a highly saline water, the ions 4if-
fuse from the connate water to the mud filtrate, and the
resistivity distribution takes the form shown in figure 2b.
As a result, a negative departure is recorded on the micro-
log (see figure 3). When shale has a lower concentration
connate water, the ions diffuse from the mud filtrate to

the connate water and the resistivity distribution takes

the form shown in figure 2¢. 4s a result, the microlog shows

a positive departure (see figure 4}.

The following sections of this'thesis describe the ex-
perimental work done to test the validity of the hypotheses
of ioniec diffusion; discuss the results of this work; and
“indicate the rapplication of these results to the problem of
‘determining the salinity of connate water within shales.
Finally, a section is devoted to a note on potential that
ié developed when a shale separates NaCl solutions of dif-

ferent concentrations.
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Example of Negative Départure}

From Ko~

wach #2 of Malco Refining Inec., Moffat County, Colo-

rado.

Concentration of the connate water is unknown.

Concentration of the mud filtrate is 1500 ppm NaCl.

7e
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Example of Negative and Positive Departure.

From Kowach #1 of Maleco Refining Inc., Moffat County,

Colorado.
known;
NacCl.

Concentration of the connate water is not
concentration of mud filtrate is 2,000 ppm
Note that the negative departure is opposite

the shale of the low resistivity, while the positive
departure is opposite the shale of high resistivity.

There is no caving.

8.
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EXPERIMENTAL WORK

/

Three sets of experiments were carried out using
the séme'instruments and practically the same procedure
for each. In each set the variation in resistance of
the shale sémple with time was continuously recorded.

In the second énd‘third set, samples of the solutions
‘weTe taken at the beginning and at the end of the ex-
periments and quantitatively analysed for Na, K, and Cl.
The equipment used and the procedure followed in these

experiments are discussed below.

Bquipment

A modified Brown Resistance Thermometer, model 9161,
was used to record the resistance continuously. Figure 5
shows a schematic diagram of the measuring circuit. To
eliminate the effect of polarization at the platinum elec-
trodes, the batteries used in the original circuit were

replaced by a transformer to supply 6.3 volts at 60 cycles.
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115 v

Figure 5. Circuit Diagram for Modified Brown Resis-
tance Thermometer, Model 9161. Rx--unknown resistance
(see figure 7); G--galvanometer; p}-- germanium di-
ode; Rj--standard resistance.
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Since the galvanometer would not respond properly. to ac
in the Whéatstone bridge circuit, two germanium diodes
were employed as half wave rectifiers in the galvanometer
circuit. The resistance Rg was used for the zero adjust-
ment of the galvanometer. Rl is a standard resistance
whose value was selected so that the readings would be
recorded in the central portion of the chart. The instru-
ment was calibrated with the help of the standard resis-
tance box.

Other equipment used for measuring resistance was
platinum electrodes, lucite cups, and a motor-driven cir-

culating pump.

Prqcedure

The shale used in most of.these experiments was cored
in 1948 from the Mesa Verde group of Rio Blanco County,
Colorado, and was provided by the Frontier Refining Com-
pany from its Iad No. 1 well. A portion of the electrie
log for this well is given in figure 6. Samples whose
thickness varied from 1.5 c¢cm to 11.9 em were cut from
the shale that was cored between depths of 5770 énd 6340
feet. 1In experiments 11, 12, and 13, the samples of the
sandy mudstone were used. In an attempt to compensate for
connate water losses, some samples were soaked in 50,000

ppm NaCl solution for a time varying from 17 hours to 4

11.
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Figure 6, Flectric Log of Lad #1, Frontier Refining Company,
Rio Blanco County, Colorado. In groups I and II, shale sam-
ples taken between depths 5770 to 6340 feet were used. 1In
group III the shale samples (===) taken between the depths
6120 to 6124 and 6199 to 6202 were used. The mud resistivity
was 1,05 ohm-meters at formation temperature of 125°F,




T-855

months; 'some were soaked in distilled water for 165 hours.
Some samples were tried without soaking. In a few expéri-
~ments, the frozen shale from the Dakota group of‘the.Den—
ver-Julesburg Basin was ﬁSed°

A rubber gasket ring was cemehted to the open end of
-each lucite cq? (Seé rigure'7) to prevent the saline 301u_
tion leakage, which causes erroneous readings. The shale
sample was clamped between two lucite cups, which were
then filled with NaCl solutions; next the platinum elec-
trodes were connected to the recording device as shown in
figure 7. Rxfin figure 7 correSponds to unknown resistance
in figure 5. Continuous recording of Ry was made for time
that varies from a few minutes to 150 hours. In some ex-
periments, solution C"™ was circulated by means of a motor-

driven circulating puﬁp systen.
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Figure 7. ©Set up for Measurement of Electrical Resis-
tanceé. C'=-high concentration solution; C®™--low con-

centration solution; L--lucite cup; P--platinum elec-

trode; rg--rubber gasket ring; Ry~-unknown resistance

(see figure 5). ' '

14.
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DISCUSSION OF RESULTS

Data from the three groups of experiments performed
to test the hypothesis of ionic diffusion are presented
in Tables I, II, and III, and are discussed in the follow-

ing paragraphs.

Analysis of Data From Group I

In the first set, the first four experiments were per-
formed with C' (see figure 7)_as 50,000 ppm NaCl solution
and C® (see figure 7) as 5,000 ppm NaCl solution. It was
assumed that in salinity C*' would be close to the connate
water and C® close to the mud filtrate. C* was circulated
to eorresPOﬁd to the circulating mud. In éll these experi-
ments, a decrease in resistance with time was observed,
which suggesteé‘that there was ionic diffusion from the so-
lutions C' and C" to the connate water, or that there was
-~higher ioﬁic“diffusion'from the solution C'“towthe connate

~water“compared to that from the connate waﬁer to the soclution

.
3

15
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C". It was also observed that when the ecirculation was
stopped and restarted, the sample exhibited a somewhat
higher resistance than could be expected if c irculation
had not been stopped. This observation can be explained
on the ground that when circulation was stopped, the shale
received comparatively fewer ions since the volume of the
reacting solution C® was changed from 1,000 cec to 85 cc
(see figure 7). But this explanation does not satisfy the
observations made in experiment 4. While the eirculation
‘was stopped, the resistance value was higher than the value
observed at the starting time; no satisfactory explana-
tion for this can be put forward.

Experiment 4a shows that the rate of decrease in re-
sistance is very high when a 50,000 ppm NaCl solution is
replaced by a 357,000 ppm NaCl solution. This behavior is
in accordance with the principle that the rate of diffusion
is higher when}the concentration gradient is higher.

By this'time it was realized that the two different so-
lutions would have different effects on the change in resis-
tance; so it was decided to use C' and C" of the same con-
centration. At the same time, the eircuiation of the solu=-
tion C" was stopped.

In experiment five, 50,000 ppm NaCl solution was used;

a decrease in resistance with time was observed, which

17,
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suggests that the connate water has lower concentration

“ than the 50,000 ppm NaCl solution. In experiments six,
seven, and eight, 5,000 ppm NaCl solution was used. In
experiment 6, a decrease in resistance with time was ob-
‘served, while in experiment 7, and 8, an inecrease in re-
sistance with time was observed. This difference in be-
havior may be attributed to the difference in the soaking
effect on the samples. Sandy shale was used in experi-

_ment 6 and silty shale was used in experiment 7 and 8;
these samples were soaked in 50,000 ppm NaCl solution.

It seems that after sosking, the concentration of the con-
nate water of the first sample was less than 5,000 ppm
NaCl while that of the other two samples was more than
5,000 ppm NaCl. In experiments nine and ten, aoovpﬁm NaCl
solution was used, and an increase in resistance with time
was noted. This increase suggests that the connate water
has higher concentration than the 500 ppm NaCl solution.
In experiments eleven, twelve, and thirteen, 5,000 ppm
NaCl solution was used. It was observed that the resistance
decreases with time and reaches a constant value within 15
minutes. This behavior may be explained on the assumptionm
‘that the samples, which were of dry sandy mudstone, became
fully saturated in a few minutes; thus the resistance reach-

ed an early constant value. To further demonstrate that
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the decrease or increase in resistance is the direct re-
sult of the ionic diffusion from the solution to the con-
nate water, or from the connate water to the solution

respectively, a second set of experiments was performed.

Analysis of Data From Group II

In this second set the solution was sampled in the
beginning and at the end of the experiments and quantita-
tively analysed for Na, K, and Cl; these results are given
in table II. Analysis shows that there are fewer than 2ppm
of K present in any of the experiments, so it is not listed
in the table. In the analysis of Na énd Cl, it was recog-
nized that greater accuracy is achieved by determining C}
for the 2,000 or more ppm NaCl solutions and Na for the 500
and 50 ppm NaCl solutions; and from these values the concen-
tration of NaCl can be calculated. Thus, in experiments 14
through 20, the values of NaCl were calculated from the Cl
values, while in experiments 21 through 25 the Na values
~“were used to calculate the NaCl values.

The results of the quantitative analysis in table II
show that in experiments 14, 15, 16, 17, and 19, the decrease
in resistance is associated with ionic diffusion from the
solution to the shale sample. In experiments 23, 24, and 25,
chemical analysis shows that ions diffused from connate water

to the solution, but the overall resistance decreased. This
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overall decrease is explained as follows: as the ions dif-
fused from the connate water to the solution, the resistance
of the shale increased, at the same time the resistance of
the adjacent solution decreased as its salinity increased.
It can be shown by calculations that the increase in the re-
sistance of shale was masked by the decrease in the resis-
tance of the solution.

In experiment 18, the decrease in resistance is apparent-
ly associated with ionic diffusion from connate water to the
solution, but the change in the concentration of the solu-

tion is so negligible that the change 1s within analytical

“error. Bxperiment 20 shows a decrease in the resistance of

the shale sample. It i1s reasonable to expect a decrease in

“resistance of a frozen shale with temperature rise.

Results observed in experiments 21 and 22 cannot be ex--
plained on the basis of ionic diffusion. Results obtained
from these two experiments must be attributed to the peculi-
érity of the samples, or to experimental error. Somewhat
unsatisfactory results observed in the experiments may be
dve to variation in the samples. Samples were taken from
the Mesa-Verde cores, as well as from the Dakota group cores;
there is variation in the period for which they were soak-
ed in 50,000 ppm NaCl solution. In order that the experi-
mental results could be better correlated, a third set of ex-

periments was performed.

21.
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Analysis of Data From Group III

To keep all the conditions as uniform as possible,
the samples for the experiments 26 through 32 were cut
from a core of the Mesa Verde shale taken from the depth
of 6120=-€124 feet, and the samples for the experiments 33
through 37 were cut from a core of the Mesa Verde shale
taken from the depth of 61¢9-6202 feet. All the samples
were 2 cm thick and soaked in distilled water for 165
hours in order to return moisture to dry samples without
changing their original saline content. The samples were
removed from the distilled water, which was then analysed;
the analysis showed a negligible amount of leaching of
NaCl from the samples. The samples were kept covered with
a wet towel; and each sample was kept at room temperature
for two hours before it was in the experiment, In all
these experiments, solutions were analysed for Cl, and
from that NaCl was determined. Results of these experi-
ments are given in table III.

In experimeﬁts 26 through 37, the change in the'fesis—
tance of the solutions is negligible; thus the recorded
change in the overall resistance is essentially the change
in the resistance of shale samples. In experiments 26, 27,
28, 33, and 34, the decrease in resistance is associated
with ioniec diffusion from the solution to the connate

water. In experiments 29, 30, 31, 32, 35, 36, and 37,
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the increase in resistance is associated with ionic diffu-
sion from the connate water to the solution. Thus, ex-
periments 26 through 37 satisfied the hypothesis of ionic
diffusion.

From the data obtained in experiments 26 through 37,
an attempt is made to determine, graphically, the concen-
‘tration of the connate water in the shale (see Charts 1,
2, 3). The solution concentration is plotted against &R,

AR/Rs, and AR/Rg, where,

AR (starting overall resistance) (ending overall
resistance)
Ry starting resistance of shale sample, i. e.5

(starting overall resistance) (resistance of
the solution}

R average value of RS

sa
The scattering of the data observed in the above
plots may be due to change in resistance of the shale form-
ation (see figure 6), but plots still show that the concen-
tration of the connate water is approximately 6,000 to
7,000 ppm NaCl. The concentration of the connate water
calculated from the electric log data (see figure 6) is
5,900 ppm NaCl. This result shows that the hypothesis of
ionic diffusion may not only explain the cause of the de-
partures, but it may also be useful in determining the

NaCl conéentration of the connate water in the shale forma-

tion.
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TABLE IV .
Calculations for R, Rg, and Rgy
Solution _ ‘ R
NaCl ppm in ohm-meters ohms
50,000 0.13 26
10,000 0.56 1li2
5,000 1.15 230
2,000 2.62 530
R =FPK where K= 200 per meter
Ex. R of Start- Ending AR Rs AR/Rg  Rsa AR/Rgg
no. solu- ing R R of Resis-
tion of set set-up tivity
up of sam-
ple
26 33 775 632  -143 749 -.191 -.156
27 33 807 755 - 52 781 -.067 - 4,057
28 141 1,065 1,013 - 52 953 -,055 9127 -.057
29 289 1,250 1,325% 4 75 1,020 £.074 - 4.083
30 289 1,280 1,360% £ 80 1,050 £.076 #.088
31 665 1,475 1,627  A£152 945 £.161 #.169
32 665 1,520 1,605 £ 85 990 £.086 #.093
33 33 870 540 =330 840 =.394 -.305
34 33 792 490 =302 766 =.395 4 5277
35 289 1,265 1,420  #155 1,035 #£.150 1,091 £.142
36 665 2,025 2,200 #£175 1,495 * £.128 #£.160
37 665 1,850 1,950  £100 1,320 £.076 #£.092

*These experiments were run for 20 hours; the rest of the

experiments were rum for 24 hours.

tFrom this value of Rgg, the calculated resistivity of the
shale is close to the resistivity of the shale formation
as recorded on the electric log (see figure 6).

25.
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A NOTE ON POTENTIAL

Numerous workers have studied the cause of the po-
tential observed in a bore hole. C. and M. Schlumberger
and Leonardon (1934) jointly published a paper in which
"they reasoned that the S. P. (spontaneous potential) was
due to an electrokinetic phenoﬁenon called the streaming
potential, Iﬁ a second paper, they stated that under
certain circumstances the electrochemical phenomenon could
play a dominant role in development of S. P. Mounce and
Rust (1944)~published the results of their experimental
works. They showed that when the sandstone separated two
electrolytes, the developed potential is very small, and
no current was observed to flow in the system. But when
shale separated salt water and fresh water, the developed
potential was of the magnitude of 100 to 150 mv; and the
current was flowing from the shale to the fresh water,

from the fresh water to the salt water, and from the salt

29
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water to the shale. Wyllie and Patnode (1950) published

a discussion of their experimental work on the electro-

chemical component of the S. P. They stated that the

natural shale is semi-permeable. Thus, when it separates

two electrolytes, the developed potential satisfied the

Nernst equation, The Nernst equation for NaCl solutions

is given by Vv - ELI:.\N‘EE
F a

where V is the developed potential, R is the gas constant,

T is the absolute temperature, F is Faraday's constant,

and a' and a® are the activities of the two solutions.

McCardell, Winsauer, and Williams (1953) studied the cause

of the potential-that is developed when shale separates

two electrolytes of different coneentrations. They ex-

plained that shale has a characteristic of adsorbing nega-

‘tive ions when in contact with saline solutions; thus

phase boundary potentials between shale and the solutions

in contact are developed. A diffusion potential is develop-

ed because of ionic diffusion through shale from high

concentration solution to low concentration solution.

They believed that the diffusion potential is negligible

in ‘the case of pure shale. Their expression for the phase

potential Ep is:




T-855
c. AL
where
k 1is Boltzman's constant
T iS‘absolute'temperature
€ 1is the charge of a univalent iomn
n 1is the concentration of the univalent positive or

negative ions in the external solution far away
from the phase boundary where the potential is
defined to be zero and

n_ is the concentration of the fixed negative charges
on the surface of the shale particles

Gondouin, Tixier, and Simard (1957) presented a modified
equation for the potential and demonstrated its use when
a number of ions other than Na and Cl ions are present.
Their equation is based upon the assumption that shale is
semi-permeable.

The experimental results described in preﬁious sec-
tions show that the shale used is permeable to both Na
and Cl ions; so an attempt was made to see what type of
potential would be developed when this shale separates
NaCl solutions of two different concentrations. A number
of experiments were performed where shale separated eilther
1N and .1N or .0lN and .001N NaCl sclutions. Standard
1.0N calomel electrodes were used to measure the poten-
tial, and the high—impedahce Brown potentiometer was used
to record the potential

In all the experiments in which shale separated 1N

and 1N NaCl solutions, the developed potential ranged

3l.
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from 50 to 56 mv. According to the Nernst equation, the
developed potential should be 55 mv. When shale separated
.OlNland .001N NaCl solutions, the deve loped potential
,varied from minus 30 to plus 56 mv, To study the cause

of such behavior, solutions were analysed at the begin-
ning and at the end of the experiments. It was found

that there was extensive K and Cl ions diffusion from
calomel electrodes to the solutions. To avoid the effect
of calomel electrodes, platinum, silver chloride, and

lead electrodes were tried, but all gave erratic results.
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SUMMARY

The hypothesis of ionic diffusion is presented to
explain a "separation" recorded on a microlog at the
level of sﬁale fornation. This hypothesis proposes that
when drilling mud comes in contact with shale, there is
ionic diffusion between connate water and a drilling
fluid. This process of ionic diffusion affects the re-
sistivity distribution of a shale formation (see figure
2a, 2b, and 2¢). When a shale has a highly saline water,
the ions &iffuse from the connate water to the mud fil-
trate and create a thin layer of shale formation compara-
“tively more resistive; thus a negative separation is re-
corded (see figure 2b and 3). When shale has lower con-
centration connate water, the ions diffuse from the mud

filtrate to the connate water and create a thin layer of

33
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shale formation comparatively less resistive; thus a posi-
tive separation is recorded (see figure 2¢ and 4j).

A number of experiments were performed to test the
validity of the hypothesis. The results obtained in most
of the experiments indicated a decrease with time in the
resistance of a shale sample when a solution of compara-
tively high salinity was in contact with the sample, and
conversely an»inc:ease with time in the resistance with an
ad jacent solution of canparatively low salinity. This is
in accordance with the hypothesis of ionie diffusion. It
may be possible to determine the NaCl concentration of the
connate water in the shale formation by plotting change in
resistance of shale against the concentration of the solu-
tion used in the experiment (see charts 1, 2, and 3).

‘In the course of the exberiments, two interesting
points were observed. It was found that if the shale cores
have become partially dehydrated, it is advisable to soak
them in distilled water in order to restore to same extent
the moisture they have lost and thus facilitate the diffu-
sion of ions without greatly changing the original salinity
of interstitial water. It was also noted that the shale
resistivity, calculated from the average measured resistance
of the samples, is close to the resistivity of the shale

formation as recorded on the electric log (see figure 6).
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Some experiments were performed to study the poten-
tial that is developed when shale that is permeable to
both Na and Cl ions, separates NaCl solutions of different
concentrations., It was observed that the developed poten-
tial satisfied the Nernst equation when the shale separa-
ted 1N and O0.1N NaCl solutions but apparently did not
hold for dilute solutions.

It is recognized that further experimental work is
necessary to test the ionic diffusion hypothesis, which
if established as a theory will increase our understanding

of the electric log.
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