INTERPRETATION OF THE TIME SPECTRUM OF THE INDUCED POLARIZATION
INTERPRETACE CASOVEHO SPEKTRA VYNUCENE POLARIZACE
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Abstract

This paper presents the procedure of separation characteristics of the time spectrum for induced polarization. Interpretation of the
time spectrum is based on premise that beds can be either the one-component material or the more-component material. The first group —
there are those beds having no invasion or having very deep invasion there. The second group — it is the beds having small or middle
invasion, D; /d < 8. The curvilinear relationship of exponential shape is disassembled on two exponential relations for invasion zone and
non-invaded bed. We have two characteristics presenting two values of chargeability on condition that t = 0. The next two characteristics
present the relaxation time for invasion zone and non-invaded bed. The last characteristic is the integral chargeability.

Abstrakt

Tato prace piedstavuje proces separace charakteristik Casového spektra vynucené polarizace. Interpretace Casového spektra je
zalozena na ptedpokladu, ze vrstvy mohou byt povazovany bud’ za jednoslozkové, nebo viceslozkové. Do prvni skupiny patii ty vrstvy,
které nemaji bud’ zaddnou filtraci, nebo maji filtraci velmi hlubokou. Druhou skupinu tvoii vrstvy, které maji malou nebo stedni filtraci
s Di/d < 8. Nelinearni zavislost, kterd ma exponencidlni pribch, se skladd ze dvou exponencidlnich relaci pro zonu filtrace a zoénu
nepostiZzenou filtraci. Mame tak dvé charakteristiky, které prezentuji dvé hodnoty dielektrické konstanty za podminky, ze t = 0. Dalsi dvé
charakteristiky predstavuji relaxacni ¢as pro zonu filtrace a zdnu nepostizenou filtraci. Posledni charakteristikou je integralni dielektricka
konstanta.
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1 Introduction
We can register in the borehole there where the slowly changing polarization field with time for every depth point is. Reaction on the
current pulse takes long time; there are approximately tens or even hundreds of milliseconds. If I want to register the time spectrum
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simultaneously the time base remarked as t, must be large enough; otherwise, it has such consequence that an influence of mud and

invasion zone will dominate there and contribution of the non-invasion zone will be negligible.

Earlier when was produced time analysers having short time base there were often made the point registrations instead of the
simultaneous registration. Nevertheless, this way had not been enlarged in recent years, because the recent time analysers present very
sophistic instrument having time base long enough to be possible to register induced polarisation simultaneously in various time windows.

2 Principles of registration

Induced polarization I can register either with direct current, or with alternating current. In
this case the paper is about interpretation of time spectrum. I have direct current and register in
the time domain. I compare two voltages. The first is the voltage of current transmitting and the
second is the voltage decay when the current is suspended. I can register spectrally, i.e.,
registration of voltages in two and more the time windows, or integrally, then I register all extent
of voltage decay over all time base. What is characteristic is the voltage decay has an exponential
shape.

For quantitative interpretation such characteristics like permeability of sedimentary rocks,
prospecting of hydrocarbons in sediments saturated by salt/fresh water and study of influence of
various technical and geological factors are the time domain is more useful than the frequency
one. I can remember to note authors having study those problems. They are those like
DACHNOV, V.N.(1967), DOBRYNIN, V.M. (1988), KOMAROV, S.G., and KOTOV,
P.T.(1968), KUZMINA, E. N. and OGIL'VI, A.( 1965) and SEIGEL, H. O.( 1970) . From Czech
authors I have to present very transparent and detailed text-book of KAROUS, M. (1989), where
big information of theory, results of modelling and large amount maps of geophysical sections
are.

The next important works to variances, frequency and pulse ones, of induced polarization are in
KAROUS, M. (1987) and KAROUS, M. (1988).

The elder works are, for example, KNEZ, J. (1967) and (1975). The mentioned works of
Czech authors are very detailed; however, it is mostly about the induced polarization for surface
exploration. In spite of all their activities done in the time domain it seems that ways of
quantitative interpretation are not exhausted yet. It is about spectral and integral interpretation
either in the above domain. The aim of this paper is to present interpretation of the time spectrum
and to gain characteristics of the time spectrum like two values of chargeability for invasion zone
and non-invaded zone, further, two values of relaxation time for invasion zone and non-invaded
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zone and, finally, an integral chargeability determined like sum all extent of voltage decay over all time base. The spectral registration in
the time domain has really wide possibilities of interpretation for invasion zone and non-invasion zone.

3 Registration of the time spectrum

If you decide to register the time spectrum, you will record time functions like Uyp = f (t) or e =T (t) are. In both cases there — it 1s
an exponential relationship. If it is the one-component bed, you will get a linear relation for the semi-logarithmic system of coordinates. For
the two-component or three-component beds the single exponential relationships are added; the final relationship is then non-linear for the
semi-logarithmic system of coordinates. Its shape is decreasing. It is distinctly visible in fig.1 made after DACHNOV, V.N. (1967).

This presents different materials: iron and rocks. The curve “iron” is the one-component material. It is gypsum with disseminated
iron filings. Gypsum has no single water; the only water is in the crystal lattice and belongs to matrix. Therefore its relation is linear. The
sedimentary rocks, like dolomite and sandstone are, have all characteristics being typical for the more-component material. For sure there
are two components there. Beside non-invaded zone we can suppose an invasion zone and maybe mud too yet. That is why their relations
are not linear.

According to DACHNOYV, V.N. (1967) there holds this relation:

UVP=§,1 Uk (O)XGXP{_(L)}, (1)

Tk

where T = the middle time of relaxation of the polarization field for k-th component of rock [s],
Uy (0) = the value of voltage when it holds that t = 0 for the k-th component of rock [mV],
Uyp = the registered voltage in the selected time window [mV], and
t = the time in the selected window of the time base [s].
Formula (1) is validated by KAROUS, M. (1989), p.176, fig. 100 and formula (182), where is presented how the discharging curve to take
on two partial curves apart. The pulse of the direct current will create the voltage acting on the rock. This voltage is defined as follows:

Up =2 and @)
KP

K, =4rxL, (3)
where K, = the constant of the electrode array [m],
L =the tool spacing, i. ., the distance being between A and M electrodes [m],

R = the resistivity of bed [(2m] and
I = the direct current forming voltage Up [mA].
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If I have log calibrated in the apparent chargeability, I will
attain the following formulas:

=S el exp{— [ij} 4) I‘[Al
i=1 Tk

xi=22 and (5)
Up — t[ms] —»
U (0
)= U@ (6) T
Up
where k.= the apparent chargeability of bed registered in the K

selected window, and
ng)= the chargeability of bed for time t = 0 and for the

N~ ? k. (Int)

k-th component of bed. < tb\ »  _— t[ms] —»
Making spectral registration we are able also to make an > \
integral registration. It means to register all contributions of t;

the only time base. You have simultaneously to integrate all
voltage contributions calibrated like the apparent chargeability
being between exponential shape of curve and the time base. It
presents transformation of irregular plane into the plane of oblong. One of its sides presents the dimension of time base remarked as t,. The

Fig.2 An outline of basic characteristics of the time spectrum

second one — it is the integral value of the apparent chargeability remarked as k. (Int). It is well depicted in fig.2.

To fig.2 there is little remark. If you calibrate through a ratio of two voltages and it can be, because chargeability is dimensionless
factor, you will register directly the apparent chargeability for all extent of time spectrum.

The current pulses on fig.2 are drawn like short; they have but constant width and they are too uniformly high. In well-logging
equipments used up to now are pulses being constant and long. Depiction on fig.2 is why in contradiction to formulas (1) and (4), because
those suppose variance using long current pulses. Only under the variance it is possible to have all type of induced polarization registered in
the domain of discharging curve.

The continuous integration will be replaced by the discrete integration. The formula after the trapezoidal method is following:

xco(Int) x 75 :—xz [ I ar, ()

where At = the distance between two neighbouring windows of the time base [s] and t , = the dimension of time base [s].
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Now, we can express ke (Int) from formula (7).

m—1 . .
welin) =1 2 (0
2 \t) j=
If we standardized «. (Int) with voltage being at end of the current pulse, we should be able to define the factor significant like the
charging ability. The one is used in the surface exploration.
Due to formula (8) we can in each point of the borehole depth determine the integral value of the apparent chargeability derived from
recorded curves of the time spectrum. That means we have too the continuous curve of the integral values with depth.

4 Analysis and interpretation of the time spectrum

We suppose we have for each i-th depth point m windows when we register dyads (t, K:). Further, we suppose that each bed consists
of two components: invasion zone and non-invaded bed. Mud can be a part of invasion zone when there are caverns. In next formulas there
will be used the following indexes:

e The borehole depth:1=1, 2, 3... n.
e The window of the time spectrum: j=1, 2, 3...m.
e The component of bed: k=1, 2.

This chapter is devoted to mathematical decomposition of basic exponential curve on two partial exponential ones that in semi-
logarithmical coordinate system are presented like two lines. See, KAROUS, M. (1989), p.176, fig. 100.

For one i-th point of the borehole depth registered in the j-th window of the time spectrum it holds:

o) = 22: x\Q) x exp { [L]} = il exp { [i] } + il exp { (ij }’ ©)
k=1 Tik zil 72

Adjustment of such relation is relatively complicated, but possible. You have dyads (K:(i’j),tj) and make adjustment with the help of
relation (9). The first you have to do is selection of time windows. Basic condition is the windows form arithmetic progression, i.e., it holds
that

tin=t;+At. (10)
where At = the fixed distance between two time windows.

It means you have all observations to make on selected time windows after this condition. Next process is following; we define new
variables remarked as X and Y for each i-th depth point, BRONSTEJN, I.N., and SEMENDAIJEV, K. A. (1963). They are defined like that:
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yoxa?) o xl 11
Relation between them is linear and has following shape:
Y=AxX-B. (12)

Thanks to the method of least squares we solve system of equations:
Ax[X]—me:[Y]

(13)
ax|x?]- Bx[x]= [x7].
Coefficients A and B is defined like this:
A=exps— Al + exp< — Al =tg@,and (14)
Til Ti2
B =exp<— A X exXp4 — AL : (15)
Til Ti2

Symbol ¢ presents the angle of the line relation intercepting on the vertical axis coefficient B; tg ¢ is then the gradient of the above line.
It 1s time to determine characteristics t;; and tj,. It holds that

= Al — (16)
o
2 2
At (17)

EONoE

When you express exponential expressions, you will control those relations (14) and (15).

M (4), |(aY RN AN A
e tn = (E)+ (5) —B,and e To = (E)— (5) -B . (18)
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Now, you have to form new coordinates for evaluation of resting characteristics remarked as /(,(-?) and K,(g) , the above coordinates are

following, see BRONSTEJN, I.N., and SEMENDAJEV, K.A. (1963); it holds again for each i-th depth point:
T

(19)

" —Taxt;

X' = e—r,.zxz,- = exp{(riz - m)x fj}
e

Relation between them is again linear with following shape:

Y =xlVx x4 il (20)
The method of least squares solves then these equations:

x [ X]+ ) xm =[]

(21)
KS?)X[X2]+ Y« x]= [xY].

Both coefficients, in this case they are found characteristics, you determine directly. It holds that
V=tg0. (22)

In this case symbol @ presents the angle of the linear relation intercepting on the vertical axis coefficient /(Z(g).

K

The recorded relation in semi-logarithmic coordinates and having curvilinear shape is divided now into two partial relations; each of
them is linear in the system of semi-logarithmic coordinates. Characteristics Kg?)and T;, 1 belongs to invasion zone that can be influenced too

with mud, whereas, characteristics Ki(g)and T;, » are for non-invaded zone. The result of interpretation is five continuous curves with depth

presenting five characteristics. The fifth is integral characteristic ke (Int). All these characteristics make possible enlarge information about
studied beds.

I should like to recommend more step; to test all depth points according to criterion ‘(Ki(?) - Ki(g))/ Ki(?) <0.05"M ‘(‘[il —110)/ m‘ <0.05

that determines whether or not the points are one—component material. It can be when either there is no invasion zone, or an extra deep one
is there. In such case is k = 1 and you adjust by least squares with the help of the only line for semi-logarithmic coordinates.
There 1s a next possible characteristic yet; a point of intersection of both partial relations. We start from relation:

s p{ (T’—fj}%@& p{[’—]} @)
il i2
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Thanks to this relation we are able to express time remarked as t; .

(0)
TiXTin Kil

—t;=| ——= |xIn —0 |- (24)
(T,‘l_Tﬁ_) Kig

You will obtain in so way t; as a continuous curve with depth. The time after (24) reflects position of the boundary being between
invasion zone and the non-invaded bed in the time domain. It offers to receive information about depth of invasion zone remarked as D; .
However, it is affair of transformation of the above curve; from the time domain into the distance domain. We have t; [s] that is transformed
with the help of velocity remarked as v [m/s] on the depth of invasion zone D; [m].

li/Tik = (fi XV)/(TikXV): Xi/ Xk

The key question is what velocity it is and what numeric value has. It ought to be the velocity having relation to relaxation of an
induced electric field. It is related to a shift and orientation dipoles. Strictly speaking, it is about velocity of the shift of electric charges in
the atoms one another. The mentioned characteristic should be independent of type of environment; simply — constant. However, I am not
able to say more correct numeric data of the above velocity in that moment. It would be surely very interesting to interpret factor D;,
possibly, D;/d, but it asks more investigation. And, moreover, it could be even a false hypothesis.

In spite of that the mentioned question I let opened for next investigators. Interpretation still remains unoccupied.

5 Conclusions
On the base of analysis made before here are these items:

e Through registration of the time spectrum of induced polarization we attain next important characteristics for interpretation. It is, first of
all, the middle time of relaxation for invasion zone and non-invaded zone. Further, the starting values of the chargeability when it holds
that t = 0 for invasion zone and non-invaded bed. The next characteristic is integral value of the chargeability.

e The bed can be minimally the two-component one. We distinguish usually two components: invasion zone and non-invaded bed.

e The result of interpretation is five continuous curves with the borehole depth. Registration is mostly continuous however, in some case
discrete too. For good interpretation of the time spectrum like continuous registration you need to have a wide base of the time spectrum,;
otherwise it tends to discrete registration. Problem solving is the more complete time analyzer having its time base wide enough like it is
for the time spectrum of Impulse Neutron Log used generator of neutrons. On the other side the procedure of interpretation of the time
spectrum is useable for Impulse Neutron Log, too.
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